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PREFACE

In recent decades granular materials have gained great interest of both industrial
specialists and researchers. Growing competition on the global market, combined
with an increase in the scale of operations, enforced producers to use raw materials
and final products in granular form that is relatively easy for storage, handling and
processing. On the other hand, after fairly complete description of solid, liquid and
gaseous states of matter, scientists turned their attention to granular materials. With
their unique behaviour, some researchers postulate to consider this group of materials
as a separate state of matter. Research and technology developments made from the
sixties of the twentieth century resulted in a substantial progress in science and
technology in the field.

This work deals with some aspects of the mechanics of granular materials. It is
focused on the materials of biological origin used in agro and food technology. The
main features of agro and food materials that make them different from mineral
materials are strong influence of moisture content on mechanical behaviour and high
deformability of granules. These differences bring about certain peculiar behaviours
and necessity of adjustments of models of material, experimental techniques and
technological solutions.

While presenting this book, our purpose was to focus attention of the reader
on what we believe is important for understanding of the mechanical behaviour
of granular materials of biological origin. Selection of the presented material was
based on direct professional experience of the authors. The main theoretical
approaches — from the origins of soil mechanics to micropolar theory and DEM
modelling have been addressed. A review of commonly applied experimental
methods and material parameters has been presented. Finally, a catalogue of material
parameters drawn from laboratory testing of the authors was attached for reference as
well as for comparison with results of other laboratories. This “Mechanical Properties
of Granular Agro- Materials and Food Powders for Industrial Practice” is composed
of two volumes. Part I presents mainly issues relevant for storage and handling, while
Part II addresses questions of grinding and agglomeration.

We kindly acknowledge support given by the European Commission that
made this publication possible.

Authors



BASIC NOTATION

¢ — cohesion [kPa];

d — particle diameter [m];

D — shear cell diameter [m];

E — modulus of elasticity [MPa];
Jff— flow function;

H — height [m];

i — flow index;

k — pressure ratio;

L — length [m];

AL — displacement [mm];

m — mass [kg];

N —normal force [N];

p — pressure [MPa];

O — volume flow rate [m’ h™'];

R — radius [mm];

R}, — Hausner Ratio;

t —time [s];

T — tangent force [N];

V — volume [m];

w — moisture content [%];

» — bulk unit weight [kN m™];

€1, &, & — principal strains;

&, — volumetric strain;

u — friction coefficient;

v — Poisson’s ratio;

@ — angle of internal friction [deg];
@ — angle of repose [deg];

p — bulk density [kg m™];

a1, 0,3, 03 — principal stresses [kPa];
o. —unconfined yield strength [kPa];
o, — consolidation reference stress [kPa];
7 — shear stress [kPa].



1. INTRODUCTION

Granular materials are substances made up of matwyctl solids (“grains”)
that have been present in human activity since garly history in forms such as
cereal grains or construction materials. Granulaterials are important constituents
in numerous industrial processes. Such industries as: chemivasietics,
pharmaceuticals, biotechnology, ceramics, food, energy, paper/woodlurggta
cement, glass, minerals, consumer products, @astiongly depend on granular
materials. A single shift in conditions can drasticchange performance of a process
in those industries. Following growing industrial usgminular materials a number
of branches of engineering evolved devoted to wtdeding how to deal with these
materials, among them powder technology, soil mechanics, geotechnology
dation engineering, earthquake engineering, eragoirol and mining engineering.
The most important technologies of process engimgarvolving granular materials
as listed at ‘Powder, bulk solids’ portal are: pneumatic cginge transport, size
reduction, spheroidization, screening, coating, mixing (blending), gaia,
product consistency, weighing, metering, packaging anditiggstorage, stratifi
cation, dust collection, instrumentation and cdnfieeding, quality control. Each
of the above applies specific equipment. For exampljroup of particle enlargers
and formers constitute of: briquetters, coatermyparctors, conditioners, dedusters,
densifiers, disc pelletizers, drum flakers, drunigbiglers, encapsulators, extruders,
flakers, fluid bed agglomerators, granulators, im&tars, kneaders, laboratamyi-
xing agglomerators, pelletizengnmixers, powder coaters, powder presses, tewe
tting agglomerators, roller presses, rotary agglotoesarotating pans, screens,
spheroidizers, spray agglomerators, spray congesddaiet coaters, tablet presses,
vibratory agglomerators

As compared to liquid granular material reveal three distiliiférences
in mechanical behavior:

= Granular materials are characterized by higher #®an angle of internal

friction that in the case of liquids is zero. Aseault of that static pressure in
liquids is not dependent on direction, while in glanmaterial pressure may
vary with direction of measurement. Static granataterial may carry shear
stress, while liquid cannot. Therefore the surfafcgtatic liquid is flat, while
the free surface of static granular material hascabshape.

= |n granular material tangent stress under condition of shedudimes not

depend on velocity of deformation, but dependshemtean stress. In liquid
shear stress depends on velocity of deformation (as an effect of vigcosity
but does not depend on pressure.



= Numerous granular materials when consolidated reveal cohesion that
allows to maintain shape enforced under load. Ratholes or chanagls
be formed in granular materials but not in liquids.

No fundamental mechanical model is currently aldldo describe behaviou
of granular materials. The lack of precise description of niahteghaviour results
in serious practical problems. Unpredictability leads to @dgghutes and
catastrophic failures of industrial silos. Mechanicaperties of materials stored
in silos influence pressures exerted on the walls and fldtwerpa developing
during discharge. Variation in raw material properties mesult in a lack of
reliability and repeatability of final product properties thatyncause high costs
in food industry, but may be disastrous in the case of pharmaaeptaduct.

In pharmaceutical industry uniform mixing of medicinal components may be
critical, as well. Considering that granular materialssarevidespread and their
use in industry increasing further understanding of how these rhetiave can
have a profound impact on economy worldwide. Research in this lmktads
been intensively conducted in last 40 years had important implicatmns
manufacturing and new processes.

Background for the recent development in granular mechanics and techno
logy has been given by results of investigations of Andrew depiksented
in ,Gravity flow of bulk solids” published in 1961 [74]. Although at thisme it
was clear that most of processing industries dealt with @fbgranular materials
Jenike’s book was the first comprehensive study of the dufijee fact that the
work appeared at that time stemmed from the progress inytbéptasticity and
in techniques of numerical calculations that had taken placermef fifteen
years [74]. Jenike adopted testing technique and some concepisraéchanics
but his creative input was substantial in that halyzed granular material under
100 to 1000 lower load. In such conditions somecesfthat were never observed in
soil mechanics got great importance. One examptergture of the envelope of
Mohr circles in §,7) coordinates with no meaning in soil mechanics @incrucial
importance for determination of flowability of graar material.

For Jenike silo technique was natural field of ejagibn of the theory where he
contributed significantly. After 40 years of work mumerous laboratories specialists
achieved agreement in some questions and a set of natidrialeanational codes of
practice as in the case of silo design: Americah 343-91 [1] and ASAE EP433 [4];
Australian AS 3774 [10], Polish PR-03254 [135], and European Eurocode 1 [50].
Usually code of practice are contains standard eplaes for determination of
mechanical properties of stored granular materials.

The earliest approach of scientists for predicting behavioutsulk solids
was continuum theory that looks at a volume of material as aewhsla solid



body or a liquid. Continuum approach led to solutions numerous problems of
technology but it failed in the cases where interactions ahgmwere important.
Thus, the opposite extreme alternative is to model everyesgrglin, which is
what the discrete element method (DEM) does. Thadelting technique requires
extensive and costly computations so current solutiorsvated to twedimensional
models of systems not exceeding 10000 particldserQnore popular approaches
applied are: statistical mechanics, fluid mechankisethic theory micropolar
medium and finite element method. Specific questioninterest of science are, to
quote severalgranular flows, granular compaction, segregation, convection,
avalanches, surface waves, collisions and friction, inelastic collgpseming
and fluctuations, energy flows, strength properties, anisotropy of qckiress
fluctuation.The findings are published in journals like Pow@lechnology, Powder
Handling and Processing, Geotechnique, Acta MechaniGranular Matter,
International Journal for Analytical and Numerid&¢thods in Geomechanics, BIT
Numerik Mathematik, and the International Jourri@alids and Structures.

The presented work contains brief description of the most populettoal
approaches, presents popular methods and equifonetietermination of material
parameters and typical or interesting examples of experimestdisie

2. CONTINUUM MECHANICS APPROACH
2.1. Theplastic flow rule

The common feature of granular materials that rdjsish them from other
materials is the negligible value or total abserfcensile strength. Subjected to the
isotropic stress, the materials are characterigecbhsiderable compressibility and
variable resistance to shearing related to precotigpaapplied. The high practical
significance of mechanical effects taking placgranular materials resulted in the
creation of numerous theoretical models and exmmiah methods for the
investigation of yielding of such materials [32, 35, 39, 165].

Plastic strain of granular material can take place wtigde effect of both
isotropic and deviatoric stress. Isotropic stress causestbal}zompaction of
amaterial, while deviatoric stress can cause both compactionilatidrdof the
material, depending on the earlier stress path, as well as sinaia without
volume change referred to as the critical states.

The theory of plastic yielding is based on the iemgdion of the existence in
space of the stress of plastic poten@&;). The existence of the potential has not
been proven through deduction. Therefore, the gstiumhas to be treated as an
axiom of the theory of plastic yielding, and itsrreatness has to be confirmed
experimentally [15]. The plastic flow rule is a teapplied to the relation between
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the tensor of plastic strain increments or the plasticnstete and the tensor of
stress during yielding:

0G(0;)

e‘if =A
0o

(2.1)
i
where:

¢/ —tensor of plastic strain rate,

A — nonnegative coefficient.

The above relation means that coaxiality of the stress and sttai tensors has
been assumed, which is an expression of isotropy of the mateing gielding.
The plastic flow rule has the form of a potentider This means that the tensor of
plastic strain rate is normal to the surface represetitmgotentials. The plastic
potentialG is frequently taken to be identical with the yield conditfowhich is
the limiting states of stress that must be reached fstiplstrain to occuf-=G.

In such a case we speak aboutalbed associated flow rule:

OF (0,)

(ofept

& =A 2.2)

The plastic potential for an ideally plastic makgan be chosen in various
manners, and associated or fa@sociated flow rule can be constructed. Such
relations, however, are never completely in agre¢meith the results of
experimental studies and usually cover only a iteréspect of yielding (e.g.
dilatation or steady flow without volume change)réality, the principal directions
of the tensors of stress and of strain rate arecoaxial, and the dilatation of the
material as predicted by the models is much gre&tem that observed
experimentally. The process of plastic strain @ngfar materials is more realisti
cally approximated by models including materialdeging and softening [118].

2.2. Plastic mode with hardening and softening

Models of plastic flow with material hardening and softenattgmpt to
predict overall change of the material state from anialrdtate to any other final
state or to critical state when material yield withoutumoé change. Special
attention is payed in the models to important role of depsityhich is treated as
hardening parameter [45]. It is assumed that the materiahdasngle yield
condition but a whole family of such conditions:

Foy ) =0. 23
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Densityp is strictly related to volumetric deformation and dependent om#jer
principal stresg(c;). The most important contribution in the development of the
model of granular material with hardening and softening is th&dsgoe [143].
In the model, for the particular values of dengitwe obtain, in the plane,§),
yielding conditions separating the plastic states of thenahfrom its elastic or
rigid states. As higher density is related to higher strertge yield condition is
amonotonically increasing function of density. For a fixed densithe yield
condition represents in the stress space an enclosed sudfce tthe case of
acohesionless material, passes through the origin of the systepomfinates
whose axis of symmetry is the axis of isotropic stresaxialtsymmetric state of
stress the yielding condition can be written in the system of coordimpedgs (

F(p.g,p) =0, (2.4)
where:

1
p 25(0'1 +20, ),

q=0,-0,,

o,%0, =0;.

In figure 2.1 the critical line separates the area of corgragthere plastic
strain is accompanied by an increase in demsityp; and therefore expansion of
the yield curve from the area of dilation in which strainacompanied by
volume increase of the material, decrease in depsity, i.e. in effect shrinking
of the yield curve. The change in density is defined by the dawnass
conservation:

dp = pdgp, (2.5)
where:

de _av_ de, +2de,,
\

p

2
de, = 3 (de, —de,).
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Fig. 2.1. Yield curves with compaction and dilation regimes

The critical line represents the state of streshermaterial that causes yielding
without changes in density, therefore correspoadstdady flow. The above model
comprises hardening, softening, or flow in thecaltstate of stresses. The hardening
or softening are determined by the sign of theigladerivative oF/op. If the
following relations occur in the process under wtud

F(p.gp) =0,
2.6
dF(p.qp) =0, (2.6)
then the yield condition is fulfilled. If we also have the inequality:
oF oF
—dp+—dg>0, 2.7
o p 2 q (2.7)

which means that the angle between the direction of stressriaot (Ip, dg) and
the direction of the normal to the yield curve is less thdraf@

9F 5o, (2.8)

op

then, on the grounds of the assumption of coaxiality of theipahstresses and
strain increments, the increase of volumetric deformatopasitive {e, > 0).
In such a case material hardening takes place. Density sesréa > 0), and the
yield curve expands. Such plastic strain is called stabdnstn this case the
flow rule presents a unique description of plastic strain of therraht
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In a case when the partial derivative equals zero:
F _, (2.9)

the strain incremende, tends to infinity, and increase of volumetric istrds, is
indeterminate. This is the case of critical yieldiThe material is in the state of
steady flow at constant material density. Therefoegher hardening nor softening of
the material take place.

In the case of the inequality of:

oF <0
a_p (2.10)

it follows from the flow rule that the increase in the volumngestrain is negative
(de, < 0), and therefore density decreasgs< 0) and material softening takes
place. The material yields, and the yield curve shrinks due talebeeasing
densityp:

9F 40, 2.11)
dp

As the total differential of the yield conditidt{p,q,p) equals zero:

a—de+a—qu+a—Fdp=0, (2.12)
ap oq dp

therefore, taking into account relation (11), vectd, (I) must be pointed into
the interior of the initial yield curve:

a—de+a—qu<O. (2.13)
ap oq

This is a case of experimentally observable unstable yielding ofidming.
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Stable or unstable behaviour of a material can be observdt: atatne
density of the material but at different stress paths. Téwehpredicts stable and
unstable behaviour of material also for the case of the stnees path but
different initial densities. The model with density controlleddeaing and
softening does not describe correctly all the mechanical pex#sat take place
in granular materials. It provides a unique description onlyhHerstress paths on
which compaction of the material occurs. This substantiatesdityatian of the
associated flow rule. The model does not describe accuratehatisition of the
material from stable state to steady flow in criticatest nor does it uniquely
describe unstable states of the material.

Density hardening is an example of isotropic hdrdgrthat is such a process
in which the yield curve expands uniformly, while retaining its shape.

There are also hypotheses of anisotropic hardessgming that in the course of
plastic strain the yield curve does not changshggpe and size, but moves as a rigid
object towards the increase of plastic strain [18idth a hardening is called kinematic
hardening. The yield condition in an advanced siaigthe process of kinematic
hardening of the material can be described by mafathe function:

F(o; ~0) =0, (2.14)

where tensou; represents the displacement of the yield condition, and therefore
the kinematics of the hardening.

2.3. Elagtic-plastic models of Ghaboussi and Momen and of Lade

Among the more advanced elagtiastic models that find a broader
application for granular materials of plant origin, we should meritie models
of Ghaboussi and Momen, and that of Lade, applied by ZébalQ[175] for the
description of the behaviour of wheat grain in bulk in tahsiress state. In those
models the strain incremedtt; is the sum of the elastic strain incremésf; and
the plastic strain incremedt®;:

ds; = deg + . (2.15)

The modulus of elasticitlg, is a nodinear function of the minor principal stress

E, =k.P,(0,/P.)" (2.16)
where:

k. — elastic modulus number,

| — elastic modulus exponent,

P, — atmospheric pressure.
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Ghaboussi and Momen adopted the Drudkexger yield condition for a nen
cohesive material (fig. 2.2):

F(Gij)zlz_Yzllz =0, (2.17)

whereY is the yield constant, and the plastic potential of the sdrape as the
yield condition additionally including isotropic and kinematic hardening:
G(aij ) 04 k) =0, (2.18)
where:
aj — kinematic hardening tensor,
x — parameter of isotropic hardening.

The eightparameter model of Ghaboussi and Momen contains 3 parameters des
crybing elasticity, 3 parameters of kinematic hardening, and amgders of
isotropic hardening. The model describes correctly all phemantgpical for
isotropic as well as kinematic hardening, and it describpecesdly well the
anisotropy of the material, hysteresis in the loatbad cycle, and the evolution

of the hysteresis loop in the course of multiple loadings.

ot Plastic potential
1S} A
@ 2
Yield surface , ] s ey
/
\// k ‘
/ . Space diagonal
e f
// g
SN
/ z
/ v
4 [
0o g
G|

Fig. 2.2. A schematic of yield and plastic potential surfazethe principal stresses space [175]
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In turn, the model of Lade, also applied by Zhahgl. [175] for the description
of wheat grain during loading, assumes that the plastic sh@iements"; is the
sum of two independent components: the plastic strain increnatedevith the
compaction of the materiak®; and the plastic strain increment related with the
dilation of the materiadz®;:

dep =dej + dei?. (2.19)
The division of the plastic strain increment intmtindependent components entails
the necessity of adopting also two independend yighctions and two flow rules.
For the description of the behaviour of wheat Zhatgal. [175] adopted the
following yield functions~. andF4, and plastic potentialS, andGg:

F, =12+200,-P,QW°/CIR,)™, (2.20)

Fy = (120, - 27 1/P)" —ae ™ QWe/R) ", (2.21)
G.=I17+20,, (2.22)

G, =17 -(27+nP,N,)™ O, (2.23)

where:

a, b, c,m, g, » — material constants,

I, I, , 13— first, second and third invariant of stress tensor,

P, — atmospheric pressure,

W, W — collapse and expansive plastic work.

The vyield functionsF., responsible for irreversible compaction of material,
represents in the space of principal stresses a concawarewth axis of
symmetry lined with the axis of isotropic stresses. This itilondconfirms the
known rule that a granular material compacts the easiest undeottiopirs stress.

In the plastic potentialGy, responsible for material expansion, the material
constant; represents the slope of the plastic potential surface, and the ekponen
represents the curvature of the meridian of the surface.

Figure 2.3 presents examples of the applicatiotthef models of Ghaboussi
andMomen and of Lade for the approximation of the erpental stresstrain
relations obtained during tests of monotonic logdihwheat grain samples in triaxial
compression apparatus. The presented comparisais $hat the model of Lade more
accurately approximates the course of the s#tes® relation during monotonic
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loading. However, it is inferior to the model of &loussi and Momen in the case of
description of the behaviour of materials with hystierander the conditions of cycling

loading. Nevertheless, its simplicity and mathecahtcoherence make it a highly

useful tool for modeling the plastic flow of graaumaterials.

100

o0l 6,=62.1 kPa
= 80f
A
]
= o 6,=48.3 kPa
s
5 6or
[
2
S sof s aas 6=34.5kPa
2
-L: S
= 407
w
%
ERDNE 6,-20.7 kPa
Z O,

200 g & - Eksperimental data

f Ghaboussi - Momen
101 - - - Lade

0 20 40 60 80 100 120 140 107

Strain ¢,
Fig. 2.3. Comparisons of calculated and measured s#teas relations in triaxial compression
tests of wheat grain samples [175]

3. MICROSTRUCTURAL APPROACH. DEM MODELLING
3.1. Geometric structure of granular medium

The results of geotechnical studies have shownrthttral sand deposits formed
under the effect of gravity are usually anisotropiten [2] proved that in the course
of sand deposit formation grains of sand tend ienbthemselves so that their long
axes are parallel to the horizontal plane. Thdtresthis is the formation of deposits
with a high degree of geometric arrangement ofghest Oda [126] became interested
in the effect of the anisotropy of a deposit omiechanical properties. He conducted a
series of laboratory tests on sand samples. Therasihowed that knowledge of the
structure of particle packing is necessary ford&ermination of the stability of nen
cohesive soils subjected to external loads. Mechharphenomena, such as the
anisotropy of response to loading, sti&sain relations, strain hardening, strength and
porosity, turned out to be dependent on the streicof packing [12129]. Ever
since those experiments it has been known that two samplessafme sand with the
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same porosity need not have identical mechanioglegiies. The author distinguished
two elements of the packing structure: 1) spatigntation of the long axes of non
spherical granules (characterized by two parametads2) packing density.

a) V - section b) H - section

Fig. 3.1. Distribution of density of probability of angle @fclination to horizontal line of long
axis of sand grains [129

Figure 3.1 [127] presents the density distributbérprobability of sand grains
long axis inclination angle. The sample was forrhgdoouring sand into a mould
filled with water, then compacted by tapping onwadls of the mould. Msection is
the vertical section and-section is the horizontal section of the sampléhénvertical
section, the density of probability in the horizontal diretcisnconsiderably
higher, while in the horizontal section no distinct orientatiotoofy axes of the
granules is observed. The manner of characterizing the georsetrature of
agranular material illustrated in figure 3.1 has been lagguiently used by other
researchers, especially in the case of 2D models.

Konishi et al. [83] made an elastoptical study of biaxial deformation of
2D systems of particles in the form of rods with oval siection. The authors
recorded force values at various strain stages whilegaesteoptical phote
graphs. They estimated the effect of anisotropy relateldcsample forming
method, friction between the particles, and their famthe response of the
material to mechanical loading. They used particles with dection forms and
three size classes. The length ratio of the long tot siears of the elliptical
crosssection was 1.1 in the first group, and 1.4 in the seconel dirhension of
the long axis of the crosgction ellipse in the first group was 14.8, 9.8 &r8 mm,
and in the second 16.0, 10.7 and 7.1 mm. To examine the effect trparticle
friction two series of measurements were performaok with noAubricated
particles with internal friction angle of 52° anaiother with particles lubricated with
talcum, for which the internal friction angle wa6°2 Samples were poured into
acubicoid mould with different angled of mould bottom inclination to the
horizontal. The sample, compressed horizontalli witonstant force, had freedom
to deform vertically. Measurements included vertical $oad well as vertical and
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horizontald deformation of the sample. Elastiical photographs show that the
load is transmitted by columns of particles oriented indinection of maximum
compressive stress. The points of contact around the csltransmit only a
limited amount of the load applied, but ensure stabiitythe columns that
transmit most of the load. The distribution of forces atadiis highly similar to
that presented earlier by Drescher and De Josselinrie [3d] in their work
concerned with verification of the theoretical model oingitar medium flow.

Fig. 3.2. Distribution of probability density of angle of m@ct normal directions in the assembly
of rods of cross section (ratio of length of axes[83])

Konishi et al. [83] applied the distribution of unit normal directions at echt
points for the description of the packing structure of dagid-igure 3.2 presents
the obtained distributions of contact normal digewd for the particular variants of the
experiment in an undeformed sample. The authorpted@n approximation of the
distribution of normal directions by means of aips#. The long axis of the ellipse in
undeformed state is perpendicular to the planemdsiepouring. The effect is more
pronounced in the case of flatter particles and in the cakdicated particles
that display higher anisotropy. The numbers in figure 3.2 reprdsemirection
of the long axis of the ellipse (higher) and the degree of oo (lower). The
parameters were calculated according to the relation [130]:

= long axis direction:

[_3 = %arctQA /B), (3.2)

= degree of anisotropy:

M =+/AZ + B2 *100, (3-2)
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where:
A= [ E(B)sinBdB,
B = [ E(B) cospdp,
E(B) — distribution of probability density.

With progressing deformation, some of the contacts disappeareandnes
come into existence. The distribution of contact normal directbasges. The
main axes of the ellipses that describe the distributionerstathat more contact
normals assume a direction close to that of the maximum cesmggestress. This
tendency is more pronounced for spherical particles than faerflparticles.
Kanatani [80] proposed the characterization of the spatilbdison of particles
by means of the packing tensor. He performed a quantitativeagisin of the
distributions of contact normal directions obtained by Koneshal. [83]. Figure
3.3 presents the experimental distributions and Kanatani’s approximggigng
to the fourth order, for material prior to loading and subjected to a load.

Oth approx.
2nd approx.
4th approx.

Fig. 3.3. Probability density distribution of angle of inudition of contact normals and their
approximations [81]

3.2. Anisotropy of seed layer

The literature results described above induced us to undsitakes, at the
Institute of Agrophysics, PAS, Lublin, on the effect of the anigtrof a seed
sample on the angle of internal friction [107]. Selected for thdiet were seeds
of wheat, barley, rye, as well as rapeseeds. The seed of thiesspbosen
represent shapes varying from the spherical (rape seedstriangly elongated
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ellipsoid (rye). The seed moisture varied from 10.5% to 12%, and icage= of
rapeseed it was 8%.

To achieve a specific orientation of seeds in tiaple the researchers made
use of the phenomenon of the formation of an aniyfeatural repose and the effect
of grains arranging themselves usually with theglaris towards the generatrix of
the cone formed by the seeds. The method of sapmpfgaration for the triaxial
compression test is illustrated in figure 3.4. Graias poured with a steady flow
from the funnel through a rectangular outlet of 4 mm in size into a rubber
diaphragm placed in a twmart cylindrical mould. The funnel, placed at thallvef
the mould, was lifted up as the mould was filledhvgrain, so that the outlet hole
was always positioned about 20 mm above the tdpeofreely formed surface of
grain poured. After complete filling of the moulthe cylindrical top cover of the
sample was fixed in place. Next, vacuum was geeeraithin the grain sample,
which gave the sample rigidity of shape, and traintted its placement inside
apressure chamber without risk of disturbing thatiap structure of the medium
created in the course of sample formation. Theeabgtween the freely formed
surface of poured grain and the base of the sawgevaried by tilting the mould
away from the vertical in the course of grain pogriAs grains tend to orient
themselves so that their long axis is parallehtodeneratrix of the cone of natural
repose, varying the tilt of the mould with relatimnthe vertical resulted in a change
of the preferred spatial orientation of the grawith relation to the samplelated
system of reference.

Fig. 3.4. The method of sample preparation for the trizcéahpression test

For further tests six values of sample inclinatieere choseng = -2¢°, -1C,
0°, 1@, 20 and 30 (fig. 3.4). The angle of natural repose of the grais alzout 20
Additionally, for purposes of comparison, grain wasired into a vertical mould
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(8 = @), positioning the outlet hole of the funnel aldhg sample axis of symmetry
and not close to the mould wall as before. Evenetthe same quantity of grain
filled the whole volume of the mould, therefore gviéme the same density of the
medium was obtained.

To estimate the degree of arrangement of the lomg af the grains, the
samples prepared according to the method descabesle were flooded with
polyester resin. Once the resin was set, the samy#ee cut along horizontal and
vertical planes. The sections obtained were usetdtermine the measure of grain
arrangement after [129], in accordance with thetda:

= preferred angle of inclination of long axes of gsawith relation to chosen

system of coordinates:

4o [l
0% sin2¢; U
arctg b O (3.3)

& D
cos29; [
=) 0

= intensity of parallel orientation of the long axes

V M :\/ism%g &cosZ& El— (3.4)
where:

n—number of measurements,
6, — the angle of inclination of the long axis of a giveaig with relation to the
adopted system of reference.

Cbl
I\)||—‘

The value of the expressi®hM varies within the range from 0 to 100%. The
value of 0% corresponds to totally random orientatibtne long axes of the grains,
while 100% represents ideally parallel orientatbthe long axes of the grains. For
anglep = 20 and for the vertical sample section, the measuresdiads of) = 38,
V-M = 65%, respectively, and therefore the sample wasacterized by conside
rable anisotropy.

The effect of spatial orientation of grains of threereals and of rape on the
angle of internal friction was examined with th@tral compression method and
with the direct shear method. The methods wereethdsie to their popularity in
experimental studies on the mechanics of granuktemals. It was assumed that
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comparison of the two methods would permit formafatof conclusions on their
applicability in studies on agricultural materials.

The procedure of sample preparation for the direzdrstest was identical as in
the case of the triaxial compression test. In the thiteear tests five levels of normal
load s were applied, equal to the values of steggs the triaxial compression test.
The speed of mutual displacement of two sampleesaivas 1.3 mrg". Each
variant of the experiment was repeated three times.

