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Abstract

The United States grain handling infrastructura@ng major challenges to meet
worldwide customer demands for wholesome, quadity] safe grains and oilseeds for food and
feed. Several challenges are maintaining grainitguduring handling; reducing dust emissions
for safety and health issues; growing shift frormotodity-based to specialty (trait-specific)
markets; proliferation of genetically modified ceofor food, feed, fuel, pharmaceutical, and
industrial uses; and threats from biological andnsital attacks. This study was conducted to
characterize the quality of grain and feed duringket elevator handling to meet customer
demand for high quality and safe products. Speotfiectives were to (1) determine the effect of
repeated handling on the quality of feed pellets @rn; (2) characterize the dust generated
during corn and wheat handling; (3) develop anduata particle models for simulating the flow
of grain during elevator handling; and (4) accugasémulate grain commingling in elevator
boots with discrete element method (DEM).

Experiments were conducted at the research eleghtbe USDA-ARS Center for Grain
and Animal Health Research (CGAHR) to determinectifiect of repeated handling on the
quality of corn-based feed pellets and corn. Regaelhandling did not significantly influence
the durability indices of feed pellets and corne Teed pellets, however, had significantly
greater breakage (3.83% per transfer) than the (€0882% per transfer). The mass of
particulate matter < 12&om was less for feed pellets than for corn. These-based feed pellets
can be an alternative to corn in view of their Hangdcharacteristics.

Another series of experiments was conducted irsémee elevator to characterize the dust
generated during corn and wheat handling. Dust ksweere collected from the lower and
upper ducts upstream of the cyclones in the elevai@ndling corn produced more than twice as
much total dust than handling wheat (185 g/t vs6 @t). Analysis of dust samples with a laser
diffraction analyzer showed that the corn sampteslyced smaller dust particles, and a greater
proportion of small particles, than the wheat saspl

Published data on material and interaction propeui selected grains and oilseeds that
are relevant to DEM modeling were reviewed. Ushese material and interaction properties

and soybeans as the test material, the DEM fundiisemere validated by modeling the flow of



soybean during handling with a commercial softwaaekage (EDEM). Soybean kernels were
simulated with single- and multi-sphere particlas. A single-sphere particle model best
simulated soybean kernels in the bulk propertystédte best particle model had a particle
coefficient of restitution of 0.6; particle stafraction of 0.45 for soybean-soybean contact (0.30
for soybean-steel interaction); particle rollingfion of 0.05; normal particle size distribution
with standard deviation factor of 0.4; and partgtear modulus of 1.04 MPa.

The single-sphere particle model for soybeans maéemented in EDEM to simulate
grain commingling in a pilot-scale bucket elevdioot using 3D and quasi-2D models. Pilot-
scale boot experiments of soybean commingling \weréormed to validate these models.
Commingling was initially simulated with a full 3model. Of the four quasi-2D boot models
with reduced control volumes (4d, 5d, 6d, and #&l; control volume widths from 4 to 7 times
the mean patrticle diameter) considered, the quagea) model predictions best matched those
of the initial 3D model. Introduction of realistitbration motion during the onset of clear
soybeans improved the prediction capability ofdhasi-2D (6d) model.

The physics of the model was refined by accourftinghe initial surge of particles and
reducing the gap between the bucket cups and thiewadl. Inclusion of the particle surge flow
and reduced gap gave the best predictions of cogiimgnof all the tested models. This study
showed that grain commingling in a bucket elevatmt system can be simulated in 3D and
quasi-2D DEM models and gave results that geneagifged with experimental data. The quasi-
2D (6d) models reduced simulation run time by 2%¥mpared to the 3D model. Results of this
study will be used to accurately predict impurigyéls and improve grain handling, which can
help farmers and grain handlers reduce costs dtnamgport and export of grains and make the

U.S. grain more competitive in the world market.
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CHAPTER 1 - INTRODUCTION

1.1 Background

The United States (U.S.) agricultural infrastruetis one of the most efficient and
productive systems in the world. It allows Amerisda spend less than 11% of their disposable
income on food, which is considerably less thanglbbal average of 20 to 30% (Cupp et al.,
2004). It also allows the U.S. to play a major riol¢he global agricultural market. The
agricultural sector alone accounts for 13% of tineent Gross Domestic Product (GDP) (Cupp
et al., 2004; Allan and Leitner, 2006). In 200& #yriculture sector generated $115 billion in
exports (USDA ERS, 2009).