A preliminary study of the effect of sample prepiara performed with the
method of triaxial compression on rye seeds within an elgohrange of the angle of
sample inclinatiorp = -40°, -2¢°, (, 20 and—4(, permitted the conclusion that the
manner of grain pouring into the mould had a sigmift effect on the mechanical
characteristics obtained. The highest values @ngth were obtained for grain
samples poured into vertical mould. Those sample® wlso characterized by the
highest uniformity of deformation. As a rule, natatict plane of shear was observed.
The sample swelled uniformly, assuming barrel shape behaviour of samples
poured into mould tilted from the vertical by argkr was totally different. Such
samples lost the uniformity of deformation muchrepand a clearly defined shear
plane was formed. With increasing value of arfjithe maximum value of the ratio
of main stresses decreased. A marked orientation of tree ghe#ne occurred
regularly in every experiment. On the basis of the obtained maxivalues of
principal stresses ratie,/os, the value of the angle of internal frictign was
calculated on the basis of the CouleMbhr yield condition. Figure 3.5 presents the
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Fig. 3.5. The values of the angle of internal frictiprof rye samples for various values of angle 8 of
mould inclination from the vertical

values of the angle of internal friction for varfowalues of anglgg of mould
inclination from the vertical. The highest valuégh® angle of internal friction were
obtained for the case of samples poured into abniould, and especially when
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grain was poured into the mould along the axig/ofraetry. With increasing angle of
sample inclinatior, the angle of internal frictiop decreased significantly.

According to the Coulomb vyield criterion, the slip plaseiriclined at the
anglea = +(n/4+¢/2) to the plane of the higher main stress. FigusepBesents the
theoretical slip planes and the plane of free surface of gaanple, inclined to one of
them at angley,. Figure 3.6a refers to the triaxial compressiost & sample
inclination angleg: 1¢°, 20° and 36, while figure 3.6b refers to anglgs0’, —1¢° and
—2C°. While in the case of an isotropic medium theesraany possible orientations
of the slip plane, in the case of an anisotropic eniatrthe slip plane is determined by
the direction of the lowest strength.

a) lq b) l .

’ N

y=a-(B+4)

Y=B+a+0 for y' < 60°

Y'=B+o+ ¢ - 60° fory' > 60°

Fig. 3.6. Sample of granular material in triaxial compressiest: a), b) notspherical grains,
c) spherical grains

In a material composed of spherical granules theag occur anisotropy of
concentration of normal directions to the pointsgadin contact. In a hexagonal
structure, the normal directions to the pointsasftact are mutually inclined at 0
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and therefore the angle of inclination of the ndrdigections to the slip plane is
described by the equations presented in figure 3.6¢c

Figure 3.7 presents the stress condition realiaettie direct shear apparatus.
Point P in the Mohr graph illustrates the values)afmal stresg and maximum
tangential (shear) stressmeasured in a horizontal shear plane. Point Pois n
identical with point T— the point of tangency of the Coulofvohr yield criterion
of strength with the Mohr circle [150]. Therefotke plane in which the Coulomb
Mohr yield criterion is fulfilled does not coincideith the horizontally enforced
shear plane, but is inclined to it at the angle 6/2. The angle of long granule axis
preferred inclination vy, was referred not to the plane in which the Couldnhainr
yield criterion is fulfilled, but to the horizontahear plane.

a) b)
AW lan /G‘

A failure surface I e
- «—
- TTHA
slip surface 52 /__,,——"'_ "
horizontal surface P / j -
[T L7
dLo m/4\lo,
c, '(j
G, G,

Fig. 3.7. Sample of granular material in direct shear #stliagram of Mohr for state of stress in the
sample, b) orientation of preferred direction afdcaxis of grains against theoretical slip plagpe
c¢) image of deformation of the sample

The results of the measurements are presenteduref3.8 as graphs of the
relation of the angle of internal frictiamto the angle of slip plane inclination to the
direction of grain long axes or to the normal directibthe normals at contact points.
The closest agreement of the relatigis) and ¢(y,) was obtained in the case of
rapeseed. In both the tests performed on rapeaseacsiximum of the angle of internal
friction, ¢ = 29, occurred at similar values of the angles y, = 35°. Considering the
fact that the plane of the higher main stegss inclined to the slip plane at an angle
o =T/4+pl2 it is easy to note the agreement of the obtaimedmum of the angle of
internal friction with the results obtained by dda6-128]. The author found that in
the course of nedilatational hardening of granular material thenmar directions to
the points of contact concentrate around the directidmeafigjor principal stress, and
that the direction gradually rotates with incregdsngential (shear) stress. The main
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axes of the ellipse characterizing granule pactend towards a position coaxial with
the directions of the principal stresses.
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Fig. 3.8. Influence of the angle of slip plane inclinatiarandy, on the angle of internal frictiop in
direct shear test x and triaxial compressiondest

In the case of neapherical grains, a different relation was obseha&t/een the
angle of internal friction and the angle between direction of granule long axis
orientation and the direction of slip for the tesftériaxial compression and of direct
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shearing. In the triaxial compression test, theleapgincreased with increasing
values of angle; — of granule long axis inclination to the slip plai@e trend was
observed for all the cereal species under studg. rElationg(y,) obtained in the
direct shear test had an approximately parabolic,faith a minimum for the angle
7 = 25° The divergence between the relationg;) and ¢(y,) results from
differences in the mechanisms of sample deformatidhe tests compared. In the
triaxial compression test, the slip plane formslfreconforming to the state of stress
and to the structure of the material, while in divect shear test the slip direction is
forced. In the latter test, the process of shedsrafditionally complicated by the
nonuniform state of deformation and by the anisotragdythe material, the
displacement and the rotation of individual gra@ns forced. Figure 3.7c presents
schematically the two components of the shearirapges under macroscopic
observation. The minimum of the angle of frictiprobtained with the method of
direct shearing should be interpreted as the reSaptimum spatial distribution of
grains under conditions of forces direction of sknghearing.

The results of the experiments described above ipehm formulation of
several methodological remarks concerning the measemt techniques. Due to the
relatively large dimensions of the grains, it isammended to increase the size of
samples with relation to those routinely used fatss It appears that the sample
dimensions used in the studies presented hereidtriaample:D = 150 mm,

H =300 mm, direct shear test samdle= 210 mm,H = 120 mm) are sufficient.
Especially worthy of recommendation for measurenwnthe angle of internal
friction is the triaxial compression method, thoughhe case of spherical granules
the less complex direct shear test yields siméaults. The recommendation of the
triaxial compression method is also supported kyfdlat that the method has been
frequently used for the determination of theorétead empirical parameters of
models describing the stressain relation. The method was used by Zhangl.
[173] and by Liet al. [94] for the determination of parameters of thestdplastic
model adapted by the authors for the description ofttessstrain relation in wheat
grain. In that model, formulated by Lade [92] fashesionless sand, the total
increase of strain caused by increase in stresi#sethe sum of three components:
increase in elastic strain, increase in plastiairstcaused by normal stress, and
increase in plastic strain caused by stress devighe values of model parameters
determined in the triaxial compression test pemmitaccurate description of the
response of a medium to other loading conditions tite description of anisotropy
and hysteresis in the strestgain relation in the case of multiple loadingvdfeat
grain, Zhanget al. [173] used an elasfaastic model that included the density and
kinematic hardening of the medium. The determimata the values of the
parameters of the model also involved the apptinatif the triaxial compression
test. Likewise, the method of triaxial compressi@s applied by Zhang and Jofriet
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[176] for the determination of parameters of arstelplastic model describing the
stressstrain relation for soybeans and corn.

3.3. Microstuctura models

A granular material is a discontinuous random sysbé elementary granules.
The description of phenomena occurring in such diume can be sought on the
grounds of statistical mechanics of media with réigc structure [140] The micro
structural approach undertakes an attempt at dgrigeneral laws governing the
behaviour of a granular material on the basis tdractions between individual
granules [165]. This approach originates from mdbrodynamics which is based on
the description of movement of each particle ofstesn. Applied here are the laws of
mechanical equilibrium, with the requirement thHa¢ taws be fulfilled by all the
elements of the system. Macroscopic behaviourafgar material is strictly related
with interactions taking place on the micro scéitee correlation between the solution
and the initial orientation of the granules cauted in the beginning the method
permitted only a qualitative description of theqa®ses under consideration.

Micromechanical models derive the description of macroscaites—
stress and strain, from analysis of microscopic variabledeformation and
displacement of individual grains of the medium and distributioroimiel at the
points of contact between the grains. It is assumed also thatttrescopic scale
of length (the whole deposit of granular material) is sevenddrs of magnitude
greater than the microscopic scale of length (a single granule wfettiem).

The fundamental relation between the macroscopic stress dadevaer the
deposit volumeV) and the distribution of the microscopic variables: fofCest
the points of contact between granules and vectors of norneadtidits|® is
obtained by averaging, for all the points of contact between teulgs, the
products of vectorf and|®:

_ 1 -

This relation is based on the virtual work theorem. Thal wwork performed by
the microscopic forces at the contact points of grains isleaguéhe work
performed by the macroscopic stress [32], assuming also thaisthieution of
forcesf® and of normal vectors at the points of contact betwgrains® are known.
In figure 3.9 vectol® connects the centres of granufeandB contacting each other
at pointC: 1°= X°-~X* GranuleA acts on granul® with force f**= 8=,

A similar relation can be derived for macroscopi@istrwith displacement and
rotation of individual granules [33].
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Fig. 3.9. Force and normal direction at contact point of ggai

In this approach every elementary contact poirthefgranules of the medium
has an individual contribution to the expressﬂaﬁN. The mean value of the stress
tensor G;, averaged for a highly numerous system of pastide an adequate
measure of the stress tensgr in the sense of the mechanics of continuum.
Determination of the stress tensor on the bagdtgeogéquation (3.5), however, requires
the knowledge of the force vectors and the norrimattibns for all the granules of
the material. An equivalent method for the deteatiim of the mean stress tensor is
based on the knowledge of the probability distidsubf the microscopic variables
instead of on the consideration of the force vectond normal directions at the
contact points of the particular granules. In sacbase the macroscopic stress is
determined from the integral expression [14]:

_ 2m 3.6
7, = N[ PO, (), e, (3:6)
where:
f. (8) — i-th component of average force at contact points oriented at@ngle
N; — number of contacts per unit of surface area,
P(6) — probability distribution.
Another simplification consists in considering only the averagues of the
product ficljc(eg) within identified domains of the granular material, comprising

domains of granules with a certain similarity of packing $tma; instead of
analyzing the full probability distribution of the macroscopic iafales.
Macroscopic stress is determined in a manner analogoust tio fleamula (3.6),
on the basis of mean values of the variables consideredhdowtole domain
[14]. The size of the domains is intermediate between the sithe gfanules and
the size of the deposit of the material.
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A different approach to the description of intei@ts between the granules of
agranular material has been presented by Go6zdz and Pietrow [56] who applied
aformalism close to that of quantum mechanics. Thedlism permits the creation
of a more coherent description of irregularly distred granules of a medium than
ispossible in the classical micrnechanical approach operating with distribution
of forces at the contact points of the granules. Hsichelement of the description is
the Hamiltonian operator representing the energhefsystem and the interactions
between the granules. Another element of the qitmxri are vectors of states
represented by functions related to the shape &medof granules and to mass
distribution. The introduction of strain operatacting on the vectors of states of
individual granules ultimately gives the globahstrof the whole medium [57].

3.4. Distinct Element Method

Common popularity has been attained by the Distiheinent Method (DEM)
developed by Cundall and Strack [39]. The methadgéx for modelling mechanical
processes in granular materials on the basis ofegl@ry interactions between the
grains. The method consists in approximated soluifothe equation of motion for
each grain of the material. The motion takes pteceresult of propagation through
the material of a disturbance initiated under bamndtonditions. The calculation
procedure is based on the assumption that durimeryashort time stepit acce
leration and speed are constant, and the distwhzimmotion of a single grain does
not reach further than to the nearest neighbouns. i§ the key assumption of the
method that permits the description of nonlineteractions occurring among a large
number of elements without excessive requirementxearning the calculation
memory power. In this approach all the forces gotin a given granule are consi
dered- those resulting from gravity, from interactionghwneighbouring granules,
and those resulting from the boundary conditions [12]. Then, on the basis of
Newton’s second law of dynamics, the acceleratiothefgranule is determined.
Integration in time permits the determination & tiew velocity and position.

The deformation of individual grain is considerenl ke infinitely small
compared to the deformation of the whole mediunerétore, it is usually assumed
that the grains are rigid and their deformatiortha contact points is modelled
through their overlapping. The displacements innitienal directiodZS,, tangential
direction4LS, and those resulting from grain rotati¢h”, (fig. 3.10) are considered
separately. Modelling of interactions between graisually involves viscoelastic
contact in the normal directiom,(k,) and visceelasticfrictional contact A, Ks, s)
inthe tangential (shear) direction (fig. 3.11). Etitst models the accumulation
of energy in the contact points of the granules, ascbsity and dry friction model
the dissipation of energy. The forces of cohesiemaglected
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a) Initial state b) Normal displacement

® Al°,

c¢) Tangential displacement d) Tangential displacement
due to rotation

Fig. 3.10. Normal, shear and rotational shear displacemémsrdact point of grains

Fig. 3.11. A typical model of contact force between two gsaim) a linear, damped spring element in the
normal direction, and b) a linear, damped spriegneht with a sliding friction in the tangentialedition

Differential equations of displacemend @nd rotation ¢) of an individual
granule of the material, including the viselastic contact between granules
[39, 103, 146]:

mX + 7’]X+ kX:O, (37)
lé)+yR*d + kKRPw =0,
are approximated with the incremental equations:

m[X], =-n/X,_, —KIX]:_
(3.8)
l[d)]t = _77R2[d)]t—m - kRz[ w]t—At'
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where:
| — moment of inertia,
k — coefficient of elasticity,
m— mass,
R - radius,
At — time increment,
n — viscosity.

In equations (3.8) for the determination of aceglen at timet = t values
of position and velocity at time= t-4¢ are used. In turn, the position and velocity
attimet =t are determined through numerical integration efduations of motion.
The cycle, repeated a number of times, permitdéseription of the motion of all the
granules in the system one by one: the forcesrdeted on the basis of the adopted
model of interactions at the contact points of ¢gnenules are substituted in the
equation of motion, which permits the determinatbisuccessive values of position
and velocity.

The rapid development of computer calculation techniques permitted the
realization of computer simulations of a variety of processearring in granular
materials, such as: dynamic effects in silos, mixing, setioeg@ravitational
discharge from silos [85, 103, 147, 172].

The numerous examples of simulations indicate the uniagphicability of the
method. Figure 3.12 presents a comparison of comgintelations of glass balls and
rice grain discharge performed by Sakaguetial. [146] with the results of
experimental studies. The authors obtained very closeergence of the theoretical
and experimental results thanks to the inclusiothefrolling friction into the grains
rotation, apart from interactions in the normal tanyential directions.

Masson and Martinez [103] obtained good agreemeobrmputer simulations
made according to the DEM method with results tfutations based on the methods
of mechanics of continuum. The DEM method provebdecaspecially useful in the
analysis of relations between miegcopic parameters (contact rigidity, surface
roughness, contact friction coefficient) and thatis distribution of forces in the
contact points, anisotropy, and distribution ofgsaty.

The concept of Sakagucht al. [146] of introducing of rolling friction in the
DEM method, was then expanded by Iwashita and @8hWho proposed the
Modified Distinct Element Method (MDEM). The modifition consists in the
inclusion of interactions taking place in the cetturface of elementary granules of
the material, as opposed to the classical methachwaduces the interactions to the
consideration of resultant forces applied at thetasti points. The substitution of
contact surface for the contact points of the granmleoduces a significant quality
change that permits a deeper analysis ofahgibution of granule rotation in the
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a) Glass Beads

Considering Rolling Friction
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$
S

~—~ Profile of Free Surface by Experiment
Discharging Time - 0.25 s
Slit Width - 130 mm

Fig. 3.12. Comparison between simulation and experimentaltisefl 46]

formation of macroscopic deformation, and espacisiie explanation of the
mechanisms of dilation of the material. In classical theafeganular material,
the dominant role in the occurrence of dilatation has beetw#d to mutual
displacement of the granules. In the mistructural approach, the source of
dilation was sought in the mutual rotation of the granules. Hawéwe reduction
of the interactions to the consideration of forces soleljzéncbntact points of the
granules permits mutual rotation of granules without mobiliZivegresistance to
motion at the points of contact, e.g. through the rotation of neighbaynamgles

in opposite directions (fig. 3.13 a). Such rotation of granules doeseadttb
dilation. In reality, granules have rough surface, and the dostatace area is
limited. Substituting the contact points with contact area #i13 b), the authors
included the equations of rotational motion in a form analogouwetedquation of
linear motion in tangential direction (visedastic element and dry friction). Like
in the case of tangential displacement, the frictional elememtational motion

iIs activated when the force moment M is greater thanidrnictesistance.
Computer simulations made by Iwashita and Oda [72] showed that thaedodif
method creates quite new possibilities of interpretation.
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a) b)
f
@ Contact point Contact surface

Fig. 3.13. Idealization of contact behaviour in MDEM by Iwaaland Oda [72] a) two mechanisms of
particle rotation, b) contact points (DEM) and emtsurfaces (MDEM) behaviour

The accuracy of representation of the simulated processesases as the
models are equipped with more and more precise values of the nobdalé
sticity, rigidity, micrehardness, roughness, of contact friction coefficient, and
damping coefficients.

3.5. Model of micropolar continuum

The model of micropolar continuum includes rotatioto the kinematics of
material. The starting point is the derivation leé field of displacemeni(x, t) and
rotations (X, t) vectors (fig. 3.14). Deformation of infinitesimalement of the
material occurs as a result of superposition qfl@tement and rotations.

Interaction between elements of the structure of material emegitary
surfacedS takes place not only through the force vector, but also through the
couple force vector. An elementary area of the materiaffected not only by
force stresses, but also by couple stresses. The theory edymonetrical
elasticity was formulated by the brothers E. and F. Cossdratefent the theory
draws considerable attention from researchers, and one ofeth® @irits appli
cation is the mechanics of granular materials [79].
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Fig. 3.14. Displacement and rotation in a micropolar contimuu




35

The micropolar elastplastic constitutive model of a granular material with
isotropic hardening and softening differs from the classiwdry of plasticity by
the presence of rotations, couple stresses, ahdraateristic length corresponding to
the mean grain diameter. Due to the introductiamiaitions into the kinematics, each
material point in the 3D case has three transhattiand three rotational degrees of
freedom, while in 2D and in ax@/mmetrical cases two translational and one
rotational degree of freedom. The gradient compsnef the rotation cause
curvatures that are associated with the couplss&se This makes the stress and
strain tensors hesymmetric, and the constitutive equation contdiaescharacteristic
length. The micropolar elasmastic model in Mahlhaus's approach [119] was
formed by the extension of the nassociated elasfalastic flow rule of Drucker
Prager with isotropic hardening and softening ley@wsserats’ rotations, curvatures,
couple stresses, and mean grain diameter. As i, tesumicropolar model includes
the characteristic length and at the same timénsethe essence of the continuous
medium. The constitutive model of granular materitdrmulated by Muhlhaus
contains a number of constants and of materiatifume that have to be determined
experimentally. These include the modulus of aligtiPoisson constant, cohesion,
dependence of internal friction angle on plastaist dependence of dilatation angle
on plastic strain, mean grain diameter, and midesonstants.

a)

’
S cavee’, 1
]
'
'

-cesa -

NI,
>»> > DT

v A Bl
N - D)
v A [
N [N
* + N DY
' . BEDERNEY
v i / : IARIEN
RS . <.
< € €« < f;'1:¢,oo:¢’¢’- -~

1e222, ° -
// V) 0005 ,070=="
YVVVY 1l -

r 1

; “q1‘|llllrrrrﬁnm')‘5z)§

ngaf,:llrrrnJHD
D SRR O
“"":"4":ﬂv:'vr”:”kr)
n ! n
nlhalan e Ty
g""(.""nn:o’n;r"n”rv"’
afannnandal ey
0000":4:1:|;r:n:m
Cfannaiiiyictelnn
ahatinata e e
Qallan At doetrp
FO R IR I I N
oA [N

b)

cccccrr it
—ecocrritiry

SN
EERXS

4l o= man
e e -

anAATirsnn 0y g
annia R,
('(l‘ﬂ": a : ! ’r rﬁr‘ﬂm”rywrl%
Qann 4 rrn:yn,')rl
!‘(,","!:a‘r.nn.-,:‘,agg
SRR £
AR
gheanaiiirTanaea
ﬂﬂﬂn”,1,rrﬂﬂn qg
Go0inna 1l [ afiny
g8e8any 1 i Tangn3n
5C$ﬂn"11\rf:n:g%
Gan 4 Ay
Falaanaa i anyg
kg"ﬂ{'ﬂ”ﬁ-.:.—rﬁnwr)
éaﬂ‘ﬂr\"'z1\rﬁnw“

Fig. 3.15. Comparison of the particle displacement (a, b) ratation (c, d) fields obtained from the
discrete method (a, ¢) and the continuum method)(for the case of loading by (a, b) normal and

shear stress (c, d) couple stresses [32]
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The micropolar model yields results that are cogeet with those obtained
with the distinct element method. Comparison of fib&ls of displacement and
rotation of the material, determined with the twethods for the case of loading of
a random system of spheres with normal and tarajesttiesses and with couple
stresses, performed by Chang and Liao [32], conftimsgood agreement of the
solutions of both the methods (fig. 3.15). Howetlee, methods differ in their areas
of practical application. Models basing on the falism of the mechanics of
continuum provide a convenient and practical mettoddsolving problems
concerning a large number of granules. The model afapdlar medium combined
with the finite element method constitutes therefiective tool for the description
of even highly complex processes occurring in practice][1L@itations of microe
structural models analyzing the motion of eachvialdial granule of the medium
result from the computational capacity. Neverthelése models provide deeper
knowledge on the mechanisms of stress transmissidnoanthe occurrence of
deformations on the level of interactions betweslividual granules [72].

3.6. Localization of shear deformation

In the course of numerous operations performed onura materials, non
dilatational strain of the material is localizedtvim a small area of the material.
The reasons for this lie both in external condgiofthe operations performed, and
in the mechanical properties of the granular maltelr the final stage of the shear
process, when the stress is close to the crittoass state, strain usually loses its
initial uniformity and a clearly defined shear bdedms, separating the areas of
rigid movement of the material (fig. 3.16). Deformatis mainly localized within
the shear band formed. This phenomenon is commonly odsersgos with rough
walls, during secalled mass flow, when between the silo wall arel flowing
material there forms an intermediate (boundary@iaf granular material. It is in
that layer that shearing of the material occurswa$i as dilation causing silo
overload. It is assumed that the thickness of the bouralgey of a granular material,
in which shear takes place, is constant and ddedepend on the dimensions of the
silo [120,177]. This would imply that with increasing dimemrss of the silo the
effect of the boundary layer on dynamic overloadhef silo decreases. Analysis of
the scale errors resulting from generalization exdults of stress distribution in
model scale studies onto real size objects indicatsignificant contribution of the
processes taking place in the shear band to tekdéthe errors [120, 124, 125].

The theory of the Cosserat brothers, includingpéequations of medium motion
the displacements and rotations of granules, petimét analysis of stress and strain
distribution along the shear band thickness [119]. smatuof granule rotations in the
theory introduces into the equations of medium oamothe dimension of a single
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granule as a natural consequence of the princigterservation of momentum. The
introduction in the material model of the grairesize. a value with the dimension of
length, permits the obtaining of a npero thickness of the shear band. For granule
rotations to contribute to the deformation of the mdtehia change of average stress
on a distance equal to the size of a granule shmuldrge enough for a moment of
force to appear, greater than the rolling fric{ibO].

o

Fig. 3.16. Shear band: a) classical theory of plasticity apph, b) microstructural approach

Similar conclusions are arrived at through consititens conducted on the grounds of
the microstructural approach, and from realizedttmir basis simulations of the
behaviour of granular material in successive stafjdeformation, made according to
the MDEM method mentioned earlier. lwashita and Q&3 proved that in the
course of density hardening there gradually formesedain structure of granule
contact points combining into chains along whiclarger part of the main shear
stress is transmitted (fig. 3.17a). In the course of the processjlg contacts
formed earlier disappear to be replaced by new contacts.aDihést the axis of
the chain follows the direction of the major principal str@&sween the chains,
elongated pores parallel to the chains are formed, which makesatieeial to
become anisotropic (fig. 3.17b). Such a structure gradually becless and less
stable, as there appears a shortage of points of support aéodgdction of the
minor principal stress. The process leads to the exhaustion strémgth of the
material. From that moment the microstructure undergoeadual restructuring
through buckling of the long load bearing columns formed before. Liontabf
the chain buckling leads to the localization of strain. As a result of tite$s, the
well known shear band is formed. Due to the buckling of the foreeirige
columns, pores between the columns expand, resulting in a sudden ingrease
porosity. Column buckling leads to considerable rotation of the gradultsong
gradient of rotation appears, localized within the narrow space ehts band.



b)

shear band

Fig. 3.17. Model of shear band

O
/ formation according to Iwashita
ap,

oo T particle and Oda [72]

rotation

4. CLASSIFICATION OF GRANULAR MATERIALS

The concept of granular material covers a veryduotass of materials, beginning
with farmaceuticals, cement and aspiration eustrough agricultural products, like
e.g. cereal grair food products, like flour, sugar, powder mitkto mineral raw
materials, like e.g. gravel, stones and coal. Feargety of technological operations
highly important is the wide array of such physigabperties as bulk density,
granulation, friction coefficient, hardness, maistuexplosiveness, sorptive and
thermal properties. This creates the need for a@reoih classification of such
materials, to avoid the risk of errors and misun@edings resulting from the
omission of some material characteristic importéort a given process. The
properties of granular materials vary within a vergad range, depending on the
origin of a material, the processes of productiod processing applied, and on
external factors and conditions. At present, two systdmassification of granular
materials are most commonly usedCEMA and I1SO [71]. The CEMA classHy
cation comprises bulk density, grain size, flowighilabrasiveness, and a number
of other mixed characteristics. The ISO classiftcaf71] is rather abbreviatedit
comprises patrticle form, flowability, and severbbracteristics related to material
transport and handling.

The popular division of granular materials according to thennggain size
D includes the following classes [169]:

" dusty (e.g. aspiration dusts, fertilizer lini2x 0.05mm,
. powder (e.g. flour, fine meal) 0.053<< 0.5 mm,

. granular (e.g. cereal grain) 0.9><< 10 mm,

. nodular (e.g. gravel, wood chips) 1@< 50 mm,

" lumpy (e.g. coal) 50 ® <300 mm,

= massive (e.g. unsorted stonBs¥ 300 mm.
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Classification of materials according to the shape or fornraihg, adopted
by ISO [71], is as follows:
] sharpedged, with three dimensions similar,
. sharpedged, with one of the three dimensions clearly greater than the
other two,
" sharpedged, with one of three dimensions clearly sméilam the other two,
] roundedged, with the three dimensions similar,
. roundedged, with one of three dimensions clearly greater than other two,
= fibrous, stringy, curly, linked.

The hardness of granular materials is most frequently sesesing the 10
grade Mohs scale. The particular grades of the scale corregptrelfollowing:
1—talcum, 2- gypsum, 3- calcite, 4-fluorite, 5— apatite, 6- orthoclase, #quartz,

8 — topaz, 9 — corundum and 10 — diamond. In this scale, cereal grain falls
between grade 1 and 3 of hardness.

Abrasiveness of granular materials is their abtlitydamage surfaces of equip
ment with which they are in contact as a result of movermeat the surfaces.
The degree of abrasiveness is related to the hardness, sthséze of the
material grains. Chattopadhyagt al. [34] list four grades of abrasiveness of
granular materials:

= mildly abrasive,

= moderately abrasive,

= extremely abrasive,

= very sharp, gouges soft materials like rubber.

Flowability of granular materials is related to grain sirel shape, surface
properties, moisture, temperature, adhesion, cafesnd mainly on consolidation
time. ISO proposes a classification of materials accordinbeir flowability that
is based on the flow functioifi introduced by Jenike [76]. The function will be
discussed in detail in chapter 8. Chattopadhgtyal. [34] supplemented that
classification with two extreme categories, propgsa division comprising six
classes of materials:

= fluidlike flooding

= very free flowing ff > 10,
= free flowing 10 >ff > 4,
= average flowing 4 >ff > 2,
= poor flowing 2 >ff,

= sluggish/interlocked.
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In the case of agricultural materials and food powders, apantthe classi
fications mentioned above attention should be @d$d to a number of addi
tional features, such as:

= friable, easily degradable,
freezing,
hygroscopic,
toxic properties,
flammable,
explosive,
very dusty,
decomposes, deteriorates in storage.

The tendency of certain materials to freeze may constitaggiaus problem
during winter and demand for heating equipment. Explosive powders réogiire
application of suitable construction materials, protectivdcgsy and following
fire prevention rules. In some cases wetting of transported mateajglied.

5. DENSITY OF GRANULAR MATERIALS

Density, that is mass divided by volume, is one ofdhdamental parameters of
granular materials. Knowledge of the exact valughef density of a deposit of
granular material is very important for numerouacpical applications. The density
of a material has a significant effect on its meata characteristics. It is one of the
three basic parameters, along with the frictiorffmaent and the pressure ratio, that
are used in the determination of granular matpredsure against the structure of the
bin or silo. It is also necessary for accuratevegion of container capacity.

With relation to their bulk density, granular méiky are classified as:

= light (peat, sawdust, bran, cereal meal, driedtptaterial)y < 600 kg T,

* medium (cereal grain, fertilizers, soil) 60Q < 1100 kg r¥,

* heavy (mineral raw materials, sand, gravel) 11932000 kg n?,

= very heavy (minerals, stone)> 2000 kg n.

5.1. Bulk density

A popular method for the determination of the bddsity is based on measu
rement of the mass of a granular material poured freely antoylindrical
container of constant volume, typically 0.25 or 1°d2®, 137 138]. The values of
bulk density of typical agricultural materials presented inl@ah1l differ
significantly from the density of those materials loss[22,31]. That density is
afunction of moisture, pressure, degree of contatiimnamanner and rate of filling,
and falling height of the grain [135] Cereal gralensity usually varies within
arelatively broad range, depending on the specidaltivar, manner of bin or silo
filling, height of deposit, degree of contaminataifrthe grain, and other factors.
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Tapped density provides information on the suso#iptiof a granular material
to compaction through vibrations. The relevantdsiath provides for a measurement
consisting in bringing a known mass of a granulateria to the lowest volume
possible through the application of vibrations ohstant amplitude and frequency
[138. The tapped density of cereal grain is highan the bulk density by several
percent, and in some cases even by over twenty p¢ié&én

Changet al.[31] showed that distributed filling of silo incises the density of
granular material by from 5.1 to 9.2% as compagefilling from centrally located
spout of conveyor. Stephens and Foster [155] obdeincreases in density of the
order of 3 to 5% above the bulk density valuesoindensed filling from spout of a
conveyor, and 7% in the case of distributed fillingersavel an@ritton [166]
showed that density depends on the falling hetgbtdegree of contamination, and
on the filling rate. The researchers noted a censidle increase in density, of the
order of 810%, and in the case of high filling rates a desgea density. Similar
relations were found by Schott and Britton [150] laboratory studies. With
increasing grain falling height the kinetic energly the grain increases, which
increases the packing density of the material [1T8ht effect disappears above
acertain height, due to increasing aerodynamic deaing the free fall of the grain.

Table5.1. Bulk density, porosity and specific gravity of gr#3]

Grain Bulk de_rslsity Moisture Porosity Specific gsravity
(kg m*) (%0) (%0) (kN m™)
Barley 618 9.7-10.7 39.557.6 12.1-:13.3
Rape 669 6.56.7 38.438.9 11.011.5
Maize 721 9-15 40.044.0 11.913.0
Linseed 721 5.8 34.6 11.0
Oat 412 9.410.3 47.655.5 9.510.6
Rice 579 11.912.4 46.550.4 11.2-11.2
Rye 721 9.7 41.2 12.3
Soy 772 6.97.0 33.836.1 11.311.8
Wheat 772 9.8 39.642.6 12.913.2

In view of the wide range of variation and consatéée number of factors affecting
density, attempts are made at developing methodbidodetermination of ,apparent
density” that would correspond to the density ohaterial in a silo. Therefore, it is
necessary to search for general rules applicablbetadetermination of the actual
density of granular media in containers that wdidccommon for as extensive a class
of materials as possible. Basing on experimentslite obtained so far it is -re
commended to estimate the density of a granulaerialin a silo by assuming an
average density increase of 6% with relation todiesity value determined from the
mass of 1 hectolitre [22]. It appears, howevert #yaplication of more accurate
methods for the prediction of density of granulaterial deposit is a necessity.
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5.2. Density of consolidated material

The density of granular material is a monotonically increasioiglinear
function of pressure. The function most frequentlydufe the description of the
relation is a power, exponential or logarithmicdumn. Guet al.[59] made a detailed
analysis of empirical relationships used, determining forh ethe range of
pressure values for which a given function best describes the changeityn dens

Vertical
[- standard deviation pressure
172 kPa
100 136 kPa
k= 103 kPa
< o) Bk
z 34 kPa
'l{{
S 14 kPa
< 800 7 kPa
-
=
aa] \
7o 0 kPa
g 216 20 24

Moisture content (%)
Fig. 5.1. Bulk density values for wheat as a function of maistcontent and pressure [161]

In the case of materials of plant origin, another parametapart from
pressure — that significantly affects the density of a defgo#iei moisture content
of the material. Thompson and Ross [161] made atepth study of the density
of wheat grain deposit within the range of pressures from 0 to R&0khey
found that within the grain moisture range from 8% to 12% a half of the change in
the density of the medium was attributable to reorientatioheofjtains, and the
other half their elastic deformation. Increase in the gramisture caused an
increase in the contribution of deformation of the grains inctenge of the
density of the medium. At grain moisture level of 24% the daution of
deformation of the grains was about 70% of the change in deRsityvertical
pressure values below 100 kPa the authors found a distinct mirdindemsity at
grain moisture levels within the range of-28%. With increasing pressure, the
minimum shifted slightly towards lower values of moistuig. 6.1). The authors
described the relation with a ndinear function. A similar course of the relation
was determined — for corn — by Clowedral. [36] and by Loeweet al. [96]. The
curve marked with the symbol 0 kPa in figure 5.1 presents bulk gensit
decreasing with increasing grain moisture content.
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Eurocode 1 [50] recommends direct application of bulk unit weidght o
granular materials, determined experimentally under uniaxial compressitime for
calculation of pressure. It is also recommended to use the woélwertical
pressure that will exist in the bottom part of the silo astimsolidation pressure.

If the information is not available, pressure value of 100 kPacesmmended for
use as reference pressure. Bulk unit weight determined im#nser is used for
the determination of the upper limit of load. A sample of ttatenml tested is
placed in a cylindrical container with diametBr that is greater than the
maximum grain size by a factor of at least 40. Helgjlff the sample should be
in the range of 0-8.4D. After the filling of the container, without any vibration
and application of compacting loads, the upper surface of the sasnigladied
with normal force generating the reference presswre(corresponding to
maximum vertical pressuig or to 100 kPa). Then the top plate of the apparatus
is rotated three times by %A0ight and left for additional compaction of the
material. Bulk unit weight is determined as the quotient of tleéght of
consolidated sample and its volume (Tab. 5.2).

Table5.2. Bulk unit weighty of consolidated granular materials according toEade 1 [50]

. Bulk unit weight
Granular material gnty

(kN m®)
Barley 7.08.0
Flour 6.57.0
Maize 7.08.0
Soybeans 7.08.0
Sugar 8.09.5
Wheat 7.59.0

6. COMPRESSIBILITY AND ELASTICITY

Granular materials in storage get compacted under their @ghtvand/or
under external loads. Compaction increases through a change in paoking
through deformation of the grains. The resultant skgais the sum of reversible
deformation:®, caused by the elastic deformation of grains and thus disappearing
with the removal of the load, and of the permanent deformaftioslated to the
change of mutual orientation of grains:

Sp =e®+¢€Pf, (6.1)

Figure 6.1 presents the curve of cyclic loading of wheahgaimple under
the conditions of uniaxial compression. Irrespective of the typeaténmal tested
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(cereal grain, sand, soil), the stragsin curves display qualitative similarity
[70, 94, 114]. The wide hysteresis loop during the first loading (cunig) &\
dominated by plastic deformation with less contribution of @astrain. During
repeated loading of the sample, at a load value below the prewesisum, the
material is stiffer than before (curve BC), while afexceeding the maximum
value of the previous loading (section CD) the stiffness @itlterial decreases
and the material behaves as if never subjected to loading. Theid&hof the
material along the curve sections AB, BC, DE can be describdwbyodulus of
elasticityK and along the curve OADG by the modulus of compressillitf he
values of the moduluses are strain dependent.

A
2
& 300 g/t
-
2 200 o
g
o
2 100} 5/C
=
0 8/ EZW .
0.05 0.1

Volumetric strain g,

Fig. 6.1. Stressstrain relation during loadingnloading cycles of wheat grain in uniaxial test

Zhanget al.[174] determined the modulus of volumetric elasti&itand the
modulus of plasticityH, of wheat grain in bulk in the triaxial compression test at
constant value of minor principal stregsfrom the following power relations:

K =K,R(o:/R), (6.2)
H, =BR(o,/P,), (6.3)

where:
A — exponent of the modulus of elasticity,
B — constant of the modulus of plasticity,
C — exponent of the modulus of plasticity,
K, — constant of the modulus of elasticity,
P, — atmospheric pressure,
03 — minor principal stress.
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The modulus of compressibility was determined on the basis of the resultant
material strain, sum of reversible (elastic) aneMersible (plastic) strain [174]:

1_1, 1
=—+

AT (6.4)

Examples of experimental values for wheat grairpegsented in Table 6.1 [174].

Table 6.1. Modulus of compressibility, elasticity and pla#tiof wheat grain [174]

Minor principal Modulus Modulus Modulus
stress of compressibility of elasticity of plasticity
(kPa) E; (MPa) K (MPa) H, (MPa)
20.7 3.3 8.8 53
34.5 4.5 11.1 7.7
48.3 6.4 13.6 12.1
62.1 7.9 16.2 15.3

Volumetric elasticity of granular material is clhseelated to the elasticity of
individual grains. Modulus of elasticity of seedsimdividual plant species varies
within a broad range. In the case of wheat, Young nusdigtermined for cylindrical
samples cored from the grain endosperm falls witiénrange of 0-3 GPa depen
ding on the cultivar [55] (figur6.2). With increasing grain moisture, Young modulus
decrease to stabilize at moisture levels above[22%Modulus of elasticity depends
on the protein content and on the type aflosperm [84]. For vitreous grains,
the values of the modulus are about 30% higherftiranealy grains [58171].

Young modulus E (GPa)

3

Moisture content (%)

Fig. 6.2. Young modulus of wheat endosperm as influenceshtigture content [55]
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Multiple wetting and drying of grain causes intéraacks in the grain endosperm
structure, which reduces the values of modulus dfi@tgeven byd0% [171]. In the
case of corn kernels, modulus of elasticity dee®agth increasing moisture, from
600 MPa at moisture content of 10% to 50 MPa at moisture26f86]. Modulus of
elasticity of rape seeds at moisture content -8%6is about 401Pa, and with
increasing seed moisture drops to the level of rabwdPa [158]. Modulus of
elasticity of pea seeds falls within the range 00-400MPa depending on the
cultivar and the seed moisture content [43].

Direct linking of the modulus of volumetric elatijcof a granular material with
the elastic properties of elementary grains by sesdira quantitative mathematical
formula is extremely complicated. Theoretical studiesiapally focused on the search
for general conditions that would permit the deteation of modulus of volumetric
elasticity of a system of elastic granules. Walfp8] derived the relationship of
effective modulus of volumetric elasticity of a randsystem of spherd§ on the basis
of elastic reactions taking place within the arfegl@mentary contact:

2 3

K = K,E3|p2 (6.5)

E — Young modulus,

K1 — material parameter,

n— number of granules in volume V,

N; — mean number of contacts per individual granule,
p — pressure,

R - radius,

V — volume,

v — solid fraction,

v — Poisson constant.

For the description of the strestsain relation within the area of elementary
contact of the bodies he applied the Hertz formula that is conyrased for the
case of contact of an elastic sphere with flat rigid surface [104, 105 162].
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Relating the modulus of elasticity of a materigbalgt with the Young modulus
and Poisson coefficient of the granules of the omadand with the average pressure
and the material packing parameters permits copfeetical interpretation of elastic
reactions in a bulk of granular material. Studig$ibrabik and Molenda [65] showed
that the Hertz formula permits also the descriptibthe behaviour of grain within
abroad range of moisture content (fig. 6.3). At tverent stage of the research, the
application of the relation derived by Walton for a big banof bodies like granular
plant material permits only qualitative analysisref phenomenon.

0.44%

Moisture content:

S:5 84@” :xS\\F]u 703 1 Ortw
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¢ 8%, 11%
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»

Normal force F, (N)

Fig. 6.3. Contact area of wheat grain with smooth surfadafagenced by moisture content and
normal load [65]

Granular material volumetric elasticity has a very strorityence on the
pressure transmitted by the granular material onto tbetste of the container or
silo [98, 99]. For the purpose of solving practical problems, anrerapvalue of
modulus of elasticity of granular material in bulk is usualiyppted, constant for
a given range of pressure values [139, 148]. In the case of gramaterials of
plant origin, the value of the modulus is strongly related to tom@scontent.
Stasiak and Molenda [154] showed that the modulus of elgstitivheat grain,
determined under the conditions of uniaxial compression at thiealgstessure
of 100 kPa and grain moisture content of 10% was 22 MPa, @mdiatmoisture
content of 20% decreased to 11 MPa, while Poisson constihinot depend on
grain moisture and oscillated around 0.2. Modulus of elasticity rof kernels in
bulk determined by Frontczak and Metzger [53] in uniaxial commredsist at
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vertical pressure within the range of 1B40 kPa decreased from 14 MPa to
6 MPa at moisture content increasing from 7% to 23.5%.

The Eurocode 1 [50] recommends to use two different values of osodil
elasticity: loading and unloading effective elastic moduli. diog modulus
describes compressibility (eq. 6.4) while unloading modulus descelassic
reaction of material (eq. 6.2). The unloading effective elantidulus is usually
much higher than the loading modulus. In assessments where ukevoélastic
modulus may be deleterious to the structure (e.g. thermal difi@s), the
unloading modulus should be used. Where the high value of elastic moflulus
the solid leads to safe design of the structure (e.g. inthiled rectangular silos)
the loading modulus should be used.

Elastic parameters presented in the Appendix were determimegausiodel
describing the total vertical strain in granular materinder loadingleveloped
by Sawicki [148]. The model equation is based on the efdastic approach and
assumeghat during loading both reversible (elastic) and irreversiplastic)
strains develop in the sample. Plastjt and elastice,® strains develop in the
material during loading:

g, =€, +¢ef (6.6)
g . ug
e =D: D) 3 E_l—v DH ©0

where:
&,- total vertical strain,
&, plastic vertical strain,
&~ elastic vertical strain,
O,0- mean vertical pressure on the top cover,
E- modulus of elasticity,
v*- equivalent of Poisson'’s ratio for loadimtEK /(1+K,),
K- slope of straight ling,=K 0,
D;, D,, a - model parameters.

Ko, which is used to calculate the Poisson’s ratio equivatentluring
loading, is the ratio of the horizontal stregs and vertical stresg,, during
consolidation of the sample. During this phase of compressiomdhzontal
deformation which is the sum of plastic and elastic horizosttalins, is zero
(&= &°+ &°=0). D; and D, are compaction coefficients. Originally Sawicki
[148] assumed the value of tegponenta to beequal to 3/2, but in examination
of Stasiak and Molenda [154] the valuemivas treated aa variable to obtain
a better fit of theexperimental results to the model curve.
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Two phases of the unloading can be observed (see figure 6.4). The first phase
is characterized by a purely elastic deformation and was uskeedetermination
of elastic constants, the modulus of elastiitgnd Poisson’s ratio. The second
stage of unloading is characterized by both elastic and plastic deformadtisas. |
assumed that the material reversible response is governed bg $laok

% = 2 [a-v)o, voue] 6:8)
£% = é[azo - o, (6.9)
During the first phase of unloading (path BC) granular materiblbés
alinear relationshipvhich is characteristic for elastic deformation. Assumirag t

¢% = 0 from (Eq. 6.8y /0, = (V/I1-V) is obtained and applying the assumption
thate, =% to (Eq. 6.9k, may be expressed as below:

g, =22 E 2 E (6.10)

E O 1-v

Vertical XA
load cell \ g, s B
Top plate
. D f
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Fig. 6.4. Uniaxial compression tester and determination eflutus of elasticity [154]

Elastic constants were determined using experimental resedtsured during
the linear phase of unloading. The ratio of horizontal stets vertical stresg,
was assumed constant (elastic state of stress) and theoShbygestraight portion
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of the curve defined bj, whereA =go,/0;0 = v/(1-v) was determined. Values of
A for different granular materials were estimated usingedr regression
procedure applied to experimental values of stressesi¢sge 6.4). KnowindA,
values of Poisson’s ratiewere calculated as:

A
V= (6.11)
1+ A
Values of modulus of elasticify were estimated using relationslajpo,,) (Eq.6.10)
with experimental values &f ando,, andv determined as described above.

The apparatus utilized was an uniaxial tester whose walls wenedby two
semicircular halves cut along the axis (see figure 6.4). thwe semicircular
halves were connected with four load cells installed in pairs hen tivo
connection lines, restoring cylindrical shape of the wall. Bottochtap plates of
the chamber transmitted the vertical load through the loésl Géle experimental
setupallowed for thedetermination of mean lateral pressurg mean vertical
pressure on the bottom, and the mean vertical pressure acting on the top plate
O, The surface of the cylinder walls was smooth while the ssfaf the top
and bottom plates were rough.

During testingthe granular material was poured into the test chamber,
without vibration or any other compacting action. The test sampke 8 mm
high and 21 cm in diameter. The bedding was loaded in compressithe
reference vertical stressr, of 100 kPa using a universal testing machine at
aconstant loading ratef 0.35 mm mift. The displacement of the sample was
measured using an inductive transducer having an accuracy of 0.Qloautimg
was followed by unloading which took place at the same speddfofmation
until g,of 0 kPa was reached.

7. STRENGTH PARAMETERS
7.1. Methods and appar atus

Two test methods are recommended by Eurocode 1 [50] for the estimiation
strength parameters (angle of internal frictdband cohesior): direct shear test
and triaxial compression test.

7.1.1. Direct shear test

For this test reference may be made to the ASTM D6128 [9], Haut t
parameters derived following that standard are not identitalthhose defined in
Eurocode 1. The test apparatus is a cylindrical shear cell as shdgure 7.1.



51

Fig. 7.1. Jenike shear cell

The upto-date method of testing flow properties is based on the concept of
Jenike, first published in 1961. The apparatus consists of the timgethe upper
ring and the base. The chamber of the apparatus, comprisée tiwer and
upper ring, is filled with a sample of granular materiale Tid is loaded with
vertical forceN and horizontal force is applied on a bracket attached to the lid
Shear tests performed with identically consolidated samples ulitferent
normal loads give maximum shear forde$or every normal forcéN. Ratios of
forcesN andT to the shear cell crosection area give normal stresand shear
stressr. Characteristic of versuso (see fig. 8.2) represents the maximum shear
stress that a sample can support under a certain normal atickss called yield
locus. Material bulk density is the parameter of the yield locus. With an increase
in normal consolidation stress, bulk density increases and thielgéeis moves
upwards. Each yield locus terminates at a point E in the direofi increasing
normal stresg. The conditions of point E are called steady state flow, thhieis
flow with no change in bulk density and stresses.

The original procedure of the shear test was as follows:

1. A prescribed mass of material was placed into the compartofiethie

apparatus;

2. Vertical consolidation reference pressurewas applied for a prescribed

period of time;

3. Sample was sheared until an asymptotic value of frictitovak (steady
flow) was approached, thus valuessptindz, stresses at the terminus of
yield locus were determined;

Steps (1) and (2) were repeated,
5. Sample was sheared until 95% of an asymptotic value ofofnaitiforce
was achieved;

B
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No

Vertical consolidation reference pressurewas released to zero;
Vertical pressures,;, was applied for a period of static holding;

Sample was sheared under pressuyg,until the end of the prescribed
shear path;

Steps (4) to (8) were repeated for vertical pressures,ando,s, and
thus three points on the yield locus were obtained.

The Jenike method allows the determination of: swime, angle of internal friction
@ and effective angle of internal frictien(see¢ =¢; andd=¢, in fig. 7.2).

Eurocode 1 [50] recommends using a simplified &enikethod (including
consolidation and shearing of the sample) for tlterthination of strength
parameters (fig. 7.2). The shear cell diamBteshould be at last 20 times the maxi
mum particle size and not less than 40 times thennparticle size. The height
should be between 0.3 and @4The maximum particle size is limited to ensure that
interaction of material with the cell wall will nanfluence the measured property.
The sample should be poured into the test celowitvibration or other compacting
forces, and the consolidation stresapplied. A top plate should be rotated clockwise
and anticlockwise about the vertical axis sevémas through an angle of at least 10
degrees to consolidate the sample.

The Eurocode 1 shearing procedure is as follows:

1.

2.

3.

ok

The reference stressshould be approximately equal to the verticalsstia

the stored material.

Shearing of the sample should be carried out at a constarf rapgro
ximately 0.04 mm min.

To calculate strength parameters of granular material maxisiear
strengthz should be used that developed at or before the horizontal
displacement had reached the value of AL = 0.0@D.

At least two tests should be carried out as defined in (5) and (6) below.
The first sample should be sheared under a nooadldausing the reference
stresss, to obtain the failure shear stress

The second sample should first be preloaded under a normal load causing
the stresss; and just brought to shear failure as for the first sample.
Shearing should be stopped and the applied shear load reduced.to zero
The normal load on the second sample should thaedeed to a value
causing approximately half the consolidation st{ess= ¢,/2) and sheared
again to obtain the failure shear strgss
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Fig. 7.2. Determination of shear strength parameters

Two parameters of the material — cohesioend angle of internal friction
should be used to define the effects of a stored solid’s strengtiio pressures
after the silo has been filled. The loading angle of intefi@lon ¢, for the stored
solid should be calculated as:

@ = arctany/oy). (7.2)

The cohesiomr that develops in the stored solid under the reference sfress
should be calculated as:

C= 13- Grtan'pc (72)
in which:
¢, = arctan’a
c G —a, ' (7.3)
where:

¢c is the unloading internal friction angle for an ceensolidated material.
The value of cohesioa depends strongly on the consolidation stressasaat be
regarded as a fixed property of the solid. Forlzesmnless material (where = 0),
frictional strength should be described only byahgle of internal frictiory, that is
equal tap..

As an alternative to direct shear test, Eurocodecbtmmends triaxial compre
ssion test for the estimation of frictional stréngarameters of granular material.

7.1.2. Triaxial compression test

Determination of strength parameters of wheatvatlévels of moisture content
of 10, 12.5, 15, 1.5 and 20% was performed usirectshear and triaxial compre
ssion testsThe parameters were determined following Eurododsth acylindrical
shear box, 21hm in diameter and with 8@m bedding height. The sample was
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poured into the box without vibration and the raferestress of 100 kPa was applied.
A top plate was rotated backwards and forwardsettimees through an angle of ten
degrees to consolidate the sample. Following calaimn, the sample was sheared
under normal stress equal to reference stresheatte of 10.8 mm mih Second
subtest was performed for consolidation referencesstd 10kPaand test load
value of normal stress of 50 kPa. Three replicatiwere performed. Triaxial cem
pression tests with a sample crd in diameter and 30 cm high were conducted on
wheat to compare results with the results of direct sheéaCmsparison of angles of
internal friction of wheat obtained in direct shéast and those obtained in triaxial
compression test is shown in figure 7.3.

Mean values for five levels of moisture contenietalas one sample were not
significantly different except the values for 10%oc. To obtain such an agreement
of the results of two testing methods, the procesibad to be modified. In the case of
direct shear test the shear deformation was exdeapl@o 0.10 of sample diameter
instead of 0.05 as recommended by Eurocode 1eliedke of triaxial compression
test the sample was compacted by tapping durilmgfilup to a density equal to that
of the sample in direct shear test. No clear egtiem may be given for the
discrepancy of results of direct shear test anddtiaompression test at 10% of grain
moisture content. The probable reason is differamtfee mechanism of deformation
in the two tests combined with distinctly lowergthat higher levels of moisture
content) grairon-grain coefficient of friction.

- —— - direct shaearing (AL/D=0.1)

o 36 triaxial compression
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Fig. 7.3. Mean values and 95% confidence intervals of thdean§internal friction of wheat
determined with the direct shear test and theii@ompression test



55

7.2. Factorsinfluencing angle of internal friction of cereals

7.2.1. Moisture content of the material

Grain moisture content has deep influence on the mechanicalripeepaf
grain in bulk [67] as it modifies surface properties of semat as well as the
properties of kernel endosperm. Changing moisture content of gifaierices
shear stresstrain characteristics, and consequently the determinatistrength
parameters: the angle of internal frictiprand the cohesioa Figure 7.4 presents
data obtained in direct shear test for wheat osta contents of 12, 20 and 22%.

The results show that for wheat at 10% of m.c. (fig. 7.4 a) expetal
curves stabilized or attained maximum below the QM@3D level of strain
required by Eurocode 1. An increase in grain moisture corgsulted in an increase
in shear path to attain a stable level. In the case of grab?6 moisture content (fig.
7.4 b) and 100 kPa of normal pressure the test curve stdhiliza stress level clearly
above the 0.05 of the sample diameter. For graistare content of 22% (fig. 7.4c)
shear stress stabilized only for the two lowest levels ahalostress and for strain of
approximately equal to 0.08L/D that precluded determination of the strength
parameters. These results show that to determine strengthegpers of wet grain
an extension of shearing path up to 0.10 of sample diameter is necessary.
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Fig. 7.4. Shear stress versus ratio of displacement to the sample diamétéD for wheat of
moisture contents of : a) 12%, b) 20% and c) 22%nbrmal stress, of: 1-20 kPa, 240 kPa,
3-60 kPa, 480 kPa and 800 kPa
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7.2.2. Bulk density

Stressstrain behaviour of granular material depends on the bulk geofsit
the sample. Dense samples dilate during shear test whiledaogges decrease
in volume. In dense samples shear stress attains a peakaralueith continuing
shear displacement it drops back to a lower ultimate valugeandins at that
constant level during further shear. In the loose state maostlgranaterials tend
to decrease in volume when subjected to shear under constant taachalror
such samples shear stress gradually increases untilclie®alltimate value.
Thereafter, with increasing displacement it remains stalble.density at which
material is sheared without change in volume is termed, @issagrande [30],
the critical density.
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& 0.06 - p=780kem’
8 — p=82kgm’
< 0.03

0 0.1 0.2 0.3
Major principal strain g,

Fig. 7.5. Relationships of stressrsus strain obtained in triaxial compression fiastvheat grain
of moisture content of 13% and four levels of bddnsity

Figure 7.5 illustrates relationships between atatdl stress and axial strain in
triaxial compression of wheat grain of 13% in maistcontent at four levels of bulk
density [101]. The graphs show that increase irsitlem resulted in a quantitative
change in material properties. For denser sampiggihwere both the maximum
value ofg; and the maximum value of axial strain For the sample of bulk density
of 822kg nt the axial stress reached maximum vatug, for ¢; of 0.1. For the
sample of the lowest density (of 729 kgj)rthe stress,ma,was attained af of 0.22,
thus at the strain about four times higher thah0.06 recommended by Eurocode 1.
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7.2.3. Time of consolidation

The time of consolidation is one of the most important faatdtsencing
mechanical properties of powders. For example, a long period afgstaf
powders in bags or in silo can lead to caking when the materiainascnearly
solid, causing serious problems in handling. In the case of food pomdestire
is the most severe factor causing caking. In order to deterthe effects of time
of consolidation, the sample has to be compressed for the presceiied @f
time before the shear test is performed.

Figure 7.6 shows the results of determinationrehsth parameters of wheat meal
following Eurocode 1 procedure. The sample was sheared immedadtely
consolidation by twists or remained under referenceé fom additional two hours.
Time consolidation resulted in an increase of tigleaof internal friction from 31°+4°
to 43°+2°. After the time consolidation, the sample usuadturns to its original state
if no chemical or physical changes have taken placsuch a case the material may
be used for the measurement of the next pointedf(tf) characteristic. This may be
verified by running normal instantaneous test mtace If any change in strength
properties occurs after the time consolidatiors fiwints out to chemical or other
irreversible changes and a new sample should lea fak determination of the next
point of the characteristic.

- Oh
= 2h

P
/
=

Shear stress (kPa)
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3 45 6
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Fig. 7.6. Shear stress versus normal stress relationship @oect shear test for wheat me
without time consolidation and consolidated for taurs

7.2.4. Method of sample deposition. Anisotropy of packing

The angle of natural repogeand the phenomenon of grains lying nearly along
the generatrix of the formed cone was used for ymod the preferred grain
orientation. Rye grains were poured through a fuimte the shear box inclined to
horizontal at an anglg as shown in figure 3.1. The outlet of the funnakwplaced
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near the box wall and lifted along the wall generatrithaebthe outlet was constantly
approximately 20 mm above the surface of gatheredgyréhe grain was allowed to
slide down the surface of natural repose to thet fsle of the box. Any change in
the angle of inclination of the shear box to thezaomtal resulted in a change of
preferred inclination of long axes of grains to the bottom of the box.