The U.S. grain handling infrastructure, howevefatng a major challenge to meet
worldwide customer demands for wholesome, quadityl safe grains and oilseeds for food and
feed. Maintaining grain quality and reducing destissions for safety and health issues are
familiar concerns during handling, especially iaigrelevators. Grain quality traits can be
described in terms of physical, sanitary, andmsid quality characteristics (Maier, 1995).
Physical quality traits include moisture conteasttweight, kernel size, total damaged kernels,
heat damage, broken kernels, stress cracking, radtdige susceptibility. Sanitary
characteristics include fungi and mycotoxins courgects and insect fragments, rodent
excrements, foreign material, toxic seeds, pestididue, odor, and dust. Intrinsic grain
quality characteristics include milling yield, @ibntent, protein content, hardness, density, starch
content, feed value, viability, and storabilityafisporting grain and feed from the farm to the
end user through the grain handling systems cautatieir quality, particularly their physical
quality. Dust generated during transport and hagdilso poses safety and health hazards.

Challenges continue to increase with the growinfy 5bm commodity-based to
specialty (trait-specific) markets; proliferatiohgenetically modified (GM) crops for food, feed,
fuel, pharmaceutical, and industrial uses; andatisreEom biological and chemical attacks.
Specialty markets target specific needs of endsus@r corn, value-adding traits leading to
differentiated product marketing are waxy, nutriadly dense, and high oil. For each trait there
can be multiple components such as increased prietetls, altered level of amino acids, and

high oil content (Boland et al., 1999). High protebntent is preferred by livestock feeders,



while high oil and starch contents are desireddoy evet millers. Processors, on the other hand,
want high protein, low linolenic acid, and highasie acid contents in soybeans (Hurburgh,
1997).

In 2008, the global area planted to GM or biote@ps has increased to 125 million
hectares and amounted to $7.5 billion (James, 26Uy percent of this crop area is located in
the U.S. The GM crops planted are not only for {dedd, and fuel, but also include those for
pharmaceutical and industrial purposes (Maier, 2002

Intentional threats to grain purity through intretlan of contaminants are also a major
concern in grain handling. Grain elevator and gferfacilities are among post-harvest sites that
are critical nodes for assessment because of \aliitiéy to terrorist attack with biological (US

FDA, 2006) or chemical weapons.

1.2 Effect of Handling on Quality and Dust Generatn of Grain and Feed

Repeated handling of grain and feed products ielewator affects their physical quality,
including breakage. Martin and Stephens (1977)ateplty transferred corn alternately between
two bins in the USDA-ARS, Center for Grain and Aairilealth Research (CGAHR), formerly
Grain Marketing and Production Research Center (BMPresearch elevator at Manhattan,
Kansas. Percentage of breakage of corn kernelsased linearly during the repeated-handling
tests. Converse and Eckhoff (1989) observed inessiasbroken corn and fine materials during
repeated handling of corn, depending on drying txatpres. Baker et al. (1986) found that
breakage susceptibility of shelled corn increasguificantly during handling in pneumatic
conveying systems. Foster and Holman (1973) ndizidftee-fall height, impact surface, and
corn moisture content and temperature were invoivedrn breakage during commercial
handling. Aarseth (2004) studied the susceptibdftfeed pellets for livestock to attrition during
pneumatic conveying.

Corn-based feed pellets can be an alternativedlteshcorn. Pelleting of feed is
important for improved efficiency in animal feediagd for convenience in feed handling.
Research has shown that animals fed with goodtgymeilets have better growth performance
and feed conversion than those fed with mash, vegrpellets, or pellets with more fines
(Jensen et al., 1962; Jensen and Becker, 196%; Keal., 1981; Brewer et al., 1989; Zatari et



al., 1990). Repeated handling data for feed pelhets elevator will be valuable for feed
handlers in evaluating and improving their feeddtiaig and transportation procedures.