Examination of an influence of the angle of prefdrgrain orientation on the
shear stresstrain characteristic was performed under the nigoreasure of 100 kPa.
Samples were prepared so that the preferred di@ntaf grain formed angles, of
inclination to the shearing direction of: 0, 10, 30 and 40 degrees. To preserve the
packing structure of the bedding no additional obdation was applied. The angle
of preferred orientation of grains was found tduiafice strongly the strestain
characteristics as shown in figure 7.7. The streingeas the sample withof 40°
showing maximum shear stragg, of approximately 50 kPa, while the lowesgiy of
approximately 30 kPa was found in the case ©f0°. The probable reason for the
observed difference of behaviour is the distributbcontact normals.
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Fig 7.7. Relationships of shear stress versus ratio of displacement to the sample diameter AL/D.
Samples of rye with an angle of preferred inclioatof kernels long axes to horizontal ranging
from O to 40 degrees

Oda [126] suggested that, for a two dimensionakgaysthe distribution of cen
tact normals may be approximated by an ellipse.mi&@r axis of such an ellipse is
initially oriented normal to the bedding plane. Treferred orientation of the long
axes of the particles is parallel to the beddingng@l In the process of biaxial
deformation the distribution of the contact norn@ianges so that a greater number
of contact normals tend to orient themselves irditextion of contact force.

Testing with grain samples deposited in various ways and subslyqrmmnt
solidated by twisting (as recommended by Eurocode 1 [50]) did not ahgw
differences in stresstrain characteristics, and consequently in obtained values of
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the angle of internal friction. This result shows that the cahestcdn procedure of
Eurocode 1 erased all stress history similarly toghearing to steadstate as
recommended by Jenike [74].

7.2.5. Surface properties of particles

The interparticle friction is an obvious component of shear strengthirand
1960’s and 70’s attempts were undertaken to find a relationship of the two effects.
Rowe [144] suggested that the primary task was to sepdnatesttength
component of particle structure from that of inparticle friction. This author
derived relationships of strength limits for loose and dens#gsdhat gave “quite
close” agreement over the range of the angle of-gr@mular frictionp, from 17°
to 39° for cohesiofhess soils. Apart fromyp, and density, Rowe considered
measurement technique for the stress state of deformed samdgdteuad that for
dense sands triaxial compression and direct shear gave giesildis. Feda [51]
summarized results of efforts undertaken up to 1975. No sulastpragress in
theoretical description of internal friction took place aftet time. The structural
component (or packing structure) of internal friction remaifffécdit to describe
and monitor, but these days may be treated by DEM. Analysis rot fo
distributions in threelimensional granular assemblies performed by Bitial
[20] regarded the significance of ingearticle friction. The authors varied the
coefficient of static friction between grains in such a Wt for rough beads it
was three times higher than for smooth ones. The resultant fetaéutions for
rough beads were not significantly different from the distrangifor the smooth
beads. The tests have shown that particle deformation is thdakeyr for
intergranular force distribution. Results of Blatral show that the phenomenon
of internal friction still remains far from a conclusive description.

7.2.6. Formation of shear bands

Granular materials are deformed in many ways dyhogessing. For a small
strain the deformation is usually uniform. For agé strain the deformation
localises into a narrow region of shearing bands Tégion separates almost rigid
blocks of a granular material. An effective ruptaome called a boundary layer or
shear zone forms along the rough or corrugatediwallsilo with plug flow when
friction between wall and grain is higher than ingg friction of grain [119]. There
is always a shear zone of a width equal to a fesicp® diameters in which the
velocity changes rapidly from that in the bulk totthaithe wall. The thickness of
the boundary layer was found to be dependent on the gramatiarial. Zhangt al
[177] examined shear zones in wheat sliding agaiostigated steel surface. The
lower boundary of the shear zone was estimatedbanrh below corrugation peaks
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and the upper boundary was 18.5 mm above the ctiongeeaks. The dilation in the
boundary layer resulting from shearing during disgk gives rise to an overpressure.
The overpressure is independent of silo scale mgusidecrease in the relative
overpressure with increased silo size.

The shear zone in granular material has recenttprbe the object of wider
interest of researchers. The determination of Hiekriess of the shear zone is
important for the estimation of forces transferfien the granular material to the
structure. The thickness of the shear zones dementse wall roughness, the grain
diameter, the specimen size and the boundary yahdem considered [160]. The
relation between shear band thickness and gragnhsig profound implications for
investigations of progressive failures within gr@nusolids. According to direct
experimental observations of Roscoe [143], the lwidt shear bands is about
10times the average grain diameter. Investigations@ming the shear band forma
tion are mainly based on computer simulations eortttical modelling. The thickness
of fully developed shear band was found to be agimiately 16 times the mean grain
diameter. Only a few researchers investigated arpatally the formation of the
shear band in bulk of grain [109, 122, 177].

Triaxial compression tests [64] were performed to obtain irddion on the
displacement distribution of particles inside the shear band. ahple was 30
cm high and 15 cm in diameter. The volume of the sample was divitteG0
cylindrical regions using two different colours of seedsnstiand not stained
mustard seeds. Each region was 3 cm high and 3 cm thick. In ttiealve
direction the sample was divided into three cylindrical coax@gions by
inserting two cylindrical moulds of diameters of 3 cm and 9 mim the sample
mould. Layers of seed of 3 cm in height were poured into eacheothree
cylindrical regions of the sample. Ten layers of stained andtamted seed were
poured into each column of the sample. Vertical esassion of the sample of
triaxial compression at; = 0.17 with the deformed meshes indicated is shown in
figure 7.8. Orientation angle of the shear zenand its thickness were also
indicated in figure 7.8. The shear zone was oriented at an angle of:

T ¢ (7-4)

with the horizontal axis (direction of the minor principal stiegss predicted by
the MohrCoulomb theory where is the angle of internal friction.

Average value of the angle of internal friction for stained aot stained
seed was 26 Distributions of displacement across the shear band, atsiraat
g10f 0.1 and 0.17, are shown in figure 7.9 and 7.10. Vectors connecting the line of
original and deformed mesh represent the distribution of digpkmeacross the
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shear band. Vertical component of the vect@B,uepresents the shear displacement,
AL, (related to grain diameter D) and horizontal congmt represents the normal
displacement/L,. The thickness of the shear band was determined from ditie efi
the ramp in the direction [64]. The thickness of the fully develdpghear band was
found to be 15 times the average grain diameter.

Fig. 7.8. Crosssection of mustard seeds sample deformed in tti@eiapression test showing
localization of deformation as shear band

Fig. 7.9. Displacement distribution across shear bard0.1 [64]
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Fig. 7.10. Displacement distribution across shear banrd0.17 [64]

7.2.7. Correction of change in sample cross-section area

Increase in moisture content of grain results inn@nease in susceptibility of
grains to deformation. Grain bedding of higher moes content requires larger
displacement to attain critical state than drymgréis a result, the surface area of
crosssection of the sample perpendiculaiioncreases as well. This in turn leads
to an increase in measurement error of the angieterfal friction because; is
calculated as a ratio of vertical force and undeéat crossection area of the
sample [101]. Correction was introduced to accéonthange in the sample cross
section area. Assuming that volume of the sampleirsncanstant during the test:

V =H(1-¢,)S = HS=const. (7.5)

mean surface areaof crosssection of deformed sample may be expressed as a
function of straire;:

S

1l-¢

S = (7.6)
Mean surface area obtained in this way was used to determine théstbuadoe
of higher principal stress:

o =0, 4 2B = (g, - o)1), (.7)

S

that was used for the determination of the angle of internal friction.
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8. FLOW FUNCTION

In the early 196Gs the angle of repose was used as an index of flowability of
granular material. In 1961[74] Jenike published his best known work in which he
proposed drect shear test for estimation d flowability, while his analytical method
provided a physical interpretation d test results. After Jenike's recommendation,
shea testing to determine the flow function hes been widely accepted by reseachers
and practitioners and still remains in use. The oncept of flow function may be
explained by atheoreticad experiment asfollows. Let us consider acylindricd sample
of material compaded under major principal stress a3, in acontainer with frictionless
walls (seefig. 8.1). After completing the compadion, the container is removed and
the verticd compressve load required to just crush the sample is measured; thet is
equd to the unconfined yield strength of the materid, o.

Contrary to the @ndtions of the shear test, steady state flow canna be reached
during consolidation, thus the Mohr circle will be smaller. As aresult, both density
pp and unconfined yield strength o, will be smaler compared to the yield locus
obtained in drect shear testing for strength. The experiment may be repeated for
severa values of consolidating pressure and peirs of o4, o are obtained. A plot of o,
againgt o, is termed the flow function for the mnsidered material. The dope of the
linearized flow function:

ff=o0voc (8.1)

e lcl

c,=0 >< G,=0 GLE %ﬁ*

Fig. 8.1. Uncorfined yield strength o,

istermed flowability.

In redity the test asill ustrated in figure 8.1 would be very difficult to perform for
materials of low cohesion, as a mgjority of industrial granular materials are. In
pradice shea tests are used to determine the flow function. The charaderizaion
of flowability of granular materials by shea testing kegan with the theory and
apparatus proposed by Jenike [74]. Since that time severa other methods were
proposed, but analysis of results of shea test remained essentially unchanged.
Yield loci are determined as shown in figure 8.2 [151, 163 .
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The parameter of the yield locus is the bulk density py, at preconsolidation.
With higher preconsolidation loads, bulk density and material strength increases,
and the yield loci move upwards. Each yield locus terminates at a point E in
diredion d incressing namal stress . Point E charaderizes geady flow, that is
flow with no changes in stresses and buk density. Two Mohr circles are drawn
determined by two namal stresses a; — the major principal stressat steady state
flow cdled mgjor consolidation stress and o, — unconfined yield strength o the
sample. Each yield locus gives one pair of values of ¢; and o.. Conducting the test
for several values of consolidation presaure gives a set of pairs of the parameters.
With these values a plot of o, against o; iS obtained that is used to charaderize
flowabili ty of granular material. To charaderize flowabili ty, Jenike [74] proposed
to use the ratio of the major principal stress at stealy state flow o1 to the
unconfined yield strength o.. The dassficaion d materials originaly introduced
by Jenike was modified by various authors as eg. by Chattopadhyay et al. [34]
(seeChapter 4), or by Tomas to the following form (as cited by Schwedes [152]):

ff<l hardened
2<ff<1 very cohesive
2<ff<4 cohesive
4<ff<10 easy flowing
10<ff freeflowing

The flow function gives the value of stressthat lets an arch collapse or lets the
material flow through an aifice The inverse of the dope of flow function is termed
the flow index i:

i=o/oy 8.2

which isused asan index of flowability following Jenike dassficaion.
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J.R. Johanson, who has been working with Jenike since 1958 summearized
the deficiencies of shear cell technique in the aticle of 1992 [77]. One of the
major problems with wsing the shea cdl is that during shear, shea force
concentrates at the front of the shea cell. Both shea force and \erticd force ae
applied norruniformly to the sample. According to Johanson, at best the results
represent average stressconditions typicaly varying from a nea zero stressup to
the maximum applied. One of ealy innowations was applying the shea stress
through both the top cover and the upper ring. This helps distribute the shea
stress but applies atorque to the top dsc. This results in concentration o vertical
force d the front of the test cdl. The nornruniform stresses in the shea cell aso
cause the major principal stress to be undefined. This undefined dredion o
principal stresses resultsin variable “stealy state” consolidation and the frequent
scter in the measured failure values of shear stresss. The Jenike method
indiredly measures the material unconfined yield strength and as such, requires
several test points to establish the yield locus and its accompanying Mohr circle
representing the unconfined yield strength. The variations in consolidation stress
state a well as physicd differences from sample to sample cause scatter in the
data points. Objedions as cited after Johanson and aike stimulated numerous
researchers to look for more simple methods of examination d flowability. These
methods will betreaed in awider extent in chapter 12.

9. COEFFICIENT OF RRICTION
9.1. Theoriesof dry friction

Friction is a set of phenomena taking dacein the contad areabetween two
bodes in relative displacement that cause resistance to maotion. The measure of
friction is the resultant tangential force ating duing relative displacement of the
two bodes. The ealiest researchers of friction explained this effed by the
necessty of rising d one of the bodes on the asperiti es of the other body (Perent,
1704 Euler, 1748 following Hebda and Wadhal [62]). In this approad, the
coefficient of friction was equal to the angle of inclination d individual asperity.
The first wider examinations of friction were performed by Guillaume Amontons. In
the publicaion o 1699 this author formulated two laws of friction that had been
forgotten after being formulated by da Vinci in 15" century. The relationship 7= uV,
where N isnormal force, T istangential force, u« is coefficient of friction, is known as
the Amontonslow of friction and in some gopli caionsisused up till now [25].

A different point of view was presented by Desaguliers in 1724[62]. This
author indicated that smoath surfaages of metals or other substances may be pdished
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in such away that friction would increase, and attributed the behaviour to adhesion
acting in true oontact areas. This datement initiated long lasting contradiction
between adherents of mechanica and moleaular theories of friction. In 1781
Couomb pubished his “Theory of simple machines’ where he acknowledged the
influence of adhesion onfriction. However he pointed out to the work that had to be
dore during relative diding d rough surfaces as the main source of friction.
Coulomb expressed the low of friction asfollows:

T=uN+C, (9.1)

where C was a constant dependent on the moleaular interadion o surfaces in
friction (cohesion).

Coulomb postulated that the value of C is constant for flat surfaces, and
independent of the normal load. Ledlie criticized Coulomb’s theory in 1804 and
indicated that it shoud contain the incorporate deformation o surface aperities
as the necessary condtion for energy losses to take place This remark was
suppated by work of Bowden [21] who claimed that the charader of interadion
between bodes depended on the relation between their hardness as well as on
temperatures of melting d the substances and the temperature of the mntad area
Acoording to Bowden, friction forceis compaosed of the force necessary to shear
bonds between asperities and the force necessary to draw a groove in the weaker
material. This author did not consider moleallar interadion o surfaces nor the
influence of surfaceroughress and assimed puely medanicd interadion d bodies
in friction. Progress in technologies of surface tregment did not result in the
elimination of friction, a fad that supported the point of view of followers of
moleaular theories of friction. In 1929 Tomlison (following Hebda and Wachal, [62])
proposed that friction was a result of adheson o diding surfaces. Dispersion of
energy was aresult of continual changes of pairs of interading molecules and d the
creaion d new moleallar bonds. Based onlaboratory testing, Tomli son formulated
an empiricd relationship for coefficient of frictionin the form of:

p=0.1810°A, + Ap?3, (92)

where A, and A, — material parameters.

Another moleaular theory of friction was proposed by Deriagin (following
Kragelsky et al., [86]). This author proposed that friction degpended on molecular
roughness of the material that was interrelated with materia structure. Deriagin's
concept was vdid in the cae of ided diding, but did not consider frictional wea of
diding materias. In 1939 Kargelsky [86] published the principles of a molecular-
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medanicd theory of friction suggesting a “dua nature of friction”. Later investi-
gations by numerous researchers did not lead to any genera theory of friction.
Currently two types of coefficients of friction are used [19], one that represents
friction oppaosing the onset of relative motion, and one that represents friction
opposing the @ntinuance of relative motion orcethat motion has garted. The former
is cdled static coefficient of friction, and the latter — kinetic coefficient of friction. Itis
currently widely acapted that friction is not an intrinsic materia property of the two
contading materials. The system approach has becane atool for the interpretation
and use of friction datain modelling friction, developing friction mitigating materials,
developing friction test methods, and designing madinery.

9.2. Experimental Methods

Tedting the friction d granular materials requires an apparatus in which reative
motion d the materid and a sample of congtruction materia takes place Reative
motion may be redili nea or rotary. In the cae of redili nea motion the diding surface
has the shape of aflat plate or band, while in the case of rotary motionit has the shape
of adisc or cylinder. In figure 9.1 apparati used by various authors are presented
asreportedin literature[11, 24, 26, 46, 52, 89, 97, 117, 141, 142, 151, 153, 161, 164.
The daice of a specific shape of diding surface decides on important features of
the measuring system. Apparatuses with the flat plate (see fig 91 a b) assure
uniform distribution of sliding velocity, uniform distribution d normal pressure and
easy interchange of diding surface. However, diding velocity and diding path are
limited. Use of continuaus band (see fig. 9.1 €) alows for uniform digtribution o
velocity and presaure with higher diding speed and udimited diding path.
However, frictional element in this dape is susceptible to vibration and may be
produwced orly out of flexible materials. The shape of cylinder (see fig. 9.1 f)
assures uniform distribution of diding speed, but distribution d pressure is uneven,
and ohkaining interchangeable frictional surface poses a hard task to design and
machine. Disc rotating around \ertical axis (seefig. 9.1 ¢, d) alows for easy change
of diding surface, unlimited diding path, high diding weocity and uriform
distribution of pressure. However, diding velocity varies alongthe disc radius.

Values of coefficient of wall friction presented in the Appendix of this gudy
have been determined following Eurocode 1 [50]. The test apparatus is a o/lin-
dricd shea cell as shown in figure 9.2. The diameter of the cylindricd shea cédl
shoud be & least 20 times of the maximum particle size and nd lessthan 40
times the mean particle size The mmpaded height H of the sample shoud be
between 0.15D and 02D.
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The procedure is asfoll ows:

The reference stress o, should be taken as the largest horizontal sil o pressure py.

2. The sample should be poured into the test cdl, without vibration or other
compading forces, and the mnsolidation stresso; applied. A top pate should be
rotated clockwise and anticlockwise about the verticd axis several times through
an angle of at least 10 degreesto consolidate the sample.

3. After filling the cdl and before sheaing, the cél should be rotated and lifted
dightly of the test surface so that only friction between the particles and surface
ismeasured.

4. Sheaing of the sample should be caried out at a @nstant rate of approximately
0.04mms™.

5. The residua friction force F; (see figure 9.2), attained at large deformations,
should ke used in the cdculation d the wefficient of wall friction x for adion
cdculatiors.

6. The sample vaue of the coefficient of wall friction x for adion cdculations
should be determined as:

Lo

u= X (9.3

where:

F, isthefinal or residual value of the shea force (figure 9.2)

N isthe gplied verticd load onthe cdl.
While testing for this gudy five levels of normal presaire o, were applied of: 20,
30, 40, 50 and 60kPa, shea velocity was %t at 0.35mms™.

The ange of wall friction for the evaluation d flow assessment have been
determined following the tilting table method (fig. 9.1 a). The sample of grain
confined with the square frame (20x20cm) was loaded in the range of 0.5-2.5 kPa
andtilting angle & initiation of the sample dliding was registered.
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9.3. Factorsinfluencing the wefficient of friction

The wefficient of friction of granular materials of plant origin depends on
numerous factors, amongwhich the foll owing are regarded as the most important:
moisture content, normal presaure, diding welocity, surface state and ambient
condtions. The influence of these fadors on the wefficient of friction will be
shown below, taking whed grain as an example.

9.3.1. Moisture content

Already ealy investigations of grain friction pointed ou to moisture cntent
as one of the crucia factors influencing friction. According to Canadian Farm
Building Code [29], increase in moisture @mntent of stored grain may result in a six-
fold increase in pressure acting onsilo wall. Richter [142], based on hs investi-
gations on straw, hay and silage, reported an increase in the efficient of friction
with an increase in moisture @ntent. Similar tendency was observed by Brubaker
and Pos [24] for friction of wheat againgt four types of construction materias. These
authors suggested that after excealing 13% of moisture content of grain a particularly
fast increase in friction took pace. Determination of whesat friction performed by
Snyder et al. [153] in a climatic chamber showed that increase in grain moisture
content as well as increase of air relative humidity resulted in an increae of
coefficient of friction. Hanzelik et al. [61] did na observe ay increasein coefficient
of friction with an increase in moisture content. Probable reason for this disagreament
with other authors was very low normal load applied in their equipment that was an
inclined pate. Stewart et al. [157], in their testing onsorgo, confirmed the tendency
of faster increase in the coefficient of friction for moisture content above 13%. These
authors fourd also that an increase in moisture ontent produced a particularly high
increase in the wefficient of friction in the case of surfaces of low asperities.
Thompson and Ross[161] measured friction of wheat against galvanized sted and
fourd the mefficient of friction versus moisture content characteristic with a maxi-
mum for 20% of grain moisture cntent. These aithors suggested that at moisture
content from 16% to 20% kernels became soft and deformation around the asperities
took dace that generated stronger bonds than in the case of hard, dry grains. Further
increase in moisture mntent caused a deaease in the wefficient of friction resulting,
acording to these aithors, from the presence of liquid water in the ontad area.
Increase of coefficient of friction with an increase in moisture @ntent was confirmed
by results of Tsang-Mui-Chunget al. [164], Balasg [11], Scherer and Kutzbacdh [149].
Lawton [93] confirmed the above stated tendency, however for some materids he
found a relationship with minimum coefficient of friction for moisture cortent of 15%.
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Molenda et al. [107], for whea diding againgt sted surface aso found the relationship
between frictionforce and moisture mntent with aminimum at approximately 15%, as
showninfigure 9.3.
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Fig. 9.3. Force of friction versus moisture cntent for wheat siding onsmoath steel surface
Experimental results and estimated curve [107]

9.3.2. Surface roughness

Reseachers were usually interested in friction of grain against materids that
were ommonly used in the onstruction d agricultural equipment and storage
fadlities. In earlier investigations wood, stedl and rubber were tested, later investi-
gations on galvanized sted, concrete, auminium, polyethylene or teflon have been
conducted. The state of the surface of investigated material was not precisely defined
in a maority of published results because of the complexity of a methods of
determination of surface properties. Usually the mommercial name of material was
given, sometimes with a parameter of surface roughness added. As an example,
Cyrus [4Q] reported an increase in the efficient of friction of whea kernel against
stedl with an increase in parameter R, in a range from 0.9 to 11 um. A specific
difficulty of investigation of frictionis the changing state of surface with prolonging
time of measurements. Richter [142] observed that the mefficient of friction
decreased with increasing number of performed tests. He suggested pdishing diding
surface till the moment of stabilization of frictional force. Thompson and Ross [161]
observed considerable variations of coefficient of friction between samples of
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galvanized sted receaved from different sources. These aithors reported that
coefficient of friction and standard deviation ceaeased in subsequent measurements.
Snyder et al. [153], onthe contrary, observed a decrease in the @efficient of friction
with prolonged frictiona contact. Washing the frictional surfaces with carbon
tetrachloride reduced the wefficient to its original vaue. The substance fourd after
evaporation of the solvent was determined to be autin, awax-like substance fourd on
the surface of grain kernels. The dfect of cutin onthe friction coefficient was more
naticesble dter the metal surfaae was allowed to age for one or more days. Molenda
et al. [107] determined the friction coefficient of pairs of wheat grains on sted plates
of different roughness Results of these tests are presented in figure 9.4. In the case
of smoath surface, a minimum of x of 0.06 was found at moisture content of 15.2%.
For the plate of surface roughness R of 1 pm, the values of coefficient of friction
consstently increased with increasing moisture content. For the remaining pates the
coefficient of friction increased with increasing surface roughness but no clea
tendency with an increase in moisture @ntent was observed. The apparent
inconsistency of observed frictiond behaviour is probably aresult of varied degreeof
contribution of basic phenamena in the resultant coefficient of friction. In the cae of
smoath surface the dfect of adhesion prevailed. With increasing surfaceroughness
the firs deformation d surface aperities becane relevant, while aitting of grain
surface took daceby asperities of plates of the highest levels of surface roughness.
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Fig. 9.4. Coefficient of friction versus grain moisture mntent for whea grains diding onsted
plate of five levels of surface roughress[107)
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9.3.3. Normal presaure

Norma pressure was sown to be another important fador influencing friction.
Thompson and Ross[16]] applied norma pressure in arange from 7 to 172 kPa and
observed adecrease in the @efficient of friction of wheat against sted with an increase
in presaure. The authors siggest that with an increase in namal pressure mntad
stressincreased less than propationaly. Hertz's theory [104] postulated that with
an increase in namal force N normal contact stress increases as N3, This way,
according to Thompson and Ross [161], frictiona forces in the mntad areathat are
proportional to namal |oads are wedker than proportional to normal stress In such
a way Hertz's theory would explain the decrease in the coefficient of friction with
an increase in normal pressure. A similar tendency was reported by Fiaa [52] for
different agricultural materias, Lobaka [97] in the case of corn, and Zhang et al.
[174] for wheat. Moore et al. [113] stated an goposite tendency, one of increasein the
coefficient of friction with an increase in norma wall |oad in asilo made of corrugated
sted. Typicd results of friction d whed against smoaoth and corrugated galvanized
sted are shown in figure 9.5 after Molenda & a [111]. The tests were performed using
thetilting table method and soft red winter whea of 11.5% moisture wntent.
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Fig. 9.5. Coefficient of friction of whea on smooth and corrugated galvanized steel determined wsing
tilting table method. Mean values and 95% confidenceintervalsfor five levels of normal pressure [111]
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9.3.4. Velocity of diding

Becaise friction onthe @mntad areais a visco-elagtic phenomenon, reseachers
were avare of the influence of velocity on gain to construction materia friction.
Usudly diding velocity was a parameter under control during testing. However, no
in-depth interpretation d the influenceof velocity onthe wefficient of friction of gra-
nular materials of plant origin hes been given. Generdizing the findings of numerous
authors it may be stated that, in the range of low velocities, the wefficient of friction
increases with an increase in diding velocity. In arange of velocity around 1ms?t it
reades its maximum, and deaeases after surpassng thisvalue [47, 52, 89].

9.3.5. Wear in

Above mentioned changes in the coefficient of friction with prolonged frictional
contact cause variations of frictional loads with the time of operation of equipment.
Molenda & a [108] determined wall and floor loads in a smooth wall model silo as
afunction of fill and unload cycles. The authors fourd that repeated loading cycles
resulted in a decrease of the wefficient of wall friction. During the first three
discharges vibrations of wall load were observed, resulting from the stick-dip
friction. Decrease of the mefficient of friction resulted in a decrease in vertical wall
loads and an increase in floor loads. The vertical wall load-to-total grain load ratios
decreased rapidly for the first several loading cycles. It was approximately 54% for
the first loading cycle, 29% for the 9", and 2%% for 23° LC.

9.3.6. Frictional vibrations, dip-stick effea

Severa investigators gsudying gain friction have observed the dip-gtick
behaviour. Bucklin et al. [27] studied frictiona behaviour of whea by pulling test
blades of galvanized sted throughpressurized grain. The velocity at which the dip-
stick behaviour ended and smoath behaviour begun was defined as the aitica
velocity. Pressure had no statistically significant influence on the aitica velocity.
However, astatigticdly significant relationship was found ketween the mefficient of
friction and the logarithm of the critical velocity. Critical velocity was higher for
surfaces which had a high coefficient of friction. In experiments of Molenda et al.
[111] at lower diding speeds, longer periods of motionless contact (sticking) were
observed for dl levels of normal pressure tested. Frictional forces of greater
magnitude were dso dbserved at these lower diding speeds. Probably, longer “stick”
time dlowed for higher deformation of the system, and more dastic energy could be
stored in grain. When the materia dips, the energy is released. Asthe diding speeds
areincreased, dippage occurs more often along with the rel ease of the elagtic energy.
Therefore, the maximum force values and the coefficient of friction decrease.
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10. PRESSURE RATIO

The presaure ratio is one of the three most important physicd properties of
bulk solids, commonly used for caculation o pressurein asilo. Almost al design
codes use aJansen-type [73] presaure distribution to predict silo presaures [170].
The well known Janssen formula uses the equili brium of a horizontal dlice of the
granular material to estimate presaires in deep silos. The fundamental assumption
of Janssen’s method involves arelationship between the average stresses ading
on the finite dimension d a sice and stresses that ad at the walls of a silo.
Janssen asaumed that the ratio between the average verticd stress o, and the stress
normal to the wall, oy is a constant for a given bulk material stored in asilo:

O-X
— =k =const (10.2)
o

and Kk is to be determined from measurements. Other Janssen’s asaumptions are:
fully mobili zed friction at the interface of the bulk material and the walls of the
silo, and constant bulk density [45].

Since the work of Janssen, several attempts aiming at an expression for Kk,
based on patulating a mechanicd model for bulk solids, have been propacsed [38,
45, 115. A majority of the estimations are based onthe assumption that the bulk
material stored in or discharged from asilo is at alimiting state of stress Ancther
important assumption concerning the locaion d a region inside the dice of
material where the yielding condtions occur involves relations between local
stresses and the stresses averaged over the aeaor the perimeter of adlice[45].

In the cae of a deg silo the following two stress cases are cwmmonly
considered: adive for filli ng and storage mode, and passve for discharging mode.
In the adive cae the verticd stress is higher than the lateral stress, while in the
passve @sethe lateral stressis higher than the verticd one.

10.1. Yielding at the silo centre

Considering yielding at the silo centre, the stress ratio k can be eaily
obtained from Mohr’s circle mnstruction [82, 115] for the adive cae (fig. 10.1a):

K= 1-sing
“1+sing’ (10.2)

and for the passve ase (fig. 10.1b):



76

_1+sing
k 1-sing (103)
where ¢ isthe angle of internal friction.