Moreover, handling of grain generates dust, whenh loe a safety and health hazard as
well as an air pollutant. Grain dust is composedpygroximately 70% organic matter, which
may include particles of grain kernels, sporesnafits and molds, insect debris (fragments),
pollens, and field dust (US EPA, 2003). Due to loglanic content and a substantial
suspendible fraction, concentrations of grain dibstve the minimum explosive concentration
(MEC) pose an explosion hazard (US EPA, 2003). iBluét MEC values ranged from 45 to 150
g-m? (Jacobsen et al., 1961; Palmer, 1973; Noyes, 1998)

In addition to being a safety hazard to grain di@vevorkers, grain dust is also a health
hazard (NIOSH, 1983). Prolonged exposure to grast dan cause respiratory symptoms in
grain-handling workers and in some cases affeck&rst performance and sense of well-being.
The American Conference of Governmental IndusHiadienists (ACGIH, 1997) has defined
three particulate mass fractions in relation tepbtal health effects: (1) inhalable fraction
(particulate matter (PM) with a median cut pointoalynamic diameter of 10@m that enters the
airways region), (2) thoracic fraction (PM with &dman cut point aerodynamic diameter of 10
um that deposits in the tracheobronchial regions}, (&) respirable fraction (PM with a median
cut point aerodynamic diameter ofith that enters in the gas-exchange regions), hezérred
to as PM-4. The U.S. EPA (2007), on the other heagljlates PM-2.5 or fine PM (i.e., PM with
equivalent aerodynamic diameter of gré or less) and PM-10 (i.e., PM with equivalent
aerodynamic diameter of 10n or less).

Several studies have determined the amount ofethagted from external and process
emission sources in grain elevators and measumgidlpaize distributions (PSD) for dust
collected from grain elevators. Martin and Lai (897eported values of 0.080%, 0.037%, and
0.028% for dust < 12hm generated per transfer for corn, sorghum, andatyinespectively,
with a similar handling system. Converse and Eck{i#89) found that the total dust emission
per transfer varied from 0.084% to 0.21% of thaltotass with the greater emission associated
with corn dried at higher temperatures. Parnedll ef1986) reported mass median diameters
(geometric standard deviation) of grain dust < t60for corn and wheat of 13@n (1.80) and
13.4um (2.08), respectively. Martin and Lai (1978) cisagerage mass median diameters of

residual dust (that sticks to grain) of 13 andutdfor wheat and sorghum, respectively.



However, data on the PSD of dust generated duraig andling in a bucket-elevator
system and the fraction that might be health hazare limited (Wallace, 2000). Published
studies either did not consider the PSD (Martin &ader, 1976) or were limited to dust <100
um, the most explosive fraction (Parnell et al.,@98 hus, limited data exist on the complete
range of particle sizes generated during bucketébde handling even though this system is the

primary grain and feed handling system used inli&

1.3 Impact of Undesirable Grain Commingling DuringCommercial Handling

Aside from improving the physical quality of graand feed and reducing dust emissions
during elevator handling, maintaining safety andtgwf the grain is also important. Identity
preservation programs are aimed at maintainingémetic and physical purity of the grain.
Segregation of grain with specific traits has bieeneasing in the grain industry in recent years
and is anticipated to continue growing. Introductad genetically modified (also called
transgenic or biotech) crops into the U.S. graindiiag system has shown that the infrastructure
is often unable to preserve the identity of spégigitains that enter the system to the desired
level of purity (Ingles et al., 2006). For examptee Aventis’ Starlink™ incident (Bucchini and
Goldman, 2002) resulted in a massive, tedious eapénsive sampling and buyback program to
gradually remove this corn from the grain systefnother example is the case of Monsanto’s
GT200-containing canola seed, which contained teprmot approved for any end use that
found its way into the grain production system (Kain and Carroll, 2002).