The ommonly used assumption that the lateral stressis constant along the
dlice results in locaion of Mohr's circle for stresss at the wall outside the yield
locus [45]. This assumption daes not adequately represent pressure distribution in
granular material in asilo.
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Fig. 10.1. Mohr’s circles for active (a), (c) and passve (b), (d) stresscases, (), (b) — yielding at
the centre, (c), (d) —yielding at the wall [67]

10.2. Yielding at the silo wall

Considering the assumption that yielding occurs at the silo wall, the stress
ratio k can be determined from the Mohr’s circle construction as the function of
the angle of internal friction and the angle of wall friction ¢,,:
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= for the adive cae (fig. 10.1c):

K= 1-sing cosa

1+singcosa’ (104)

where:

. sin
a= arcsm,—d)W -0, (105)
sing

= andfor the passve ase (fig. 10.1d):

K= 1+sing cosa

: , (10.6)
1-sing cosax

where:

sing

a =arcsin——" +¢,. (10.7)
sing

A plot of the presaureratio for yielding at the silo wall and the acive and the
passve stresscases for typicd range of values of the angle of interna friction and
the angle of wall frictionis $own in figure 10.2. The presaire ratio olserved in
pradice varies in a wnsiderably smaller range [91]. A plot of the stress ratio
cdculated from the angle of internal friction acwrding to the smplified formula
recommended by Eurocode 1 [50]:

k, =L11-sing), (10.8)

is own in figure 10.2. The angle of interna friction ¢ used in thisformula should be
determined experimentdly in the direct shea test or in the triaxial compresson test.
The plot of the presaure ratio obtained from formula (54) is locaed in the upper limit
of theoreticd values obtained for the active stresscase and yielding at the wall (i.e. for
thewall friction ange ¢, closeto the internal friction angle ).
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10.3. Experimental procedures

The most popular method of experimental determination of the laterdl to vertical
pressure ratio is the uniaxial compresson test [90, 110]. An experimental set for the
uniaxial compresson (fig. 10.3) described in the chapter 6 was built acoording to the
general guideline of the Eurocode 1 standard [50,66]. The sample was poured into the
test chamber through centrally located spout, without vibration a other compading
adions. The spedmen was loaded to the reference verticd stressof 100 kPa using
auniversal loading frame & the constant displacement rate of 0.35 mmmin™. The top
plate was rotated backwards and forwards threetimes through an angle of 10 degrees
to consolidate the sample. Next, the sample was reloaded to the reference verticd
stress and the dope of the latera to the verticd pressure increase was determined.
The pressure ratio ks appropriate for filling and storing was determined as [50, 135]:

ke=1.1Ks,, (10.9)
where
keo=4 oy 14 o (10.10
at the referenceverticd stresso,m=100 KPa, o,m=( 0.+ 040)/2.

Experiments were performed for samples of seals of different size and shape
and typicd storage moisture content. Extended range of moisture content was
applied for tests performed for cered grain 10-20% (w.b.) and 6-15% (w.b.) for
rape seeds. The angle of internal friction o tested seeds was measured using
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Jenike shear tester of 220mmin dameter according to the procedure recmmen-
ded by Eurocode 1 [50] described in the chapter 7.
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Fig. 10.3. Uniaxial compresson tester and graph of the presaure ratio determination

The second series of experiments was performed in the modd silo 0.6 m in
diameter and 06 m high. The experimental set-up alowed for determination of the
mean lateral presaure oy, tangent wall stress o, and mean verticd presaire o, [114.
The coefficient of wall friction, ;[, was determined as the ratio of mean tangent wall
stress oy to mean lateral pressure oy. The average value of the stressratio, k, was
cdculated uilizing a numericd solution d Janssen’s equetion for the mean vertical
pressure on the bottom of the container. Layer of grain was loaded through flat, rigid
top cover and a series of uniaxial compression tests were performed in the same way
as in the uniaxid tester. The set-up was used to indicae the influence of filling
method resulting in dff erent structure of granular material on the pressure ratio.

10.4. Factorsinfluencing the pressure ratio

The recommended value of the lateral to vertical presare ratio varies
somewhat but the use of a value of approximately 0.4 is common. The presaure
ratio depends on the type of grain, moisture ntent, bulk density and bedding
structure of grain formed during the filli ng process The angle of internal friction
and the angle of friction onthe wal material increase with an increase in the
moisture ntent of grain, while the bulk density deaeases or increases depending
onthe presaire level [100, 106, 107, 161]. The angle of friction at the interface of
grain and the wall material depends grongly on the roughressof the wall surface
All those threeproperties of bulk of grain influencethe presaure ratio.
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10.4.1. Friction force mobili zation

During monaonic uniaxial loading the presaure ratio generally increases to
an asymptotic value dharacteristic for the material. For such a loading it can be
asaumed that the wall friction is fully mobhilized but we can na be sure of the
same &ou the interna friction. Therefore the value of the presaure ratio
charaderistic for yielding at the wall in the adive ase (equation 104) should be
treded as the lower boundxry of the posdble values of the presaureratio.

Examples of plots of the presaure ratio and the efficient of friction force
mohili zation, p* (u* < L), versus normal presaure obtained duing loading and
unloading loops of rape seals and wheat grain in the model silo are presented in
figure 10.4 [68]. During loading the pressure ratio increased to the asymptotic value
typicd for the given material while the wall friction coefficient deaeased to the
asymptotic value of the friction coefficient. On the contrary, during uroading the
presaure ratio increased and the friction coefficient deaeased. On the ntrary,
during unloading the presaure ratio increased and the friction coefficient
deaeased. On the wntrary, during unloading the presaure ratio increased and the
friction coefficient deaeased.
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Fig. 10.4. Presareratio (8) and wall friction coefficient of rape seeds (c) and whea grain (b, d) during
loading-unloading cycles [68]
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During the first cycle of loading the experimenta value of the pressure ratio was
close to the predicted vaue for the ative cae and yidding a the silo centre or
yidding in frictionlesswall silo (pointed ling, ¢, = 0°). It means that the principa
dresses were dose to the verticd and forizontal diredions. The biggest part of the
pressure retio loop was locaed in the aeaof values predicted for the cae of yielding
at thewadl inthe adive cae. During unloading the presaure ratio loop went beyond the
value cdculated acording to Eurocode 1 recommendation (solid line) and arrived into
the aeaof vaduestypicd for passve cae (above dashed line). The pressure ratio loops
resulted from superposition d dastic and dadtic interadions between gains. Although
the limit states of the model comprise only the plagtic interadions, the predicted values
of the presaureratio correspondfairly well to the experimental ones.

10.4.2. Packing structure

The presaureratio isinfluenced by the procedure of sample preparation [91, 68].
Didtributed filling produces higher density as compared to stream filling. This results
in a higher ange of internd friction and a lower pressure ratio (fig. 10.5). Filling
procedure eff ects nat only the bulk density but also the packing structure of granular
material i.e. mutua orientation of particles and distribution o norma diredion at
contact paints. In the case of distributed filling, inter-particle force dains are
oriented mainly vertically. Uniaxial compaction strengthens this gructure and, as
aconsequence, the pressure ratio is relatively low. This type of structure results in
funnel flow during dscharge. On the wntrary, concentrated (stream) filling resultsin
looser structure. Particles diding off aong the surface of natura repose @ne
generate some preferences in particles orientation which additionaly influences the
stress trangition. Finaly, the pressure ratio is much higher than in the case of
distributed filling and during dscharge material tends to mass flow.

0.48 ; ; ; ;
0.46 |--evvovemmreonoennn SSSSORRRRRRRE N HO e

0.44 S SN U B

0.42 [ i
0.40 [ .............
0.36 ‘

Pressure ratio &

T —— Wheat - éenll'al l‘illing
— - & . = Wheat - distributed filling

0.34 ——e—- Rape seeds - central filling
: -0 Rape seeds - distributed filling
0.32 ‘
2 4 6 8 10 12

Vertical pressure o, (kPa)

Fig. 10.5. Effect of the filling procedure on the presaure ratio determined on the model silo
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10.4.3. Moisture content

With increasing moisture content, the friction force and the whesion between
grains increase. As aresult a smaler part of the vertical loading is transmitted into
the laterd diredion. Consequently, the lateral to vertical pressure ratio should
decrease with an increase in moisture content. Tests performed for cereds grain
confirm this relationship (fig. 10.6). Nealy a linear decreese of the pressure ratio
with an increase in moisture ntent was obtained for corn, rye and rape sedls.
Another course of changes was obtained for barley: the pressure ratio was almost
constant in the range of moisture corntent up to 17.5% and then decreased. This
indi cates that the influence of some other fadors dill remains out of cortrol.

0.5
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§ 0.2 +— a - Barley
A - o - Corn
0.1 4— ¢ - Wheat
® - Rye
i O - Rape seeds
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Moisture content (%)

Fig. 10.6. Presarreratio as influenced by moisture cntent of grain

10.4.4. Grain shape and surface roughness

The shape, size ad roughness of seeds were foundto influence the pressure
ratio. The influence of surface roughness can be determined in an indirect way by
consdering itsinfluence on the angle of internd friction. The more roughthe surface
the higher the angle of internd friction and consequently the lower the pressure ratio.
In pradiceitisdifficult to separate the influence of the shape axd roughress of grain.
It is much easier to observe the combined effed of both fadors: the smoather the
surfaceand the doser the shape to a sphere, the higher the pressureratio. The pressure
ratio of the material compaosed of elongated gains, like ceed gran, is generdly
lower than the pressure ratio of material compased of sphericd grains (Tab. 10.1 and
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10.2). The spherical shape of soybeans as compared to the lenticular shape of lentil
seedsresultsin dff erent distribution of contad paintsin bedding of materid. Almost
verticd orientation d the shortest axes of lentil seeds obtained during filling the
tester results in easier transmisgon of verticd load into the lateral direction than in
the @se of spherica (soybean) or irregularly shaped seeds (pes).

— k,= L1(1 - sind) + Barley
Passive case © Comn
o QOat

~ Wheat
e Rape seeds

0.5

Pressure ratio k&

------

0
20° 25° 30° 35° 40°
Angle of internal friction ¢

Fig. 10.7. Comparison d the experimental and theoretical values of the presaure ratio [69)

10.5. Concluding remarks

The values of presaure ratio for tested seeds at al | evels of moisture cntent
were foundto be significantly lower than recommended by Eurocode 1 for filling
and storing d cered grain, and lower than the values obtained from equation 108
(table 10.2). Experimental values of the presaire ratio are locaed rea the lower
limit of theoreticd values obtained for yielding at the wall i n the adive stresscase
(i.e. for the wall friction angle ¢,, approaciing zero, fig. 10.7). Lower limit of the
theoreticd values of the presaire ratio (dashed line in fig. 10.7 indicaed as
pwo= 0°) comprise the case of yielding at the centre of a silo in the ative @ase
when diredions of the principal stresses are verticd and haizontal. This confirms
the opinion that during unaxia compresson test the horizontal and werticd
stresses are approximately principal stresses in the test sample, whereas they may
not beinthesilo [50].
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Table 10.1. Measured (k) and caculated (k;) vaues of the pressure retio of seeds and corresponding
values the angle of internal friction ¢ (mean + St.dev)

Seats s k= 11(1—sing) o (deg)

Amaranthus 0.62+0.02 0.70+£0.02 21.3+0.8
Pea 0.53+0.01 0.59+0.01 27.3+£0.6
White mustard 0.43+£0.01 0.64+0.01 247+04
Buckwhea 0.59+£0.02 0.68+0.02 220+£0.8
Soybean 0.37+£0.02 0.55+0.01 301+£09
Lentil 0.74+£0.01 0.80+£0.02 155+ 0.6

Table 10.2. Range of variability of the presaure ratio of grain and food pavders [145 and values
recommended by Eurocode 1 [50]

. Experimental Eurocode 1 [50]

Materil ke k,= L1(1—sing) K
Barley 0.30-0.47 0.50-0.59 0.59
Corn 0.30-0.67 0.49-0.60 0.53
Oat 0.40-0.49 0.63-0.68 -
Whea 0.31-0.44 0.46-0.62 0.54
Rye 0.32-0.52 0.58-0.67 -
Rape seeds 0.24-0.46 0.56-0.64 -
Soybens 0.35-0.40 0.54-0.55 0.63
Sugar 0.31-0.47 0.44-0.50 0.50
Whea flour 0.26-0.37 0.50-0.52 0.36

11. AIRFLOW RESISTANCE
11.1. Effeds of density, moisture and packing

The main task of the design of a drying a aegation system is to define the
operating arflow that in match with the pressure-drop-air-velocity relationship will
asaure the desired course of designed process Apart from air velocity, other factors
were found to influence the resistance of the bedding to airflow and, consequently,
the pressure drop.

Theoreticd moddling of Static-bed-drying of grain employs four variables [23]:
mass flow rate of air, air humidity ratio, air temperature, and kernel temperature.
In developing the mathematicd model several simplifying assumptions have to be
introduced, one of thase being that airflow through the grain is uniform and one
dimensional, with notransfer the in transverse diredion. However, moisture and
temperature distribution in a silo is generally nonuniform in pradicd storage
condtions. Thus for agation control, locaion d humidity and temperature probe
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is recommended in the area with the leagt airflow, typicaly in the centre of the silo,
about 30 cm under the grain surface [23]. The goal is to asaure safe storage
environment everywhere in the silo rather than just average @nditions for the silo as
awhole. According to Navarro and Noyes [121], the airflow resistance céculated
from recommended equations or read from figuresis meant for loose-fill ed, clean, dry
grain with airflow in vertical diredion and in genera gives a mnservative etimate.
The authors recmmend that magnitudes of increase or deaease in such obtained
airflow resistance must be determined experimentaly. They aso point out that the
performance dficiency of an aegation system depends primarily on the uniformity of
the airflow digtribution in different regions of grain bed.

In experimental investigations, density (interrelated with paosity) was recog
nized first as afador determining resistanceto airflow through alayer of grain. Then
the influence of the content of fine materia was examined, becaise it decreased the
amourt of void space anong gains increasing airflow resistance. Calderwood [28]
examined resistance to airflow of different types and forms of rice and found that
medium-grain rice off ered more resistance to airflow than did long-grain rice. This
author also stated that the resistance to airflow of brown and mill ed long-grain rice
was nealy the same, but the resistance of brown medium-grain ricewas sgnificantly
greder than that of medium-grain milled rice. Stephens and Foster [155] in their
experiments with corn in commercia silo found increased resistance to airflow of up
to 300% when using grain spreaders, as compared to that when no spreader was used.
The same aithors [156] conducted a smilar test program with whed, corn and
sorghum. They observed that spreaders deaeased the uniformity of fine materia in
sorghum, while there was little difference in whea. Filling the bin with the grain
spreader produced airflow resistances 110 % greaer in sorghum and 101 % greater in
whea than those produced by filling from the central spout. Probably the aucia
fador in these experiments was fine material content which wasfrom 2.6t0 5.5 % in
the cae of corn, from 1.5 to 2.0 % in the case of sorghum, and 02 % in the cae of
whed. The authors suggested that a possible reason for the observed increase in bulk
density and resistanceto airflow could be, in part, compadion dwe to the adion of the
spreader, while in grains with higher amounts of fine materia, part of the increase
arose from fine material occupying spaces between whae kernels.

The diredion d airflow aso appeaed to influence resistance of the bedding to
airflow. Kumar and Muir [87] found that a an air velocity of 0.077 ms! the
resistanceto verticd airflow compared with horizontal airflow was up to 60% higher
for whea and 115% for barley. Based on air velocity of 0.077ms", arflow
resistance for layer filling was higher than for end filling by 25 to 39% for verticd
airflow and 50to 75% for horizonta airflow. Hood and Thorpe[63] found that for the
velocity range upto 0.2 m s™ and for ten grains the resistanceto airflow in the vertical
direction was about double that in the horizontal. These authors indicated that
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conventional engineeing analyses that consider resistance to be isotropic over-
estimate the pressure drop aaoss agated gain bulks. Experiments and theoretica
investigations of Endo et al. [48] showed that particle polydispersity and and/or non-
sphericd particle shape significantly influenced permedion resistance of either gas or
liguid througha particle layer.

11.2. Laboratory testing

Typicd system used for measuring airflow resistance is shown in 11.1.
A cylindricad PVC pipe with a diameter of 0.25 m and a height of 0.49 m was used
to hold gain sample during the testing procedures. Air was introduced through
aplenum in the bottom of the cylinder. The differentia static pressure was measured
at depths of 0.05 m and 0.45 m above the bottom of the ¢/linder. The static pressure
was measured using a variable reluctance differential presaure transducer (Validyne
DP103, Northridge, CA) with adigphragm (maximum presaure rating of 1370Pa (5.5
in H,O) and an acarracy of +0.25% full scde. The flow rate was measured using
amultiple nozzle outlet chamber acwrding to ANSI/ASHRAE 51-1985 standard and
ahot wire anemometer (Alnor Modd 2106, Shoreview, MN) [37].

Grain Outflowl
| e— column duct

1/ Pressure
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Fig. 11.1. Schematic of apparatus for measuring airflow resistance in grains as a function of bulk
densty [112
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Experimental airflow resistance as afunction d air velocity for three types of seeds
and centric filling is $own in figure 11.2. The lowest was airflow resistance of
soybeans and the highest — that of wheat. This order does not correspondexactly to
the determined paosties that were 0.37, 0.40 and 0.39 for wheat, corn and
soybeans, respectively. Higher airflow resistance of corn despite its higher porosity
in respect to soybeans may be the result of more wmplex geometry of pore space
due to more irregular shape of corn kernels as compared to the rougHy sphericd
shape of soybeans.
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Fig. 11.2. Airflow resistance & a function o airflow velocity for centric filling o grain column with:
red soft wheat, corn and soybeans

11.3. Ergun’seguation

Presaure drop data for airflow through agricultural products are usualy presented
as curves or eguations [5, 23, 121]. These formulations imply that pressure drop per
unit of height is independent of the depth o the grain. This assumption is not correct,
becaise the dendity and paosity of grain in the silo changes along the height due to
compadion from grain load. Fuctuations of filli ng stream may introduce alditional
non-homogeneity of the bedding. Li and Sokhansanj [95] concluded that Ergun’s
equation could be the basis for a generdized modd of airflow resistance through
agricultural produwcts. Ergun [49] hypothesized that the pressure drop was the sum-
mation d viscous and kinetic energy loses. The generd equationtakesaform as[95]:

— 2 _ 2
%:av rpvZ=or 1TV _on K +k2@1 vpVy  (111)

0 0 E l//3 Dp Re)dp y/g dp )

where:
AP — presaure drop,
L —length,
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a, b — product-dependent coefficients,

Vo —superficia air velocity,

fe —frictionfador,

y — porosity,

p — dengity of air,

D, — spedfic surface guivalent particle diameter,

ki, ko — product-dependent coefficients,

(Re)qp — Reynolds number based on vdume equivalent diameter,

d, — volume equivalent particle diameter.

Airflow resistance by Ergun’s equation was used to predict presaure drop
aaoss a mlumn of corn, soft white winter whea, soft red winter whea and
soybeans at three moisture content levels and two bulk densities [112]. The data
colleded indicaed that Ergun’s equation could be successfully applied to grain
agation design and analysis. Previous work indicaed that Ergun’s equation would
not be gplicable to grain agation due to packing effeds within the bin. However,
previous research indicated also that variations in bulk density and porosity could be
estimated using granular mecdhanics models. The overdl error using Ergun’s equation
was lessthan 23Pam™, when the pressure drop was lessthan 500 Pam™. When ll
data were included up to a presaure drop of 1800 Pam ™, the standard error averaged
76 Pam™. The dfed of grain arientation that would be typicd in storage bins was
negligible, less than 10%, increase in airflow resistance However, thefill method and
resulting bulk density increased the airflow resistance by an order of magnitude.
Erguris equation, with an appropriate modd of porosity variation during storage,
could be utili zed for the design and andysis of grain aeration systems.

12 FLOW RATE THROUGH ORIFICES

Numerous cases of design d storage and processng equipment require
estimation o flow rate of granular materia through aifices. ASAE standard
D2741 [6] gives recommended procedure to estimate the flow rate of spedfic
grains and dlseeds through horizontal and verticd orifices. Recommended graphs
and equations can be gplied to mass flow from bins and hoppers during
emptying. The standard distingushes between small orifice — that is one whose
hydraulic diameter is lessthan 15 times the minor diameter of the particle, and
large orifices with larger hydrauli c diameters. The rate of flow of grain o oil seeds
through a horizontal or verticd orifice can be predicted by the following equation:

Q=CAD*, (12.1)
where:

Q —volume flow rate,
A, — areaof the orifice
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D — hydraulic diameter of the orifice,
C; —coefficient from the table, diff erent for horizontal and verticd orifices
x — exponent from the table with a value between 0.5 and 10.

The auation has been vdidated for square and circular orifices in bah
horizontal and verticd diredions. The aithors propose dso a simplified version
of the equation with exponent y set equal to 0.7. With such simplification, the
equation is usually acarrate with £6% for large orifices and +12% for small
orifices. Flow rate was found independent of grain depth in the experimental
studies cited by the standard. The authors dated that for depths below 1 m flow
can be affeded by depth. Incressed moisture content was found to reduce mass
flow rate for corn and wheda, but increased mass flow rate for sorghum.

An aifice in the floor of the silo adjacent to the smooth wall discharged
approximately 15% more grain than an orificein the center of the silo floor.

13. INDICESOF STRENGTH AND FLOWABILITY USED BY PROCESS TECHNOLOGY

Some speddigts (see [16]) consider the Jenike method d testing flowability to be
much more complex and time @nsuming than less sophisticated measures. These
authors gate that the Jenike process takes at least 4 to 6 hours per sample, and the
specific ramifications of the resulting flow function are understandable for only
very few enginees practicing in the USA. Testing a bulk material with a Jenike
cdl takes more time and skill than the average producer or consumer of powders
is willi ng to invest, unlessthere is a magjor financial stake such as the design o
anew silo.

Current state of theory and techndogy of granular materials does not all ow
for wider standardization d material parameters and methods of their determi-
nation. However, industria pradice needs materia parameters for design d processs,
as well as measures of quality of products. Increasing number of consulting firms
appea on the market and offer help in solutions of techndogicd difficulties or
determination d material parameters. High credibility is gained by firms led by
spedalists of resped established ealier in acalemia. Probably a goodill ustration
of the demand from pradice and proposed solutions are the offers of consulting
groups founded by A. Jenike or by J.R. Johanson. These two spedalists were
ealier employess of acalemia. The establishment of Jenike aldresses its offer to the
following industries. chemicd, environment protedion, food, glass metalurgy,
mineral solids, paper, pharmacaiticds, mining, plastics and meta powders. Jenike
and Johanson [ 75] propose standard tests for determination d cohesion, coefficient of
wall friction, angle of internd friction, compressbility, permeability and angle of
chuteinclinationto alow for stable flow. Determination d material parameters may
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also be performed as a function d: consolidation time, normal presaure, ambient
temperature and humidity. The gparatus applied is a dired shea box (Jenike
method) equipped with consolidation bench. Ring shear apparatus is also avail able
that apart of typicd application of Jenike tester enables the estimation of wea of
material due to attrition. For cases where determination of parameters does not give
satisfying description of the process, consultants propose mode! investigations.

13.1. Quality deter mination

Quality control is an important task in the production and processing of granular
materials because it allows for undisturbed flow of materia and keeping constant
compasition of processed powder. Therefore, severa new solutions of materia testers
have been propased in reeent decades that are currently verified [53]. Quality control
hasto be caried out in such points along the production line where product properties
may change and result in damage of equipment or deterioration of product quality.
Determination of quality of raw materid is performed for protedion againgt
introducing portions of material of low value or undesired flowability. Variations in
flowability may be the result of adion of numerous fadors. For complex processes
many ingredients are used that are delivered from different producers. Constancy of
properties of raw materia depends on the method of production. Confirmation of the
consstence of nominal properties of the material and its adual properties requires
regular examination.

In numerous processes equipment is tuned during start up procedure when
sometimes a large amount of by-product is produced. Examination d this dart up
product alows to decide if it may be reintroduced in the line. In typicd process
condti ons maximum cohesion is determined to avoid flow problems in the system.
In some cases, however, the value of end poduct is determined by minimum
cohesive strength. For certain group d materials the best product is the most
difficult to produwce, and increase in qudity above an acceptable level isvery costly.
In such cases quality control is particularly important.

Plod and Carson [134] summarized the quality requirements posted by the market
for a powder qudity tester. First of al the tester hasto be eay to use, with minimum
requrement for skills and training. Time needed for performing measurement and
andysis of results sioud be possbly short. Moreover, results of measurements shoud
be predse, repeaable and shoud ddiver sgnificant information about the materia. And
findly, the construction d the tester shoud be simple axd compact, alowing for
mohility. Such a kind d equipment may be eaily placal in proper locaion onthe
prodiction lineinstead of delivering material samplesto the laboratory.
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13.1.1. Peschl rotational split level shear tester

Peschl [131] presented a promising proposal of arotationa shea apparatus with
associated method d determination of mechanicd properties of powders [132], and a
method d quality control of powders for industrial application [133]. The author
analysed exigting equipment and found that some goparatuses overestimate the values
of parameters as compared to vaues in a full-scde ingall ation, while others unde-
restimate those values. Peschl, based on his examinations of industrid powders, stated
that rotationa split level (RSL) shea testers give values smilar to those encountered
in pradice. In the RSL apparatus, sheaing d the samples takes placethrough the
rotational movement of the lower part of the sample againgt the upper part of the
sample. The horizontal crosssedion area of the sample equals 30 cm® while its
volume is 45 cm®. With rotational movement, no limit on shea displacenent exists,
andthe shea plane formsin the middle of sample height where the disturbances from
horizontal borders of the sample aethe leat. The aithor recommends choosing such
experimental procedure that would most closdly refled the mnditions of red process
for which the material parameters are determined. Peschl preferred na to suggest
any standard procedure, but offered the posshility of programming o shear
condtions with automatic control of the gparatus. Procedure of data analysis
allows for linea or exporential approximation d yield condtion. For mgority of
eay flowing a low-cohesion materids, linea approximation is a sufficient solution.
In such a cae materia parameters have aclea interpretation.

Some materials are characterized by strongly non-linea yield condition in
arange of low normal pressures. For this group Peschl [132 suggested linea approxi-
mationin two intervas. Out of straight line estimated for the range of higher pressure
the higher principal stressa; should be determined, while whesion ¢ and unconfined
yield stresso,. should be determined aut of the course of a dtraight line estimated for
the lower range of normal pressure. If the mentioned above do not give satisfadory
acaracy of description of the yield condition, a non-linear approximation using
exponential function is neassary. The method d approximation cannot be settled at
advance, but must be an cutcome of consideration d particular case. Peschl claimed
that hismethod gave the possibility of simulation o al conditions existing in pradice,
proper determination of parameters and, consequently, reli able operation o industrial
ingtallations. The aithor concluded that powder technology gained the level of
engineering science and alowed for design o industrial installations without before-
hand experimenting on equipment and install ation.

Flowabili ty is a materia property of increasing importance With passge of
time, this property is more extensively used as a measure of material quality.
Consumers exped constant flowabili ty of washing powder, milk powder or sugar.
For mixing, dosing and pading, stable flowability is a aucia parameter for



92

reliable processng and stable values of end-product. Peschl verified his method
testing products of pharmacauticd and coal industry [133 and recommended its
use for quality determination. The obtained parameters are: consolidation presaure
(o1), angle of internal friction (¢) and urconfined compressve strength (o.).
Theonly parameter of freeflowing materid is the angle of internd friction. To cha
raderize a mhesive material two parameters are necessry — the angle of interna
friction and cohesion. Consolidation presaure shoud be set close to the presaire
that ads on the material under the condtions of techndogicd process considered.
The angle of internal friction is a function o stresses o; and o.. As the non-
dimensional parameter the author proposed “absolute flowability — FLA:

FLA:(Ul—Uz)Eb (13.1)
O.Py
where:
pw — density of water,
p —density of bulk material.

Bell et al. [16] examined a number of methods of quality determination o
powders regarding their usefulnessin industry including the method d Peschl.
Two dredions in simplificaion d powder quality assessnent were explored:
automation of the Jenike gproach and elaboration of a new method. The Peschl
method is an example of the first approach. Bell et al. admitted that the method
gave repedable resultsin the range of intermediate and low normal presaures. The
posshility of performing several measurements on ore sample of powder is an
advantage of this method however special care should be taken in the cae of
materials ausceptible to damage in sheaing. Automation applied in the tester
results in its relatively high grice that limits the number of units that can be placed
aong poduction lines. Moreover, the alvantage of automation kecame dulious
when determination of flowability with time @nsolidation is required. Such
examination requires sparate samples consolidated under different presaures and in
controlled ambient condtions, thus the same sample canna be examined without
condtioning for every single test.

13.1.2. Johanson’s apparatus and indices

JR. Johanson separated from Jenike & Johanson in 1985 and before long
proposed his own method of determination of medhanical properties of powders[77].
The basic unit of this equipment is an indicizer test cdl shown in figure 13.1. The
sample is consolidated in a cylindrical mould using a two-piecepiston that measures
the @nsolidation pressure directly on the inner piston while the inner and outer



93

pistons move together. The outer piston receves al the drag effeds on the cylinder
wall and this way diminates any drag effeds that ad on the inner piston when the
compadion pressure is measured. The sample is consolidated up to a prescribed level
of mgor principa stress. Once the @nsolidation is complete, the verticd load is
removed. The lower piston dops to allow the sample to be unconfined. The outer,
upper piston isthen raised relative to the inner piston and the shea failureinduced by
the downward movement of the inner piston. This way the unconfined yield strength
oc isdiredly measured. The author claims that his method gives more acairate results
than the Jenike method while the procedure of determination requires lesstime, and
dates that it alows the reseacher, expert, designer, engineer, purchasing agent or
equipment vendor “to access lids flow properties with ease and confidence’.

[nner piston

Outer piston

Lower piston \

Fig. 13.1. Johansonindicizer test cell [77]

The Johanson indicize was tested by spedali sts of DuPont [16]. The authors point
out to the importance of flowabili ty determination and inform that in industrial pradice
the am of 95% of examinations of powders is performed in regard to product design
and qudity, not for silo design. The aithars date that they were very interested in
Johanson' s tester because it was the firgt unit to be fast in use, relatively simple and
available & a moderate price Examination d severa common pawvders was
performed and compared with results of the Jenike method It was found that the
equipment gave highly repedable results for a reatively large group d materials.
Performing measurement does nat require long time or spedd skill s of the technician.
Cdculation of uncorfined yield strength o, using Johanson's test parameters showed
that the indicizer gave lower values than the dired shea test. When the ratio of
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unconfined yield strength to powder density oy was used as ameasure of flowability,
alow degreeof consstencewith the direct shea test was observed, particularly at low
range of norma pressure. At higher levels of normal pressure, bath the methods gave
fairly close results. The authors [16] performed a ranking of a number of materias
based onthe Jenike and Johanson methods and found that the two methods gave
results in afairly good agreement. In summary, Johanson’s indcizer was foundto
be a onvenient and repeaable toadl to use, but its predicted o values and arching
and rathole diameters did not correlate well with the results of the Jenike cél. For
some materials goodagreement of flowabili ty ranking was obtained under certain
circumstances, but the basisfor these li miti ng circumstances coud nat be quantified.

JR Johanson Inc. proposed investigations of materials in a wide range of
temperature and moisture content. Standard testing has been dffered for determi-
nation d density, permeability, strength and angles of friction and adhesion.
Testing d flowability using Johanson’sindicesis also offered. Values of parame-
ters for determination d the indices are measured under presaures and for scale
fadors correspondng to the dimensions of equipment applied in the process
under consideration. Some indices have physicd dimensions expressd in US
units, as for that market the eguipment was meant.

The Arching Index (Al), with a typicd range of 0-4 ft (1.22 m), is the conicd
hopper outlet required for unaided gravity flow after dropping the solids into an
empty hopper and ensuring arch collapse in a conicd bin. The Al is related with
material properties as follows: Al = 2.264/y, where o i y are measured under normal
consolidation pressure of; 3yd/2.

The Rathding Index (RI) — typicd range, 0-30 ft (0 to 915 m) — is the flow
channd size in a hopper required for a solid to collapse into the hde aove the
outlet, if arching dd na occur. Rl adso provides a good indication d lumping
tendency. If, after atime & rest, the solids Rl exceals 10 ft (3.05m) alump bredker
may be neaded in the system. The RI is related with material properties as foll ows:
Rl =250,/ where g, and y are measured at consolidation pressure of yd.

The Hopper Index (HI) is the minimum haf-angle of a wnicd hopper, required
to ensure flow aong the hopper walls. Its value is HI = 42 — ¢, where — ¢ is the
angle of kinetic friction measured a normal consolidation stress of yd, or if ¢’
increases with an increase in stress value of ¢ * determined at the stresslevel of yD.

The Flow Rate Index (FRI) —typicd range 1-12000 Ib min® (0.5 to 5400kg min™)
is the rate at which the solid will flow througha hopper outlet of diameter d when
totally deaerated. Low value of FRI usually paints out to fine, highly compressible
powder. Particles of sizes in excess of 400 um are usualy incompressible, very
permeable, and have ahigh FRI. Variation in the value of the index may be asigna
of segregation or change in composition of powder mixture during processing.
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The Fead Density Index (FDI) and Bin Densty Index (BDI) are values of bulk
spedfic weight expeded at aconicd hopper’ s discharge outlet or bulk spedfic weight
expected in a ontainer full of solids or in a mixer after agitation stops. The FDI is
measured at a pressure of yd, while BDI is determined at a pressurelevel of yD.

The sat of indices with their physicd interpretation is siown in figure 13.2
following Johanson [78]. Basic properties of materids are measured a spedfic
consolidation resaures or a scde fador relative to the processequipment size Indices
cited below are givenin U.S. unitsas abasis of the bin dameter D = 10ft (3.05 m) and
ahopper diameter D = 1 ft (0.305 m).

Conical Mass-Flow Bin Partial Mass-Flow Bin
Hopper
Index HI (deg)
‘_\ HI Funnel- Flo
Al Rathole i
Arching Index AI (m) Index RI (m) ~ fep =t S FIOW
BDI
Gravity ;
Flow Ind Freefall Eﬁﬂzgsy
ow Index Fl B
FRI (kg min") ) oW BDL, FDI (kg m") FDI
i d__ 0O
j a Chute Index CI (deg)
Springback
Index SBI (%
%) Springback Arch

Fig. 13.2. Johansonindices[78]
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The Chute Index (Cl) is recommended chute ange to diminate solids buld up o
achueat impad pants. Theindex takesvaue of Cl = ASC +10°, where ASC isan angle
of dipping friction dongthe flat surface of the buk solid sample mwmpressed with the
pressure of 4700N m and uroaded prior to determination of ASC.

The Springback Index (SBl) is the percentage of elastic springbad after conso-
lidation, and indicates when springy solids (as straw, wood poymer foam) may
arch. Bl is measured by compressing the solid to a presaure of DxBDI , and then
nating the percentage change in the sample height when the load is released.

Knowledge of material charaderistics expressed as values of indices allows
for design d techndogica process as anticipated. Johanson [78] presented an
example of use of the indicesin design d the processof blending withou segre-
gation d comporents.

3.1.3. Jenike & Johanson powder quality tester

Tester of Jenike & Johanson [134] consists of two urits: the body containing
the sample holder, and the control unit (fig. 13.3). Sample holder of the volume of
one US gallon (3.785 dn®), has a cylindricd upper part while its lower part is
conicd. The upper lip of the holder may be dosed with a tight cover housing
aconredor for supdy of compressed air and fixing o the manometer. Outlet of
the cnicd part of the sample halder can be dosed with a diding perforated plate
with aperture diameter lower than the dimension o finest particles of tested
material. The procedure requires a period d shaking to aerate the sample.

Air inlet
\ Cover
| I Sample
N holder
‘.\ ’f' Perforated
v shutter
| — i 7’1{"/’ﬁ

__ Drawer

Fig. 13.3. Jenike & Johanson quality control tester [134]
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The sample holder proper for particular tested material is placed in the body of the
apparatus and thoroughly filled. The holder is closed with the cover and prescribed air
pressure is gpplied that is adjusted with the vave and kept constant for 30 seconds.
Then the pressure is deaeased to zero and the perforated plate removed to open the
outlet. The pressure gauge is turned on, and pressure in the sample holder increased
till the moment of collapse of an arch when material flow commences. The
measurement cycle from consolidation to outflow is repeded four times (at least) for
one levd of consolidation presaure. Results obtained with the tester were compared
with results of the Jenike method for limestone powder and keking soda. Part of the
tests fowed fairly good agreement of results of the two methods, whil e another part
was in dsagreament. The aithors concluded that the tester may be successully
applied for comparison of different lots of the same material [134].

3.1.4. Uniaxial tester of POSTEC

Led by premises smilar to those reported by other designers of powder testers,
reseachers of the Norwegian ingtitution POSTEC propased their own solution. The
tester isatype of indired shea apparatus, namely uniaxia, and its description hereis
quoted after Maltby and Enstad [102]. In uniaxia compresson test a ompressve
failure strength similar to the unconfined yield strength o, may be determined direaly
asafunction o the consolidation stresso;. The measurement is taken in a fradion of
time required by other testers. Due to the mnsolidation procedure used, the tester does
not measure the flow function, and therefore should not be used for silo design unless
a @rredion fador isintroduced. The procedure used assures the scatter of the results
is minimal, which together with the rapidity with which such measurements can be
made, makes the test perfectly suitable for quality control purposes. In the POSTEC
tester (seefig. 13.4) the sample is confined in a dightly conical die and consolidated
by the piston moving vertically down. The flexible membrane is dretched between
the outer surface of the piston and inner surfaceof the lower part of the die. A layer of
lubricant is gread between the flexible membrane and the die wall. The dieis fill ed
upside down and closed with atight cover, turned upside down again and paced into
the guiding deviceof the tester. The sample is consolidated by moving the piston until
the predetermined value of o is reached, corresponding to a strain ;. After a pre-
determined time of sample stabili zation the die is raised up and compressve failure
strength is measured with the piston moving davn. The maximum vaue o cisreached
before the sample fall s apart.

The apparatus allows for dired observation o the forming o failure surface that
theoreticdly formsan angle of a = 45° + ¢/2 with the horizontal plane. More compli-
cated shape of failure surface paints indicates that the sample was not tall enough.
Using predse procedure for examination o BCR-limestone, Maltby and Enstad
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obtained the maximum deviation of the strength o, not higher than + 0,13 KPa, not
dependent on the level of consolidation presaure. These aithors have reported
goodrepeaability of results with deviation nd higher than 5%. According to the
authors, the reproducibility of the tester, together with operator independence and
fairly rapid test procedure make the equipment a suitable tod for quality control
of powders. Acauracy of the method allows for flow property deviations from
batch to batch in batch production operations. The equipment may be dso used
for investigations of the compaction properties of dightly compacted samples,
determination o the modulus of eagticity, or examinations of stress relaxation
and cregp phenomena of powders.

G

% /— Piston %

Mold
Tr

0 —
4

— Elastic
membrane

%/— Sample

Base
plate o =72+

Y //S‘/Y %

a) Uniaxial compression b) Failure

—b

Fig. 134. POSTEC uniaxial tester [107
13.2. Carr Indices

Chemicd industry and, particularly, pharmacedticd industry need charaderi-
zaion o fine powders. Flowability determines operations of transport, mixing,
dosing, storage granulation or forming tablets. Carr Indices are willingly used by
praditioners of those industries, and were standardized by the Americen Society for
Testing Materials [7]. The method can be gplied to free flowing and moderately
cohesive powders and granular materials upto 2mmin size Materials must be ale
to pour through a 7.0 £ 1.0 mm diameter funnel outlet when in agated state. The
method consists of eight measurements and two caculations to provide ten tests for
Carr Indices. Theseten tedts are asfollows:
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Measurement of Carr Angle of Repose
Measurement of Carr Angle of Fall
Calculation o Carr Angle of Difference
Measurement of Carr Loose Bulk Density
Measurement of Carr Padked Bulk Density
Calculation d Carr Compressbility
Measurement of Carr Cohesion
Measurement of Carr Uniformity
Measurement of Carr Angle of Spatula
Measurement of Carr Dispersibility.

In pradicethe Carr Index Cl isaso pgoular, that is defined [8] as:

STIOMmMOOW >

ci(o) =109 =) (132)

Pr

where:

pr— tapped bulk density,

pp—loose bulk density.
This parameter is determined, after compadion o materid by tapping, in a g/lindrica
container of avolume from 10 to 1000 ml, with user-defined number of taps (from 10
to 500). Out of the same measurement another popular parameter, the Hausner Retio,
may be cdculated as:

R =2t (13.3)
P

In industrial pradice it is assumed that the powder is easy flowing raving Cl in
range from 5 to 15%, while durable tablets may prodwced of powder having R, not
higher than 1.6.

13.3. In-line cntrol of structure of granular products

For contemporary highly automated mass production in-line methods of
charaderizaion d materials are in the highest demand. In the first approacd in-
line methods of measurement of particle size distribution were daborated.
Knowledge of particle size distribution allows for efficient process control and
control of product quality. Process output cortinuowsly incresses and cdelay
between laboratory measurement and rocess correction may be unacceptable.
Currently pneumatic conveying is extensively used in industry because it enables
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efficient flow control using opticd methods. Harvill et al. [60] described ore of
such devices, based on laser diffraction d light and wed in a large range of
laboratory and industrial applications. Measuring wnit consists of an opticd head,
interface pc and software. Stream of particles flows throuch the o/lindricd
channel aadossthe laser light beam. Velocity of the stream does not influence the
result of the measurement. Scattered light passes through the recever lensand is
focused onthe log-scded annudar ring detedor. The detedor is <anned by the
interfacewith high speed and levels of signal on the separate rings are recorded.
Each ring d the detedor measures the total signal intensity. Each particle scaters
light on al rings of the detedor, therefore the measured signal is the summation
of all the light scattered from all particles. After aoquiring a significant number of
scans, relative particle oncentration is caculated by the software. The instrument
allows for efficient determination o both particle size distribution and perticle
concentration dredly andin red time. It has been successully used in production
of pharmaceuticds for optimizaion of the mill. The instrument provides
continuous feedbadk control to compensate for mill -setting dift, wear, operator
errors, variations in raw material etc.

Like in pharmaceutical induwstry, in-line process control may increase
efficiency of foodindustry. The basic factor in food product qudlity isits structure.
Bijnen et al. [18] analysed current trends in development of processsensorsin food
industry. Market requirements enforce precise process control. The development of
these new process regimes requires better understanding d the structure-process-
equipment relationships. Precise in-line measurements become necessary. Basic
attributes of product microstructure ae: overal product compasition, properties and
state of al phases, distribution properties of dispersed pheses and spatial organi-
zation d dispersed entities. The authors reviewed methods that might be gplied for
in-line measurements and pointed aut their limitations.

»  Sensors for the determination of product composition (the @ntent of: water,
fat/oil, carbotydrates, and proteins) currently achieve a relative acarracy of
0.1 to 1%. These ae often sufficient, but the aibration procedures (if any)
inarapid changing product portfolio should be minimal.

= Sensors for monitoring the state of phase will be mainly applied for
uncerstanding the basic phenomena underlying the process, for deve-
lopment of new processes and process control. The use of laser-based
amustic pulse sensors and detectors sems promising for monitoring the
properties of phase state because of the flexibility due to remote sensing.
In-line quality assessment will remain often difficult because in many food
produwcts the fina state of phase (rate of crydadlization a gelation) is
formed after the filli ng goeration and during storage.
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= Current solutions of in-line particle size detedion allow mainly for quanti-
ficaion in relaion to droplet size anpiricdly calibrated. For a rapid chan-
ging product portfolio and variable ingredients, these abiliti es may prove
insufficient.

=  Someoptions for absolute in-line particle size quantificaions are present, but
current solution are ale only to determine qualitative relation to droplet size
cdibrated empiricdly. For a rapid changing product portfolio and variable
ingredients, these dilities may prove insufficient. In-line imaging and image
analysis may deliver quantitative information necessary for process control in
flexible fadory conditions. Close monitoring of this information may alow
for process control and quality assessment at the sametime.

= The aeaof charaderization d particles arrangement inside a product
matrix remains gill in too ealy a stage of exploration for having signi-
ficant impli cations on the processmeasurement instrumentation.

13.4. Tendenciesin development of applications

Last two decades of 20th century observed an increase in interest in particulate
materials. Induwstry has been using more aad more raw products, and produced
increasing amourts of produwcts in granular form. Global competition enforced
increase in the scde of production that required automatic processcontrol. Market
demands dable quality of products delivered under the same trade mark. Materia
in grandar form is much easier for storage, processng, mixing dosing, packing and
distribution. Requirements of pradice stimulated development of knowledge aout
granular materids, particularly in three aeas:

= theoreticd investigations ®eking constitutive model of material,

» methods of determination d material charaderistics for use in design o

processes and equipment, and

= daboration d methods of quality assessment and indcesto measure quality.

Beginning in the 80-ties of the previous century, an unprecedented increase
in cdculation paver of computers commonly accessble took placethat enabled
new posshilities of theoreticd investigations. New theoreticd approaches appeaed,
two o them gained matured form: numericd modeling including interadions in
contad aress between individua particles, and the gplicaion of ealier known
theories that required extensive cdculations.

Regarding modelling behaviour of the bedding of material based onintera-ctions
in contad points between particles, the DEM method that originates from work
of Cundall and Stradk [39] remains promising. Good examples of a new approach to
known methods are the applications of the theory of non-symmetric dasticity of
Cosrats by Muhlhaus and co-authors [119] or by Chang and co-authors [33].



In the field of experimental investigations, new measurement methods have
been eaborated and known methods have been improved to interpret unclea pheno-
mena or to fadlitate strenuous and time @nsuming measurement procedures.
Regarding determination d strength parameters of granular materias, Jenike method
[74] has been widely accepted and standardized in many national design codes as
well as in internationa Eurocode 1 [50]. From among rnumerous ealier eaborated
ingtruments, the ring shea tester will probably gain the postion of recmgnized
measurement technique. It is particularly useful in investigations of food products and
granular plant materials. Because of high deformability of particles these materias
require long sheaing peth to reach steady flow, and deformation in the ring shear
apparatus is unlimited. The second significant advantage of the ring shea apparatusis
the possibility of examinations under low leve of normal load. Vertical oading force
related to the relatively large surfaceof lateral sedion of the dannel of the gparatus
gives low values of norma pressure. Description of medanicd behaviour of granuar
materials under low normal load (in thin layer) is currently in particular interest of
indwstria practice. The two advantages of the ring shea tester open new fields of its
application as well as promise the possibility of interpretation d some phenomena
that still remain urclear.

Two ather old methods for the measurement of angle of repose and o angle
of friction with inclined table will probably remain as standards for the determination
of medhanicd properties of granular material thanksto their smplicity.

Seach for methods of examination d product quality and for qudity indices has
been a symptomatic trend d techndogy of granuar materiasin the last severd yeas.
Quality asesgnent in the sense of grandar medanics means the determination o
material flowability. Within the approach o Jenike [74] that is recently widey
acoepted the measure of flowability is the flow function ff'= o (a1), i.e. the relation-
ship between unconfined compresson strength and mgor consolidation pressure.
Thedired shea tester or the Jenike method hes, however, some disadvantages
pointed out by practitioners. Testing istedious and time cnsuming, whil e elaboration
and interpretation o results require significant knowledge. Industrial praditioners
demand a quick and simple method with an unmistakable and inteligible quality
index. Academic laboratories and consulting firms put their propasitions on the
market one after the other, but none of them gained wide acceptation till now.
Probably, for process engineaing the set of Johanson's indices has been acceted,
while in the pharmacauticd industry Carr indices are commonly used.
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15. SUMMARY

The purpose of the authors of this book was to focus attention of the reader
on what we believe is important for understanding d the mechanical behaviour of
granular materials of biological origin. The main features of agro and food materias
that make them different from minera materias are strong influence of moisture
cortent on mechanical behaviouwr and high deformability of granules. These
differences bring about certain peculiar behaviours and necessity of adjustments of
models of material, experimenta techniques and techndogica solutions.

The material of “Medhanicd Properties of Granular Agro-Materials and
Food Powders for Industrial Pradice” has been presented in two volumes. Part |
“Charaderization d mechanicd properties of particulate solids for storage and
handling’ concerns mainly issues relevant for these operations, but contains also
considerable amourt of related matters. The main theoretica approadies — from
the origins of soil mechanicsto micropdar theory and DEM modelling have been
addres=d. A review of commonly applied experimental methods and material
parameters has been presented. Finally, a cdalogue of material parameters drawn
from laboratory testing of the authors was attadhed for reference & well as for
comparison with results of other laboratories. The final chapter: “Physicd properties
of granuar food materials’ presents a set of the physicd properties of food
powders and ganular materials of a wide range of grain size: from cereal grains
to flour and sugar. The catalogue mntains following properties of granular solids:
geometricd parameters, the porosity, the bulk density, the wefficient and the
angle of wall friction, the angle of natural repose, the angle of internal friction, the
cohesion, the flow index, the lateral to verticd presaure ratio, the moduus of
elasticity and the Poison's ratio. In the cae of cerea grains the influence of the
moisture content was considered and in the case of food powders the influence of
the consolidation presaure.

Keywords: granular materials, bulk solids, particulate media grain, sedls,
food powders
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16. APFENDIX — Physicd Properties of Grain and Food Powders
16.1. Basic charactristics

Table 16.1. Mean values of grain dimensions, the massof 1000 gains and the spedfic gravity

Moisture . . Massof Spedfic

Material content L(emn g]t)h V(Vr:](::)] Th(l;k;)% S 1000sedls gravity
(%) (9) (kN m®)

Whea 10 6.7 3.2 2.9 405 138
Begra
Rye 10 7.3 23 22 205 123
Amilo
Barley
o 10 8.4 36 28 452 132
Corn 10 9.4 8.2 5.1 295 137
Mieszko
Oats
Boronisk 10 115 31 26 356 137
Triticale
Fidelio 10 72 29 26 294 135

Table 16.2. Mean values of seeds dimensions, the massof 1000seeds and the specific gravity

Moisture . . Massof Spedfic

Material content L(emn g]t)h V(Vr:](::)] Th(l;k;)% S 1000sedls gravity
(%) (9) (kN m®)

Rape seeds 6 18 17 17 35 111
Licosmos
Amaranth 8 085 085 085 0.76 1438
Rawa
White
mustard 9 25 23 23 86 123
Borowska
Pea 10 79 7.2 6.7 300 143
Piast : : : '
Buckwheat 6.1 36 35 293 145
Kora
Lentils 8 5.6 23 23 498 148
Tina
Soybean 8 8.2 6.6 5.6 185 130

Aldana
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Fig. 16.1. Sizedistributions of food pavders [67]

The Rosin-Ramler-Sperling-Bennet (DIN 66145 [42]) equation was used to
describe the particle size distribution:
R=exp((d/d*)"),
where: R — distribution function, d — particle diameter, d* — mean particle diameter,
n — coefficient of nonuriformity.

(16.1)

Table 16.3. Parameters of the RRSB equation (16.1) describing size distribution of food pavders

_ Moisture Mean particle Coefficient of Per?rs_on’ S
Material cortent diameter uriformity n coefflc_l ent of
(%) d* (mm) correlation (%)
Coarse flour 134 0.147 1.673 988
Semolina 12.7 0.176 1.332 980
Whea groats 136 0.683 0.480 94.0
Peal barley groats 132 2.849 3.807 98.0
Oat med 110 4.499 1577 99.7
Icing sugar 0.4 0.061 1171 99.9
Table sugar 0.4 1.070 3.348 987
Potato starch 182 0.033 2.737 99.8
Powder milk 4.4 1.252 1.276 981
Table salt 0.2 0.553 4,132 96.9
Corn med 117 1.050 1.391 99.1
8.5 1.827 1.688 99.3

Soybean med
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16.2. Density and por osity

Table. 16.4. Mean values (£St. Dev.) of bulk density, bulk density of material compadaed according
to Eurocode 1 [50], tapped density and paosity of cereal grain at the moisture content of 10-20%

Bulk density of

) Moisture Bulk density compaded Tapped density ~ Porosity

Material cortent (kg m?) material (kg m?d) (%)
(%) (kg m?)

10 773+ 3 779+ 2 871+ 4 498

Whedt 125 765+ 3 799+ 9 861+ 7 488

15 694+ 4 784+ 2 860+ 10 509

Begra 175 705+ 4 778+ 5 868+ 9 528

20 713+ 5 790+ 5 823+ 11 543

10 698+ 5 754+ 9 793+ 6 514

Rye 125 688+ 5 772+ 8 805+ 7 498

_ 15 677+ 4 786+ 1 787+8 507

Amilo 175 682+ 5 785+ 4 801+ 3 486

20 684+ 4 803+ 1 808+10 492

10 686+ 3 787+3 780+ 3 509

Barley 125 689+ 2 785+ 2 806+ 2 496

_ 15 680+ 5 781+ 2 801+3 50.1

Rudnik

175 675+ 4 771+ 2 794+ 3 505

20 667+3 780+ 7 783+ 9 528

10 742+ 3 826+ 10 873+ 6 450

o 125 728+ 3 847+3 878+ 4 450

, 15 698+ 3 844+ 9 829+ 2 456

Mieszko 175 672+ 2 825+ 15 845+ 4 475

20 663+ 2 834+ 10 800+ 1 486

10 557+ 2 646+ 9 632+ 12 603

ont 125 574+ 2 647+3 650+ 8 595

_ 15 547+ 2 656+ 8 624+ 12 610

Borowiak 175 528+ 2 704+ 10 632+ 4 624

20 527+3 698+ 7 639+ 10 625

10 615+ 5 711+ 2 684+ 3 555

ticale 125 618+ 7 744+ 11 698+ 12 530

o 15 605+ 6 739+ 11 689+ 5 542

Fidelio 175 591+ 4 774+ 10 691+ 7 556

20 571+ 4 781+ 3 665+ 12 570
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Table 16.5. Mean values (£St. Dev.) of bulk density, bulk density of material compaded according
to Eurocode 1 [50], tapped density and paosity of rape seals variety Licosmos at the moisture
content of 6-16%

Moisture i
Material cortent  Bulk density coiﬂ:fz sr:;,ts:ial ;:22?3 Porosity
%) (kg m™) (kg m?) (kg m?) (%)
6 645+ 5 712+5 756+ 4 418
Rape seeds 9 661+ 2 740+ 4 761+ 6 415
Licosmos 12 655+ 3 7885 760+ 6 402
16 644+ 2 8005 760+ 5 419

Table 16.6. Mean vaues (+St. Dev.) of bulk density, bulk density of material compaded according to
Eurocode 1 [50], tapped density and paosity of sdeded seals

Bulk density of

Moi . T
) Cc(:lr:t;rte Bulk density compaded d;psped Porosity
Materid % (kgm?) material « m%') (%)
’ (kgm?) J
Amaranth. Rawa 8 823+ 3 883+ 3 934+ 4 451
White mustard 9 707+ 2 799+ 2 824+ 2 423
Pea. Piast 10 810+ 3 869+ 5 929+ 7 432
Buckwheat. Kora 10 654+ 2 686+ 2 77312 55.2
LentilsTina 8 783+ 2 840+ 3 9319 471

Soybeans. Aldana 8 739+ 3 795+ 5 869+ 4 452
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Table 16.7. Mean values (+St. Dev.) of buk density, bulk density of material compaded acwrding
to Eurocode 1 [50], tapped density and paosity of selected food powders

Bulk density of

Moisture ] T .
) content Bulk density compaded d::z?d Porosity
Material %) (kg m?) material " m_é') (%)
’ (kgm?) 9
Flour 127 612+ 2 717+ 4 767+7 67.6
Coarse flour 134 647+ 1 758+ 3 790+ 7 617
Semolina 127 652+ 2 705+ 7 785+ 7 57.7
Coarse flour 136 738+ 2 76713 866z 10 510
Semolina 132 702+ 2 802+ 3 874+ 9 527
Whea groats 110 444+ 1 490+ 14 557+ 4 715
Pear barley groats 04 7264+ 2 757+ 4 957+ 9 645
Oat med
) 0.4 858+ 2 895+ 7 1070+ 7 492
Icing sugar
182 685+ 1 725+ 7 762+ 7 66.0
Table sugar
Potato starch 4.4 577+2 604+ 1 701+ 4 67.9
Granulated milk 7.9 378+ 2 419+ 1 413+ 7 834
Table salt 0.2 1087+ 3 1326+ 1 1531+ 11 417
Corn med 117 614+ 2 769+1 755+ 7 604

Soybean med 85 656+ 4 816+1 848+ 6 631




16.3. Coefficient of friction

Table 16.8. Mean vdues (+St. Dev.) of the friction coefficient u of wheat grain veriety Begra at the
moisture mntent of 10-20% againgt ainlesssted, galvanized sted and concrete B30 determined at the

normal pressure of 20-60 kPa

Moisture Normal Coefficient of wall friction u
stress
content (%) (kPa) Stainless ed  Galvanizedstedd  Concrete B30
20 0.189+ 0.003 0174+0010  0541+0014
30 0.160+ 0.002 0.183+0004  0.497+0.020
10 40 0.152+ 0.004 0.170+0003  0.4960.007
50 0.159+ 0.006 016940002  0.476+0010
60 0.160+ 0.004 0.165+0003  0.468+0.005
20 0.186 0.001 0.178+0004  0.502+0.009
30 0.163+ 0.006 0.186+0003  0.524+0.007
125 40 0.156 0.004 0173+0003  0510+0.018
50 0.170+ 0.005 0.173+0005  0.480+0.009
60 0.163+ 0.002 0171£0001  0.489+ 0.006
20 0.191 0.007 0209+0001  0.540%0.030
30 0.189+ 0.008 0201£0001 0,605+ 0018
15 40 0.174+ 0,012 01840002  0.546+0.023
50 0.212+ 0.002 0139+0001  0.529+0.009
60 0.182+ 0.003 01650004 0519+ 0007
20 0.249+ 0,011 02040005  0.571+0.035
30 0.217+ 0.004 0.180+0001  0.574+0.014
175 40 0.220+ 0.009 016940003  0.593+0.003
50 0.252:+ 0.009 0161£0002  0.605+0.008
60 0.287+0.020 0.143+0004 0602+ 0.004
20 0.340+ 0.028 0245£0014 0,562+ 0.009
30 0.321+0.023 0274+0028  0587+0.021
20 40 0.277+0.022 0224+0020  0.5980.009
50 0.277+0.012 02010018  0.580+0.006
60 0.279+0.016 0191+0008 0595+ 0.010




11¢€

Table 16.9. Mean values (£St. Dev.) of the friction coefficient u of rye grain variety Amilo at the
moisture content of 10-20% against stainless seel, galvanized steel and concrete B30 determined at
the normal pressure of 20-60 kPa

Moisture Normal Coefficient of wall friction u
stress
content (%) (kPa) Stainless ed  Galvanizedstedd  Concrete B30
20 0.205+ 0.004 01550005  0.349+0.002
30 0.195+ 0.009 0.169+0001  0.354%0.007
10 40 0.219+0.013 0175£0014  0.349+0.006
50 0.214+ 0,013 0143£0001  0.337+0.007
60 0.218+0.011 0150+0003  0.337+0.004
20 0.219+ 0.026 0178+0002  0.448+0.012
30 0.256+ 0.010 0172+0013  0.420+0.016
125 40 0.273 0.004 0.188+0009  0.391%0.005
50 0.284 0.001 0.195+0006  0.358+0.019
60 0.285+ 0.001 020940003  0.369+0.002
20 0.196+ 0.002 0171+0008  0.427+0.017
30 0.217+ 0,010 0.164+0004  0.399:0.006
15 40 0.242+ 0,012 0175£0001  0.382:0.008
50 0.230+ 0.012 0142+0006  0.406£0.007
60 0.246+ 0.001 0.148+0001  0.400+0.007
20 0.219+ 0.006 0197+0013  0.602+0.008
30 0.247+ 0.009 0171+0014  0.574%0.009
175 40 0.261+ 0.004 0170£0003  0.559+ 0.004
50 0.258+ 0.012 0159+ 0005  0.539+0.015
60 0.225+0.021 0.156+0001  0.502+0.003
20 0.277+0.023 0235£0007  0.453+0016
30 0.286 0.001 0234+0002  0.451%0.009
20 40 0.293+ 0.014 0213+0002 0442+ 0.008
50 0.290+ 0.008 0211£0001  0.487+0013
60 0.255+ 0.015 0211+0001  0.514%0.009
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Table 16.10. Mean values (xSt. Dev.) of the friction coefficient u of barley grain variety Rudnik at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 20-60 kPa

Moisture Normal stress Coefficient of wall friction
content (%) (kPa) Stainless sed Galvanized steel Concrete B30
20 0.176% 0.006 0.217+0.014 0.487+0.013
30 0.163+ 0.008 0.193+ 0.009 0.468+ 0.007
10 40 0.157+ 0.002 0.173+0.010 0.451+0.012
50 0.160+ 0.006 0.171+0.003 0.444+ 0.004
60 0.150+ 0.005 0.171+ 0.007 0.426+ 0.004
20 0.152+ 0.002 0.153+ 0.005 0.478+0.018
30 0.148+ 0.001 0.145+ 0.006 0.483+0.011
125 40 0.149+ 0.001 0.146+ 0.001 0.483+0.011
50 0.157+ 0.004 0.139+ 0.003 0.496+ 0.004
60 0.163+ 0.001 0.144+0.001 0.480+ 0.010
20 0.143+ 0.005 0.166+ 0.020 0.537+0.022
30 0.139+ 0.009 0.152+ 0.009 0.547+0.012
15 40 0.133+0.003 0.160+ 0.009 0.518+0.011
50 0.131+0.003 0.147+ 0.009 0.522+0.002
60 0.131+0.001 0.142+ 0.003 0.490+ 0.014
20 0.166+ 0.015 0.169+ 0.001 0.507+ 0.021
30 0.141+ 0.006 0.156+ 0.004 0.540+ 0.012
175 40 0.146+ 0.016 0.144+ 0.005 0.554+ 0.012
50 0.145+ 0.005 0.145+ 0.005 0.520+ 0.009
60 0.162+ 0.006 0.155+ 0.010 0.543+ 0.007
20 0.245+ 0.006 0.200+ 0.014 0.549+ 0.014
30 0.230+ 0.017 0.185+ 0.013 0.566+ 0.012
20 40 0.220+ 0.013 0.184+ 0.009 0.594+ 0.007
50 0.215+ 0.008 0.176+ 0.008 0.561+0.014
60 0.225+ 0.009 0.176+0.012 0.582+ 0.005
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Table 16.11. Mean values (£St. Dev.) of the friction coefficient u of corn grain variety Mieszko at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 20-60 kPa

Moisture Normal stress Coefficient of wall friction u
content (%) (kPa) Stainless sed Galvanized steel Concrete B30
20 0.161+ 0.006 0.157+ 0.008 0.352+ 0.007
30 0.157+ 0.008 0.140+ 0.008 0.349+ 0.004
10 40 0.170+ 0.008 0.145+ 0.007 0.352+ 0.007
50 0.155+ 0.003 0.146+ 0.007 0.352+ 0.003
60 0.172+0.007 0.136+ 0.003 0.346+ 0.003
20 0.144+0.001 0.128+0.011 0.528+0.013
30 0.136+ 0.001 0.125+ 0.003 0.519+0.011
125 40 0.134+0.001 0.124+ 0.002 0.511+ 0.005
50 0.138+ 0.001 0.137+0.009 0.549+ 0.007
60 0.143+ 0.004 0.136+ 0.007 0.580+ 0.010
20 0.214+0.011 0.136+ 0.007 0.629+ 0.007
30 0.171+0.009 0.131+0.003 0.615+ 0.015
15 40 0.163+ 0.008 0.128+ 0.004 0.607+0.013
50 0.151+0.001 0.127+0.001 0.593+0.005
60 0.147+ 0.004 0.117+ 0.005 0.584+ 0.010
20 0.221+ 0.003 0.141+0.002 0.626+ 0.019
30 0.178+ 0.005 0.132 £ 0.002 0.611+ 0.006
175 40 0.167+0.002 0.131+0.001 0.601+0.011
50 0.153+ 0.002 0.129+ 0.002 0.610+ 0.006
60 0.150+ 0.004 0.122+ 0.003 0.597+ 0.008
20 0.242+0.012 0.149+ 0.011 0.670+ 0.017
30 0.243+ 0.003 0.157+ 0.008 0.644+0.020
20 40 0.239+ 0.001 0.164+ 0.006 0.658+ 0.018
50 0.225+ 0.001 0.172+ 0.004 0.625+ 0.002
60 0.208+ 0.016 0.173+0.008 0.594+ 0.049
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Table 16.12. Mean values (£St. Dev.) of the friction coefficient u of oat grain variety Borowiak at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 20-60 kPa

Moisture Normal Coefficient of wall friction u
stress
content (%) (kPa) Stainless $ed  Galvanizedsteel  Concrete B30
20 01580004  0195+0014  0345%0.005
30 0150+0001  0200£0.008  0.328+ 0001
10 40 0.147+0004  0180£0.004 0324+ 0002
50 0.148+0003  0180+0002  0327+0.001
60 0149+0004  0176£0.003  0.343+ 0009
20 0.160+0007  0.199+0018  0.304+0.006
30 0152£0002  0203+0012 0294+ 0004
125 40 0151+0007  0.182+0.007 0310+ 0011
50 0150+0002  0.182+0.003 0342+ 0008
60 0153+0006  0.179+0006 0360+ 0.009
20 0181+0009  0.167+0.008  0.363+0.019
30 01800003  0161+0009 0389+ 0012
15 40 01680005 01630005 0415+ 0,002
50 0161+0004  0162+0.009 0409+ 0023
60 0159+ 0003  0.158+0004  0427+0016
20 0.181£0007  0.160+0008 0483+ 0016
30 0179+0012  0172£0.005 0514+ 0008
175 40 0.187+0004  0161£0002 0526+ 0010
50 0170£0006  0157+0001 0512+ 0012
60 0161+0011  0161£0.002 0476+ 0001
20 0151£0021  0.160+0004  0479+0.016
30 0137+0007  0157+0016 0508+ 0002
20 40 0155£0009  0.146£0.004 0518+ 0008
50 0141£0008  0147+0005 0498+ 0.007
60 0151+0002  0136£0.006 0511+ 0007
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Table 16.13. Mean values (+St. Dev.) of the friction coefficient u of triticale grain variety Fidelio at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 20-60 kPa

Moisture Normal stress Coefficient of wall friction u
content (%) (kPa) Stainless sed Galvanized steel Concrete B30
20 0.181+0.018 0.249+ 0.009 0.473+0.031
30 0.180+ 0.002 0.237+0.017 0.448+ 0.007
10 40 0.189+ 0.005 0.236+ 0.004 0.439+ 0.006
50 0.173+ 0.007 0.215+ 0.005 0.439+ 0.010
60 0.176+0.013 0.198+ 0.001 0.427+0.008
20 0.223+0.019 0.167+0.014 0.344+ 0.005
30 0.244+0.016 0.189+ 0.005 0.401+ 0.020
125 40 0.245+ 0.026 0.190+ 0.009 0.416+0.014
50 0.247+0.030 0.184+ 0.007 0.413+0.016
60 0.281+0.013 0.200+ 0.007 0.407+ 0.010
20 0.296+ 0.015 0.214+0.018 0.522+0.014
30 0.322+ 0.005 0.214+ 0.003 0.547+0.022
15 40 0.300+ 0.021 0.240+ 0.023 0.559+ 0.009
50 0.306+ 0.010 0.225+ 0.002 0.561+0.008
60 0.281+ 0.004 0.265+ 0.026 0.521+0.018
20 0.297+0.015 0.240+ 0.002 0.587+0.021
30 0.318+ 0.005 0.240+ 0.001 0.592+ 0.016
175 40 0.305+ 0.008 0.270+ 0.003 0.572+0.011
50 0.304+ 0.005 0.290+ 0.003 0.584+ 0.008
60 0.297+ 0.007 0.250 £ 0.001 0.579+ 0.004
20 0.358+ 0.023 0.281+ 0.006 0.623+ 0.010
30 0.366+ 0.017 0.306+ 0.022 0.605+ 0.015
20 40 0.333+£0.013 0.308+ 0.021 0.592+ 0.015
50 0.350+ 0.004 0.350+ 0.006 0.605+ 0.023
60 0.237+0.013 0.323+0.015 0.619+ 0.030
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Table 16.14. Mean values (+St. Dev.) of the friction coefficient i of rape seeds variety Licosmos at
the moisture content of 6-15% against stainless $ed, galvanized steel and concrete B30 determined
a the normal presaure of 20-60 kPa

Moisture Normal stress Coefficient of wall friction u

content (%) (kPa) Stainless sed Galvanized steel Concrete B30
20 0.173+ 0.009 0.191+0.011 0.353+ 0.004

30 0.157+ 0.006 0.185+ 0.004 0.355+ 0.008

6 40 0.148+ 0.005 0.171+0.009 0.351+ 0.004
50 0.148+ 0.004 0.161+ 0.003 0.359+ 0.004

60 0.142+ 0.005 0.163+ 0.006 0.352+ 0.005

20 0.165% 0.007 0.173+£0.014 0.357+0.008

30 0.151+ 0.004 0.164+0.001 0.346+0.012

9 40 0.153+ 0.005 0.150+ 0.009 0.342+0.016
50 0.163+ 0.004 0.148+ 0.004 0.349+ 0.023

60 0.157+ 0.006 0.152+ 0.006 0.363+ 0.005

20 0.106+ 0.002 0.133+0.026 0.366+ 0.002

30 0.106+ 0.001 0.121+0.003 0.383+0.008

12 40 0.106+ 0.004 0.102+ 0.002 0.404+ 0.010
50 0.114+ 0.002 0.096+ 0.002 0.405+0.009

60 0.123+ 0.009 0.087+ 0.003 0.416+ 0.003

20 0.219+ 0.022 0.120+ 0.006 0.400+ 0.002

30 0.174+0.003 0.113+0.001 0.425+ 0.006

15 40 0.170+ 0.005 0.111+0.001 0.448+ 0.005
50 0.174+ 0.002 0.113+ 0.005 0.459+ 0.006

60 0.173+0.003 0.125+0.013 0.463+ 0.009
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Table 16.15. Mean values (£St. Dev.) of thefriction coefficient i of selected seads against stainless
sted, galvanized stedl and concrete B30 determined a the normal presaure of 20-60 kPa

Material, Normal Coefficient of wall friction
moisture stress
content (%) (kPa) Stainless sed Galvanized steel Concrete B30
20 0.119+ 0.004 0.136+ 0.007 0.378+ 0.001
Amaranth 30 0.115+ 0.001 0.125+ 0.007 0.370+ 0.006
Rawa 40 0.111+ 0.001 0.128+ 0.010 0.378+ 0.009
8 50 0.107+ 0.001 0.120+ 0.005 0.371+ 0.008
60 0.108+ 0.003 0.109+ 0.002 0.372+ 0.003
20 0.134+ 0.003 0.108+ 0.004 0.352+ 0.008
White mustard 30 0.128+ 0.009 0.100+ 0.002 0.353+ 0.007
Borowska 40 0.132+ 0.008 0.098+ 0.006 0.354+ 0.012
9 50 0.125+ 0.008 0.097+ 0.002 0.340+ 0.007
60 0.123+ 0.009 0.097+ 0.003 0315+ 0.012
20 0.146+ 0.013 0.138+ 0.023 0.292+ 0.006
Pea 30 0.135+ 0.007 0.121+ 0.003 0.318+ 0.001
Prast 40 0.147+0.016 0.120+ 0.006 0.323+ 0.005
10 50 0.153+ 0.015 0.123+ 0.013 0.331+0.006
60 0.1364 0.009 0.123+ 0.006 0.337+ 0.002
20 0.156+ 0.009 0.177+ 0.002 0.379+0.011
Buckwhea 30 0.154+ 0.002 0.150+ 0.004 0.385+ 0.011
Kora 40 0.158+ 0.003 0.150+ 0.003 0.372+ 0.006
10 50 0.157+ 0.001 0.149+ 0.004 0.369+0.006
60 0.161+ 0.005 0.149+ 0.002 0.371+ 0.008
20 0.160+ 0.015 0.160+ 0.007 0.258+ 0.014
Lentils 30 0.160+ 0.013 0.142+ 0.012 0.267+ 0.012
Tina 40 0.141+0.012 0.142+ 0.010 0.263+ 0.005
8 50 0.140+ 0.005 0.131 0.003 0.259+ 0.002
60 0.1352 0.005 0.136 0.007 0.263 0.006
20 0.147+ 0.003 0.165+ 0.024 0.405+ 0.012
Soybeans 30 0.169+ 0.010 0.202+ 0.008 0.413+0.014
Aldana 40 0.175+ 0.002 0.178+0.011 0412+ 0.012
8 50 0.170+ 0.023 0.162+ 0.010 0.424+ 0.010
60 0.169+ 0.017 0.198 0.019 0.434+0.011
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Table 16.16. Mean values (+St. Dev.) of the friction coefficient u of selected food pavders against
stainless $ed and galvanized steel determined at the normal presaure of 20-60 kPa

Material,

] Normal stress Coefficient of wall friction u
moisture
content (%) (kPa) Stainless sed Galvanized steel
1 2 3 4
20 0.172+£0.019 0.238+ 0.009
Flour 30 0.159+ 0.020 0.267+£0.013
40 0.143+ 0.002 0.260+ 0.012
127 50 0.146+ 0.001 0.247+0.015
60 0.152+ 0.002 0.244+ 0.007
20 0.167+ 0.001 0.203+ 0.027
Coarse flour 30 0.161+ 0.002 0.204+ 0.002
40 0.162+ 0.004 0.215+ 0.007
134 50 0.160+ 0.004 0.231+ 0.008
60 0.159+ 0.002 0.231+ 0.006
20 0.102+ 0.003 0.088+ 0.001
Semolina 30 0.099+ 0.001 0.082+ 0.003
40 0.107+ 0.008 0.085+ 0.002
12.7 50 0.123+ 0.005 0.087+0.003
60 0.100+ 0.005 0.098+ 0.007
20 0.180+ 0.007 0.219+ 0.040
Whea groats 30 0.188+ 0.008 0.169+ 0.011
40 0.170+ 0.013 0.150+ 0.010
136 50 0.182+ 0.005 0.155+ 0.013
60 0.172+ 0.006 0.154+ 0.003
20 0.324+ 0.020 0.276+ 0.032
Peal barley groats 30 0.284+ 0.011 0.220+ 0.019
40 0.240+ 0.011 0.180+ 0.010
132 50 0.211 + 0.008 0.164+ 0.001
60 0.192+ 0.004 0.139+ 0.003
20 0.119+ 0.006 0.132+0.012
Oat med 30 0.123+ 0.007 0.131+ 0.004
40 0.124+ 0.005 0.121+£0.001
110 50 0.111+ 0.009 0.117+0.008
60 0.112+ 0.002 0.121+0.001




Table 16.16. Cont.

1 2 3 4
20 0.174% 0.032 0.201% 0.013
Icing sugar 30 0.233+0.018 0.260% 0.008
40 0.257+ 0.010 0.284+ 0.013
0.4 50 0.269 0.005 0.294 0.014
60 0.298+ 0.011 0.292+ 0.008
20 0.180 0.013 0.157+ 0.014
Table sugar 30 0.236+ 0.025 0.188+ 0.018
40 0.277+0.012 0.213 0.005
0.4 50 0.274 0.022 0.224+ 0.033
60 0.314% 0,016 0.270 0.035
20 0.205+ 0.016 0.324 0.029
Potato starch 30 0.252+ 0.009 0.3652 0.009
40 0.2772 0.004 0.399+ 0.012
182 50 0.2872 0.007 0.3852 0.004
60 0.304% 0.016 0.374% 0,017
20 0.174 0.008 0.173% 0.009
Powder milk 30 0.188 0.003 0.181 0.002
40 0.1972 0.006 0.1802 0.002
4.4 50 0.1852 0.003 0.183 0.002
60 0.189+ 0.003 0.1872 0.007
20 0.147+ 0.003 0.151+ 0.001
Granulated milk 30 0.156+ 0.002 0.151+ 0.001
40 0.163+ 0.003 0.161 0.005
7.9 50 0.168+ 0.002 0.168+ 0.002
60 0.1752 0.004 0.175+ 0.004
20 0.257+ 0.009 0.341+0.013
Table salt 30 0.246+ 0.007 0.345+ 0.012
40 0.234+ 0.005 0.345+ 0.008
0.2 50 0.226+ 0.001 0.318+ 0.011
60 0.228+ 0.009 0.335+0.016
20 0.176+ 0.003 0.116+ 0.009
Corn med 30 0.159+ 0.002 0.110+ 0.002
40 0.1352 0.007 0.116+ 0.004
117 50 0.134+ 0.009 0.118+ 0.002
60 0.140+ 0.013 0.122+ 0.001
20 0.152+ 0.007 0.108+ 0.005
Soybean med 30 0.141+ 0.003 0.107+ 0.005
40 0.139 0.007 0.091 0.002
85 50 0.128+ 0.010 0.093 0.001
60 0.1174 0.006 0.092 0.002




16.4. Angle of wall friction

Tables below contain vaues of coefficient of friction of granular materid,
U=1g ¢, againgt stainless ged, galvanized sted and concrete of B30 class cdcu-
lated from of the ange of wall friction, ¢, for the evaluation d flow assessment
determined according to the tilting table method for the normal pressure ranging
from 0.5t0 2.5 kPa.

Table 16.17. Mean values (+St. Dev.) of the friction coefficient u of whea grain variety Begra &
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
a the normal presaure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction u
content (%) (kPa) - -
Stainless sed Galvanized steel Concrete B30
05 0.282+ 0.005 0.32+0.005 0.42240.010
1.0 0.275+ 0.007 0.30+ 0.008 0.388+0.012
10 15 0.249+ 0.002 0.27+0.004 0.425+0.015
21 0.260+ 0.004 0.26+ 0.003 0.399+ 0.013
25 0.257+ 0.003 0.23+0.011 0.409+ 0.022
05 0.265+ 0.010 0.34+ 0.007 0.379+ 0.006
1.0 0.248+ 0.009 0.31+0.011 0.438+0.012
125 15 0.269+ 0.008 0.28+ 0.008 0.408+ 0.015
21 0.259+ 0.010 0.27+0.004 0.458+ 0.016
25 0.262+ 0.009 0.26+ 0.006 0.434+0.010
05 0.335+ 0.003 0.34+0.013 0.476+0.011
1.0 0.310+ 0.003 0.33+0.003 0.458+ 0.006
15 15 0.280+ 0.003 0.31+0.013 0.441+0.026
21 0.287+ 0.004 0.29+0.003 0.476+0.011
25 0.292+ 0.008 0.26+0.021 0.462+ 0.013
05 0.383+0.003 0.42+0.016 0.479+0.012
1.0 0.344+ 0.004 0.41+0.019 0.494+0.013
175 15 0.323+ 0.005 0.42+0.022 0.472+ 0.006
21 0.326+ 0.001 0.37+0.016 0.527 £ 0.006
25 0.313+ 0.007 0.35+0.017 0.494+ 0.013
05 0.414+0.003 0.44+0.007 0.536+ 0.050
1.0 0.375+ 0.009 0.42+0.003 0.546+ 0.007
20 15 0.346+ 0.004 0.41+0.007 0.483+ 0.006
21 0.341+0.009 0.40+0.009 0.527+ 0.006
25 0.335+£0.012 0.34+0.026 0.508+ 0.011
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Table 16.18. Mean values (+St. Dev.) of the friction coefficient u of rye grain variety Amilo at the
moisture content of 10-20% against stainless seel, galvanized steel and concrete B30 determined at
the normal pressure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction i
content (%) (kPa) - -
Stainless sed  Galvanized steel Concrete B30
0.5 0.230+ 0.004 0.196+ 0.005 0.369+ 0.020
10 0.227+0.010 0.196+ 0.005 0.366+ 0.019
10 15 0.235+ 0.005 0.196+ 0.005 0.363+ 0.014
21 0.213+ 0.005 0.194+ 0.005 0.329+0.018
25 0.224+0.001 0.199+ 0.008 0.338+ 0.009
0.5 0.244+ 0.005 0.255+ 0.005 0.360+ 0.014
1.0 0.255+ 0.005 0.241+0.001 0.332+0.019
125 15 0.264+ 0.005 0.241+0.001 0.341+0.019
21 0.270+ 0.005 0.235+ 0.005 0.360+ 0.039
25 0.284+ 0.001 0.221+0.005 0.388+ 0.006
05 0.258+ 0.009 0.221+ 0.005 0.411+ 0.006
1.0 0.273+ 0.005 0.216+ 0.008 0.350+ 0.011
15 15 0.287+0.010 0.219+ 0.005 0.379+ 0.006
21 0.287+0.010 0.224+0.001 0.287+0.020
25 0.287+ 0.005 0.213+ 0.005 0.252+ 0.010
0.5 0.276+ 0.009 0.255+ 0.005 0.428+0.012
1.0 0.278+ 0.005 0.255+ 0.005 0.428+ 0.015
175 15 0.278+ 0.010 0.250+ 0.001 0.434+ 0.000
21 0.290+ 0.005 0.241+0.001 0.376+ 0.010
25 0.290+ 0.005 0.235+ 0.005 0.360+ 0.011
0.5 0.341+0.011 0.273+0.005 0.372+ 0.005
10 0.363% 0.005 0.287+ 0.005 0.401+0.015
20 15 0.379+ 0.006 0.284+ 0.001 0.354+ 0.011
21 0.388+ 0.006 0.281+0.013 0.345+ 0.030
25 0.374+0.003 0.287+0.010 0.357+ 0.009
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Table 16.19. Mean values (xSt. Dev.) of the friction coefficient u of barley grain variety Rudnik at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction u
content (%) (kPa) - -
Stainless sed Galvanized steel Concrete B30
05 0.257+0.002 0.252+ 0.003 0.428+0.015
10 0.242+ 0.009 0.244+ 0.006 0.402+ 0.008
10 15 0.241+0.012 0.237+0.010 0.405+0.018
21 0.234+0.009 0.225+ 0.004 0.383+ 0.007
25 0.226+ 0.005 0.228 £ 0.007 0.408+ 0.006
05 0.280+ 0.008 0.269+ 0.003 0.347+0.019
1.0 0.245+0.010 0.266+ 0.002 0.335+0.014
125 15 0.239+0.010 0.259+ 0.005 0.351+0.019
21 0.239+ 0.008 0.248+ 0.007 0.258+ 0.001
25 0.252+ 0.005 0.233+0.021 0.273+0.022
05 0.258+ 0.006 0.273+ 0.005 0.382+0.015
1.0 0.256+ 0.009 0.264+ 0.004 0.401+ 0.009
15 15 0.241+ 0.007 0.250+ 0.003 0.323+0.014
21 0.234+0.014 0.247+0.012 0.293+ 0.024
25 0.232+ 0.004 0.246+0.012 0.317+0.032
0.5 0.278+0.010 0.325+0.012 0.368+ 0.020
1.0 0.267+ 0.002 0.267+ 0.007 0.338+0.001
175 15 0.256+ 0.007 0.247+0.010 0.320+ 0.009
21 0.240+ 0.005 0.256+0.018 0.332+ 0.005
25 0.238+ 0.004 0.240+ 0.008 0.302+ 0.015
05 0.279+0.012 0.352+ 0.004 0.414+0.010
10 0.266+ 0.006 0.298+ 0.009 0.438+ 0.006
20 15 0.252+0.012 0.281+0.019 0.428+ 0.006
21 0.251+0.015 0.273+0.013 0.386+ 0.035
25 0.245+0.011 0.283+ 0.008 0.369+ 0.024
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Table 16.20. Mean values (£St. Dev.) of the friction coefficient u of corn grain variety Mieszko at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
a the normal presaure of 0.5-2.5 kPa

Coefficient of friction u

Moisture Normal stress
content (%) (kPa) ) )
Stainless sed Galvanized steel Concrete B30
05 0.292+ 0.001 0.273+0.007 0.402+ 0.002
1.0 0.294+ 0.003 0.259+ 0.008 0.326+ 0.022
10 15 0.289+ 0.007 0.258+ 0.005 0.376+ 0.030
21 0.269+ 0.003 0.234+0.002 0.393+0.014
25 0.246+ 0.006 0.232+0.007 0.382+ 0.020
0.5 0.262+ 0.014 0.290+ 0.005 0.369+ 0.005
10 0.261+ 0.016 0.249+ 0.007 0.369+ 0.027
125 15 0.259+ 0.015 0.265+ 0.007 0.441+0.021
2.1 0.253+0.013 0.251+ 0.006 0.398+0.011
25 0.249+ 0.010 0.260+ 0.005 0.385+ 0.010
0.5 0.267+0.015 0.248+0.011 0.408+ 0.006
1.0 0.259+ 0.006 0.245+ 0.009 0.418+0.011
15 15 0.252+ 0.006 0.245+ 0.009 0.431+0.023
2.1 0.245+0.010 0.244+0.013 0.405% 0.020
25 0.242+0.014 0.238+ 0.006 0.332+ 0.005
05 0.253+ 0.011 0.263+ 0.016 0.476+ 0.028
1.0 0.268+ 0.005 0.266+ 0.007 0.501+ 0.025
175 15 0.255+0.019 0.252+ 0.005 0.469+ 0.016
21 0.255+ 0.012 0.252+ 0.006 0.509+ 0.039
25 0.235% 0.007 0.251+0.013 0.497+0.011
05 0.303+0.010 0.284+ 0.008 0.501+0.013
10 0.268+0.012 0.269+ 0.012 0.479+0.012
20 15 0.265+ 0.018 0.260+ 0.010 0.494+0.013
21 0.254+ 0.023 0.254+ 0.009 0.577+0.001
25 0.253+ 0.009 0.256+ 0.019 0.554+ 0.023




131

Table 16.21. Mean values (£St. Dev.) of the friction coefficient u of oat grain variety Borowiak at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction u
content (%) (kPa) - -
Stainless sed  Galvanized steel Concrete B30
05 0.268+ 0.004 0.271+0.010 0.359+ 0.015
10 0.260+ 0.006 0.253+0.001 0.359+ 0.003
10 15 0.246+ 0.006 0.255+ 0.007 0.356+ 0.002
21 0.237+ 0.004 0.246+ 0.007 0.380+ 0.021
25 0.237+ 0.006 0.237 = 0.006 0.353+0.039
05 0.257+0.001 0.262+ 0.003 0.404+ 0.001
1.0 0.251+0.001 0.260+ 0.002 0.404+ 0.001
125 15 0.247+0.011 0.247+0.001 0.369+ 0.001
21 0.252+ 0.008 0.241+0.001 0.347+0.001
25 0.245+ 0.005 0.236+ 0.006 0.372+ 0.006
05 0.264+ 0.009 0.260+ 0.005 0.335+ 0.005
1.0 0.259+ 0.005 0.253+ 0.004 0.335+0.011
15 15 0.250+ 0.006 0.241+ 0.007 0.344+ 0.005
21 0.250+ 0.009 0.235+ 0.002 0.314+ 0.005
25 0.235+ 0.003 0.231+ 0.006 0.296+ 0.005
0.5 0.267+ 0.002 0.265% 0.004 0.357+0.009
1.0 0.262+ 0.004 0.262+ 0.006 0.369+ 0.005
175 15 0.243+0.010 0.246+ 0.004 0.372+ 0.005
21 0.240+ 0.009 0.239+ 0.005 0.350+ 0.005
25 0.235+ 0.014 0.230+ 0.010 0.357+0.016
05 0.276+ 0.004 0.269+ 0.002 0.388+0.011
10 0.251+ 0.006 0.247+0.008 0.376+0.010
20 15 0.235+ 0.004 0.242+ 0.004 0.392+ 0.015
21 0.244+ 0.005 0.234+ 0.005 0.428+ 0.006
25 0.233+ 0.005 0.229+ 0.006 0.434+0.001
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Table 16.22. Mean values (xSt. Dev.) of the friction coefficient u of triticale grain variety Fidelio at
the moisture mntent of 10-20% against stainlesssteel, galvanized sted and concrete B30 determined
at the normal presaure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction u
content (%) (kPa) - -
Stainless sed Galvanized steel Concrete B30
05 0.252+ 0.005 0.216+ 0.008 0.354+ 0.005
10 0.261+ 0.005 0.224+0.001 0.317+0.010
10 15 0.273+0.005 0.219+ 0.005 0.369+ 0.020
21 0.281+ 0.005 0.210+ 0.005 0.366+ 0.025
25 0.278+ 0.005 0.213+ 0.005 0.325+0.029
05 0.255+ 0.005 0.227+ 0.005 0.387+0.003
1.0 0.258+ 0.009 0.230+ 0.005 0.385+ 0.026
125 15 0.252+ 0.005 0.213+ 0.005 0.388+0.011
21 0.252+ 0.005 0.221+ 0.005 0.373+£0.028
25 0.238+ 0.005 0.219+0.010 0.382+ 0.006
05 0.293+ 0.009 0.243+ 0.004 0.428+ 0.015
1.0 0.311+0.001 0.230+ 0.005 0.385+0.019
15 15 0.314+ 0.005 0.238+ 0.005 0.428+0.015
21 0.308+ 0.005 0.238+ 0.005 0.434+0.010
25 0.293+ 0.009 0.247+ 0.005 0.408+ 0.006
0.5 0.388+ 0.006 0.311+ 0.000 0.472+0.012
175 10 0.361+0.012 0.314+ 0.005 0.472+0.012
15 0.344+ 0.005 0.320+ 0.009 0.435+0.017
21 0.360+ 0.005 0.329+0.001 0.455+0.010
25 0.369+ 0.005 0.317+0.010 0.445+ 0.010
05 0.445+ 0.020 0.411+ 0.006 0.525+ 0.006
10 0.458+0.016 0.392+ 0.006 0.527+ 0.006
20 15 0.487+0.001 0.418+ 0.006 0.519+0.011
21 0.472+0.012 0.401+ 0.006 0.479+ 0.006
25 0.451+ 0.006 0.395+ 0.001 0.472+ 0.006
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Table 16.23. Mean values (+St. Dev.) of the friction coefficient u of rape seeds variety Licosmos at
the moisture cntent of 6-15% against stainless seel, galvanized sted and concrete B30 determined
a the normal presaure of 0.5-2.5 kPa

Moisture Normal stress Coefficient of friction u

cortent (%) (kPe) Stainless sed Galvanized steel Concrete B30
0.5 0.279+ 0.007 0.245+ 0.008 0.351+0.023

1.0 0.234+ 0.006 0.242+ 0.006 0.336+ 0.018

6 15 0.237+0.007 0.231+0.012 0.294+ 0.002
21 0.240+ 0.006 0.232+ 0.005 0.276+0.017

25 0.237+ 0.008 0.220+ 0.007 0.289+ 0.004

0.5 0.279+ 0.007 0.245+ 0.010 0.357+ 0.040

10 0.275% 0.007 0.237+0.011 0.314+0.014

9 15 0.270+ 0.002 0.227+ 0.004 0.335+ 0.028
21 0.267+ 0.012 0.223+ 0.005 0.302+ 0.009

25 0.254+ 0.002 0.211+0.021 0.302+ 0.009

0.5 0.300+ 0.018 0.240+ 0.007 0.308+ 0.005

1.0 0.301+ 0.019 0.243+ 0.004 0.332+ 0.005

12 15 0.289+ 0.021 0.239+ 0.009 0.335+ 0.005
21 0.287+ 0.015 0.228+ 0.005 0.308+ 0.005

25 0.298+ 0.004 0.217+ 0.002 0.335+ 0.005

0.5 0.292+ 0.010 0.240+ 0.006 0.332+ 0.005

1.0 0.278+ 0.012 0.235+ 0.014 0.314+ 0.005

15 15 0.271+0.017 0.237+ 0.008 0.317+ 0.005
21 0.264+ 0.008 0.228+ 0.008 0.317+ 0.005

25 0.274+ 0.011 0.215+ 0.003 0.335+ 0.011
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Table 16.24. Mean values (+St. Dev.) of the friction coefficient y of selected seeds at the storage
moisture content against stainless $ed, galvanized sted and concrete B30 determined a the normal
presaure of 0.5-2.5 kPa

M a;erial, Normal Coefficient of friction u
moisture stress

content (%) (kPa) Stainless sed Galvanized steel  Concrete B30
05 0.271+ 0.006 0271+ 0005  0.411+0.006
g;,\,a; anth 1.0 0.262+ 0.002 0.243+0.005  0.350+0.011
15 0.242+ 0.003 0.224+0.006  0.379+0.006
8 21 0.237+0.013 0224+ 0005  0.287+0.020
25 0.224+ 0.004 0226+ 0003  0.252+0.010
, 05 0.252+ 0.003 0257+ 0.004  0.372+0.005
‘é‘g’:‘;\?\;‘fa‘r d 1.0 02440006  0241+0003 0401+ 0015
15 0.237+ 0.010 0239+ 0005  0.354+0.011
9 21 0.225+ 0.010 0230+ 0.006  0.345+0.030
25 0.228+ 0.007 0225+ 0.003  0.357+0.009
05 0.257+ 0.007 0258+ 0.007  0.428+0.012
Pea 1.0 0.251+ 0.003 0246+ 0.006  0.428+0.015
Past 15 0.236+ 0.001 0240+ 0.004  0.434+0.001
10 21 0.232+ 0.003 0236+ 0005  0.376+0.010
25 0.229+ 0.006 0236+ 0007  0.360+0.011
05 0.231+ 0.005 0245+ 0.006  0.369+ 0.020
Buckwhezt 1.0 0.225+ 0.005 0.232+0002  0.366%0.019
Kora 15 0.217+ 0.003 0.228+0005  0.363+0014
10 21 0.226+ 0.002 0222+ 0005  0.329+0.018
25 0.220+ 0.004 0227+ 0006  0.338+0.009
_ 05 0.252+ 0.005 0278+ 0.005  0.273+0.005
Lentils 1.0 0.241+ 0.001 0267+0.001  0.299+ 0.005
Tina 15 0.247+ 0.005 0281+ 0.005  0.302+0.001
8 21 0.250+ 0.001 0276+ 0001  0.338+0.009
25 0.250+ 0.001 0276+ 0001  0.344+0.005
05 0.223+ 0.007 0270+ 0013  0.354+0.005
S‘l’é’bea‘s 1.0 0.233+ 0.008 0.252+0010  0.347+0.016
Aldana 15 0.230+ 0.005 0241+ 0001  0.354+0.005
8 21 0.235+ 0.005 0230+ 0.005  0.366+0.001
25 0.247+ 0.005 0230+ 0.005  0.369+0.005
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Table 16.25. Mean values (+St. Dev.) of the friction coefficient u of selected food pavders against
stainless $ed and galvanized steel determined at the normal presaure of 0.5-2.5 kPa

Material,

. Normal stress Coefficient of friction u
moisture (kPa)
content (%) Stainless sed Galvanized steel
1 2 3 4
0.5 0.268+ 0.009 0.252+ 0.005
Flour 1.0 0.237+0.005 0.222+ 0.009
15 0.222+ 0.000 0.216+ 0.005
127 21 0.206+ 0.005 0.222+ 0.000
25 0.197+ 0.005 0.206+ 0.005
0.5 0.194+ 0.000 0.197+ 0.005
Coarse flour 1.0 0.197+ 0.005 0.194+ 0.009
15 0.188+ 0.005 0.176+ 0.000
134 21 0.185+ 0.000 0.179+ 0.005
25 0.194+ 0.000 0.170+ 0.005
0.5 0.259+ 0.009 0.293+ 0.005
Semolina 10 0.234+ 0.005 0.271+ 0.005
15 0.225+ 0.005 0.240+ 0.009
127 21 0.222+ 0.000 0.219+ 0.005
25 0.213+ 0.000 0.231+ 0.000
0.5 0.222+ 0.000 0.265+ 0.005
Whea groats 1.0 0.213+ 0.009 0.240+ 0.000
15 0.222+ 0.000 0.237+0.005
136 21 0.222+ 0.000 0.210+ 0.005
25 0.210+ 0.005 0.210+ 0.005
0.5 0.222+ 0.009 0.284+ 0.005
Peal barley groats 1.0 0.216+ 0.005 0.252+ 0.005
15 0.234+ 0.005 0.284+0.011
132 21 0.213+ 0.000 0.262+ 0.005
25 0.210+ 0.005 0.243+ 0.005
0.5 0.237+0.005 0.252+ 0.005
Oat med 1.0 0.203+ 0.009 0.234+ 0.005
15 0.206+ 0.005 0.219+ 0.005
110 21 0.194+ 0.000 0.206+ 0.005
25 0.197+ 0.005 0.200+ 0.005




Table 16.25. Cont.

1 2 3 4

0.5 0.303+ 0.005 0.364+ 0.000

Icing sugar 1.0 0.287+ 0.009 0.322+ 0.005
15 0.277+ 0.000 0.325+ 0.000

04 21 0.252+ 0.005 0.338+ 0.005
25 0.252+ 0.005 0.348+ 0.005

0.5 0.249+ 0.000 0.284+ 0.005

Table sugar 1.0 0.252+ 0.005 0.265+ 0.005
15 0.249+ 0.000 0.293+ 0.005

04 21 0.240+ 0.000 0.280+ 0.011
25 0.225+ 0.005 0.293+ 0.005

0.5 0.284+ 0.005 0.381+ 0.005

Potato starch 1.0 0.287+0.016 0.384+ 0.017
15 0.265+ 0.005 0.411+0.012

182 21 0.252+ 0.005 0.407+ 0.005
25 0.246+ 0.005 0.449+ 0.006

0.5 0.249+ 0.009 0.335+ 0.009

Powder milk 1.0 0.222+ 0.009 0.303+ 0.014
15 0.206+ 0.005 0.296+ 0.009

44 2.1 0.188+ 0.005 0.287+ 0.000
25 0.188+ 0.005 0.290+ 0.005

0.5 0.210+ 0.005 0.265+ 0.019

Granulated milk 1.0 0.194+ 0.000 0.228+ 0.005
15 0.185+ 0.000 0.216+ 0.053

7.9 21 0.167+ 0.000 0.200+ 0.005
25 0.158+ 0.000 0.185+ 0.000

0.5 0.246+ 0.005 0.280+ 0.005

Table salt 1.0 0.234+ 0.005 0.274+ 0.014
15 0.231+ 0.000 0.280+ 0.011

0.2 21 0.231+ 0.000 0.287+ 0.000
25 0.234+ 0.005 0.293+ 0.005

05 0.188+ 0.005 0.222+ 0.009

Corn med 1.0 0.200+ 0.005 0.222\0.009
15 0.194+ 0.009 0.240+ 0.000

117 2.1 0.194+ 0.000 0.213+ 0.000
25 0.191+ 0.005 0.216+ 0.005

05 0.213+ 0.000 0.213+ 0.000

Soybean med 1.0 0.194+ 0.000 0.194+ 0.000
15 0.182+ 0.005 0.182+ 0.005

8.5 2.1 0.158+ 0.000 0.158+ 0.000
25 0.161+ 0.005 0.161+ 0.005




16.5. Angle of internal friction, cohesion, flow index, and angle of repose

Table 16.26. Mean values (+St. Dev.) of the angle of interna friction ¢, the mhesion ¢ and the
angle of natural repose @ of cereal grain at the moisture cntent of 10-20%

Moisture Angle of internal Angle of natural

Materia content friction Cco(hlfg;))n repose
(%) ¢ (deg) P (deg)
10 257+0.3 09+£05 243+ 0.5
125 262+04 28+05 29.0+0.7
\évegf: 15 270+ 05 21+07 333+06
175 330+1.0 51+05 376+05
20 355+ 05 23+09 354+04
10 230+1.0 6.2+14 29.0+0.6
Rye 125 244+1.1 6.6+ 15 27.1+05
Amilo 15 251+05 47+07 314+0.2
175 284+ 1.2 32+14 299+0.3
20 280+1.0 7714 303+0.2
10 278+04 36+0.6 268+0.7
125 285+0.5 47+0.8 289+0.7
Barley
Rudrik 15 312+0.3 39+04 295+0.7
175 306+ 1.0 29+05 305+0.8
20 332v 05 55+0.7 321+0.8
10 26.7+0.6 34+09 235+04
comn 125 31L7+05 6.1+0.9 338+0.2
Mieszko 15 320+14 56+1.8 306+0.3
175 334+0.8 59+11 342+05
20 336+ 15 88+16 319+0.6
10 221+1.1 04+14 284+04
Osts 125 224+0.9 11+13 287+1.0
Borowiak 15 240+0.5 22+0.6 313+05
175 239+1.0 40+1.1 328+0.5
20 264+ 17 6.5+2.0 347+04
10 23.6+£0.7 57+10 299+04
Triticale 125 230+£1.2 94+16 284+£0.2
Fidelio 15 253+11 121+13 305+£01
175 288+ 1.2 107+ 15 354+£0.2

20 284+12 111+18 383+0.2
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Table 16.27. Mean values (+St. Dev.) of the angle of interna friction ¢, the mhesion ¢ and the
angle of natural repose @ of rape seeds variety Licosmos at the moisture content of 6-16%

Moisture  Angle of internal Cohes Angle of
Material content friction (?(kP:)n natural repose
(%) ¢ (deg) P (deg)
6 247+ 05 13+ 0.7 253+ 0.8
9 306+ 04 21+ 05 232+ 09
Rape seeds
. 12 317+ 0.7 75+ 0.9 255+ 0.9
Licosmos
14 348+ 0.7 7.7+ 0.9 245+ 0.9
16 332+ 09 125+ 1.2 291+ 0.7

Table 16.28 Mean values (+ St. Dev.) of the angle of internal friction ¢, the mhesion ¢ and the
angle of natural repose @ of selected seeds

Materia Pl e Copedon et repcce
(%0) ¢ (deg) P (deg)
Amaranth. Rawa 8 213+ 08 20+ 05 262+ 05
White mustard . Borowska 9 247+ 04 22+ 09 256+ 05
Pea. Piast 10 273+ 06 16+ 04 215+ 06
Buckwheet. Kora 10 220+ 08 16+ 07 282+ 05
Lentils.Tina 8 143+ 04 21+ 06 246+ 0.7

Soybeans. Aldana 8 301+ 09 18+ 10 325+ 05
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Table 16.29. Mean values (xSt. Dev.) of the dfedive ange of internal friction 9§, the angle of
internal friction ¢, the mhesion c, the flow index i and the angle of natural repose @ of seleded
food pavders determined at the mnsolidation presaure of 30-100kPa

o Effective A f
Material, Consolidation  angje of Angle;f _ Flow nr;gjfa(l)
moisture stress internal :Cn.ter.n Cohesion s repose
content (%) (kPa) friction riction c (kPa)
5(deg) ¢ (deg) D (deg)
1 2 3 4 5 6 7
Flotr 450 30 304+27 265+10 27+04 0.15
60 307+14 290+05 23+04 0.07 444507
127 80 318+28 308+10 18+11 0.04 e
. 100 310+50 304+18 1.3+25 0.02
Coarse 30 283+24 259+09 15+04 0.09
flour 60 276+18 261+07 20+06 006  400+0.7
80 279+15 271+06 15+0.6 0.03
134 100 268+21 255+08 28+12 0.05
Sernoling 30 341+44 313+11 20+11 0.10
60 330+30 320+07 15+09 0.04 330+ 16
127 80 339+17 337+01 0.6+0.7 0.01 R
: 100 333+35 328+08 13+17 0.02
Whea 30 289+21 258+0.6 1.9+03 0.11
60
groats 309+32 29911 13+04 0.04 334+ 13
80 208+26 276+08 39+11 0.08
136 100 302+07 278+02 52+04 0.08
Eaer?' 30 333+38 330+13 0.2+05 0.01
roaz 60 334+22 310+07 33+06 0.09 321414
g 80 207+31 266+11 59+14 011 LE L
132 100 315+33 290+17 105+05 0.10
et med 30 220+35 208+10 0.7+06 0.04
60 194+22 188+12 0.7+03 0.02 352411
110 80 215+23 198+09 27+11 0.06 o
. 100 214+25 192+09 28+15 0.05
lGinasy 30 342+36 310+07 54+05 0.12
g sugar 60 341+32 325+08 53409 006 oo
04 80 325+39 287+26 7.0+32 0.14 e
. 100 369+25 346+0.6 6.2+ 16 0.09
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Table 16.29. Cont.

1 2 3 4 5 6 7
30 331+75 278+21 36+11 0.09
Table sugar
60 340+79 315+19 36+23 0.09 259409
04 80 346+69 331+19 32+14 0.06 R
: 100 347+37 332+60 39+12 0.06
Potato starch 30 398+2 393+07 04+03 0.02
60 394+4 375+15 23+12 0.07 495+ 08
80 375+3 352+10 55+11 0.10 R
182
100 350+ 2 358+08 49+11 0.08
. 30 355+ 3 342+11 07+05 0.05
Powder milk
60 358+6 346+34 16+03 0.06 411408
80 358+1 326+02 62+03 0.12 e
4.4
100 376+4 357+14 49+19 0.11
Granulated 30 408+45 378+15 22+04 0.11
milk 60 380+22 327+06 7.4+06 0.20
362+ 1.0
80 37.2+67 315+22 119+25 0.21
7.9 100 350+3 308+06 100+09 0.16
30 + + +
Table salt 344+71 330+17 09+03 0.05
60 329+35 319+09 15+10 0.04
274+ 0.6
02 80 350+35 339+09 22x14 0.04
: 100 333+32 326+08 16+15 0.03
30 336+39 277+19 41+10 0.10
Corn med
60 318+88 299+23 26+25 0.07 306+ 10
80 333+32 321+08 23+12 0.04 o
117
100 334+07 312+03 53+07 0.08
Soybean 30 366+28 324+06 29+04 0.15
med 60 339+44 316+11 34%12 0.09
41.7+07
80 348+38 337+09 22+14 0.04
85 100 338+14 313+04 62+07 0.10
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Table 16.30. Mean values (=St. Dev.) of the pressure ratio ks and k, and the angle of internal friction ¢
of cered grain at the moisture @mntent of 10-20%

Moisture

Angle of interna

Material cortent (%) ks kp=110-89)  fiction ¢ (deg)
10 0.44% 0,02 0.62+ 0,01 257+03
125 0.38+0.01 0.61+0.01 262+ 04
Whea
B 15 0.34+ 0,02 0.60+ 0.01 270+ 05
4 175 0.31+ 0,02 050+ 0.02 330+10
20 0.35+ 0,01 046+ 0.01 355+05
10 052+ 0.01 0.67+0.02 230+ 1.0
Rye 125 0.51+ 0.04 0.64+ 0.02 244+ 11
" 15 0.47+0.06 0.63+ 0.02 251+ 05
Ami 175 0.37+0.04 0.58+ 0.02 284+ 12
20 0.32+0.05 0.58+ 0.02 280+ 1.0
10 0.45+ 0.02 0.59+ 0.01 278+ 04
serley 125 047+ 003 0.57+0.01 285+ 05
Y 15 043+ 0,02 0.53+ 0,01 312+03
Ru 175 045+ 0,03 0.54+ 0,02 306+ 1.0
20 0.39+0.03 050+ 0.01 332+05
10 048+ 0.04 0.60+ 0.01 267+ 06
o 125 040+ 0.03 0.52+0.01 317+05
: 15 0.36+ 0.05 0.51+0.02 320+ 14
Mieszko
175 0.34+0.03 0.50+ 0.02 334+08
20 0.30+0.05 049+ 0.03 336+ 15
10 049+ 0.03 0.68+ 0.02 221+11
125 0.44+ 0,04 0.68+ 0.02 224+09
oas 15 045+ 0,03 0.65+ 0.01 240+ 05
Borowiak
175 040+ 0.03 0.65+ 0.02 239+ 1.0
20 041+ 0.06 0.61+0.03 264+ 17
10 049+ 0.03 0.66+ 0.02 236+ 0.7
Triticale 125 0.51+0.03 0.67+0.02 230+ 1.2
Fidelio 15 0.52+ 0.04 0.63+ 0.02 253+ 1.1
175 0.39+0.03 0.57+0.02 288+ 1.2
20 0.38+ 0.06 0.58+ 0.02 284+ 12
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Table 16.31. Mean values (+St. Dev.) of the pressure ratio ks and k, and the angle of internal friction
¢ of rape seeds variety Licosmos at the moisture content of 6-15%

. Moisture . Ang!e Qf int.
Material content (%) Ks k,= 1.1(1-sing) friction
¢ (deg)
6 0.46+0.02 0.64+0.02 247+05
Rape seeds 9 0.28+0.04 0.54+0.01 306+04
Licosmos 12 0.27+0.02 0.52+0.01 31707
15 0.24+0.02 047+0.01 348+0.7

Table 16.32. Mean values (+St. Dev.) of the presaure ratio ks and k, and the angle of internal
friction ¢ of selected seeds

_ Moisture . Ang!e_of int.
Material content (%) Ks k,= 1.1(1-sin¢) friction
¢ (deg)
Amaranth. Rawa 8 0.62+ 0.02 0.70+ 0.02 213+0.8
White mustard.
Borowska 9 0.43+0.01 0.64+0.01 247+04
Pea Piast 10 0.53+0.01 0.59+0.01 273+0.6
Buckwhea. Kora 10 0.59+0.02 0.68+0.02 220+038
Lentils. Tina 8 0.56+0.01 0.82+ 0.02 143+04
Soybeans. Aldana 8 0.37+0.02 0.55+0.01 301+09

Table 16.33. Mean values (+St. Dev.) of the presaure ratio ks and k, and the angle of internal
friction ¢ of selected food pavders

. Moisture . Anglg of int.
Material cortent (%) ks k,= 1.1(1-sing) friction
¢ (deg)

Flour 127 0.26+ 0.01 0.56+ 0.02 292+10
Coarse flour 134 0.37+0.02 0.62+0.02 261+038
Semolina 127 0.38+0.02 0.51+0.02 324+10
Whed groats 136 0.37+0.02 0.59+0.02 278+10
Peal barley groats 132 0.36+ 0.02 0.55+0.02 300+1.0
Oat med 110 0.40+0.01 0.72+0.02 200+1.0
Icing sugar 0.4 0.31+0.02 0.52+0.02 317+10
Table sugar 0.4 0.47+0.02 0.53+0.04 314+20
Potato starch 182 0.47+0.02 0.44+0.02 37.0+10
Powder milk 44 0.40+ 0.02 0.48+ 0.03 343+15
Granulated milk 7.9 0.34+0.02 0.50+ 0.03 332+15
Table salt 0.2 0.31+0.01 0.50+ 0.03 328+15
Corn med 117 0.45+0.02 0.55+0.02 302+11

Soybean med 85 0.53+0.02 0.51+0.03 322+16




14:

16.7. Modulus of elasticity and Poison’sratio

Table 16.34. Mean values (+St. Dev.) of the dasticity moduus E and the Poisson’'sratio v of cerea
grain at the moisture mntent of 10-20%

. Moisture Moduus of elasticity . .
Material ,
content (%) E(MPa) Poison'sratio v
10 224+ 46 0.22+0.01
Whest 125 222+4.4 0.18+0.02
15 193+25 0.20+0.03
Begra
175 172+ 36 0.20+0.01
20 111+11 0.19+0.01
10 236+23 0.19+0.01
Rve 125 209+1.2 0.20+0.01
ye 15 202+19 0.21+ 001
Amilo
175 200+ 1.8 0.21+0.01
20 151+ 15 0.21+0.01
10 142+ 16 0.19+0.01
Barl 125 140+ 18 0.16+0.01
ey 15 138+ 1.1 0.15+0.01
Rudnik
175 123+0.8 0.17+0.01
20 104+24 0.19+0.01
10 262+3.2 0.20+0.01
125 193+27 0.20+0.01
Corn
. 15 159+09 0.20+0.02
Mieszko
175 155+ 2.6 0.19+0.02
20 123+14 0.20+0.02
10 17.8+28 0.18+0.01
125 16.0+ 3.2 0.20+0.01
Oats
. 15 132+31 0.17+0.01
Borowiak
175 107+24 0.17+0.01
20 104+19 0.15+0.01
10 204+26 0.20+0.02
Triticale 125 185+ 16 0.22+0.01
- 15 184+ 14 0.20+0.01
Fidelio
175 147+ 18 0.21+0.03

20 9.2+0.9 0.21+0.01




144

Table 16.35. Mean values (+ St. Dev.) of the dasticity moduus E and the Poison'sratio v of rape
seeds variety Licosmos at the moisture wntent of 6-16%

. i Moduus of elasticit
Material cc,:/ln?;lttu(:)?o) E(MPa) y Poison'sratio v
6 9.0+ 0.6 0.24+0.03
Rape seeds 9 87+0.8 0.17+0.02
Licosmos 12 7.1+£0.6 0.16£0.01
16 6.6+ 0.9 0.10+0.01

Table 16.36. Mean values (+ St. Dev.) of the dasticity moduus E and the Poisson’s ratio v of seleded
sedls

Material Cg"nf;“(ﬂ;) MOdquS(K; ga?stluty Poison'sratio v
Amaranth. Rawa 8 308+1.8 0.27+0.02
White mustard. Borowska 9 131+05 0.24+0.01
Pea Piast 10 168+21 0.26+0.03
Buckwhea. Kora 10 206+23 0.20+ 0.02
Lentils.Tina 8 16.3+0.7 0.24+0.01
Soybeans. Aldana 8 326+14 0.15+0.02

Table 16.37. Mean values (+St. Dev.) of the dagticity modulus E and the Poison's ratio v of sdected
food pavders

Material Cgﬂrfejrs]ttu(roz) MOdu;J_:S(ijl slaz;stluty Poison' sratio v
Flour 127 185+ 0.7 0.16+0.01
Coarse flour 134 165+15 0.19+0.02
Semolina 127 153+ 05 0.20+0.01
Whea groats 136 189+ 0.5 0.21+0.01
Peal barley groats 132 149+12 0.23+0.03
Oat med 110 77+12 0.23+0.01
Icing sugar 0.4 282+48 0.20+0.01
Table sugar 0.4 308+16 0.21+0.01
Potato starch 182 217+£13 0.24+0.01
Powder milk 4.4 221+11 0.18+0.01
Granulated milk 7.9 184+0.8 0.17+0.01
Table salt 0.2 319+23 0.23+0.04
Corn med 117 121+11 0.21+0.01

Soybean med 8.5 100+ 21 0.26+0.02
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