Grain commingling, an unintentional introductionaolifferent grain type during typical
handling operations, directly reduces the leveduwrity maintained in grain that enters an
elevator facility. There are three approaches dloressing commingling during grain handling.
The traditional approach is to largely ignore comgting. This approach, however, is not useful
for identity-preserved (IP) grain handling or fexgsegation of specialty grains. The second
approach involves attempting to eliminate all poisisy of grain commingling by containerizing
the IP grain or handling it only in dedicated faigk. Effective, but expensive, programs have
been developed using the second approach. Anired) #®ybeans, corn, wheat, barley,
sorghum, oats, and pulses are examples of protactg exported in IP containers to other
countries (Vachal and Reichert, 2003; Reichert\éachal, 2003). The customers’ preferences
for specific variety (e.g., non-biotech or orgagiain) and quality attributes (e.g., high protein)



have increased the demand for IP containerizaBoengice, 1998). A third approach is to
segregate or handle the IP grain in non-dedicateititfes. Due to limited scientific data on grain
commingling in normal handling operations, it ig narrently possible to predict the level of
purity that could be achieved with the third, legpensive approach.

In addition to unintentional and natural threatgtain purity, intentional introduction of
contaminants is also possible. The Strategic Patie Program Agroterrorism (SPPA)
Initiative, a joint effort of various federal agees to help secure the nation’s food supply, listed
corn farms, grain elevator and storage facilitggajn export facilities, rice mills, and soybean
farms as five of the 14 pre- and post-harvest #itasare critical nodes for assessment because
of vulnerability to terrorist attack with biologicaeapons (US FDA, 2006). As with
unintentional commingling, current lack of dataa@mmingling during grain handling makes it
difficult to predict the levels of intentionallyttmduced contaminants that would propagate
through the grain handling system. Because fullestessts of contaminant mixing in the grain
handling system are unrealistic, the inability take useful predictions seriously hampers any
efforts to conduct a scientific study of the fate&eontaminants introduced into the system.
Obtaining sufficient field data would require numgs resource-intensive experiments in grain
elevators. A validated mechanistic model for prédgcgrain commingling in various types of
elevator equipment will be valuable for extendihg knowledge of grain commingling beyond
the few current experimental studies.

Continuum models, kinetic theory-based models,discrete element models (DEM)
(Wightman et al., 1998) have potential to simutgin commingling in elevators. Due to the
need to track individual particles, DEM is a proweay to simulate discrete objects like grain
kernels and to predict the movement and comminglingrains in bucket-elevator equipment.

DEM is an explicit numerical scheme in which pdetimteraction is monitored contact
by contact, and the particle motion is modeledigarby particle. First introduced by Cundall
(1971) and Cundall and Strack (1979) to modelawd rock mechanics, this method has been
successfully applied to modeling of similar pro@sssuch as particle mixing in a rotating
cylinder (Wightman et al., 1998); three-dimensiomalrizontal- and vertical-type screw
conveyors (Shimizu and Cundall, 2001); and fillangd discharge of a plane rectangular silo
(Masson and Martinez, 2000).



In DEM modeling, particle interaction is treatedsadynamic process, which assumes
that equilibrium states develop whenever interoedds in the system balance (Theuerkauf et al.,
2007). Contact forces and displacement of a stigsaeicle assembly are found by tracking the
motion of individual particles. Motion results froaisturbances that propagate through the
assembly. Mechanical behavior of the system isrde=st by motion of each particle and force
and moment acting at each contact.

Newton'’s law of motion gives the relationship beséwearticle motion and the forces
acting on each particle, and particles are assumederact only at contact points. Thus, their
motion is independent of the other particles. Tdfesphere approach commonly used in DEM
models allows the particles to overlap each otfigmg realistic contact areas. Overlaps,
however, are assumed to be small in relation tbgbasize. Force-displacement laws at the
contacts can be represented by a Hertz-Mindlinlipoesntact model (Mindlin, 1949; Mindlin
and Deresiewicz, 1953; Tsuiji et al., 1992; Di Rearnd Di Maio, 2004, 2005). Normal and
tangential forces, velocities, and related parammetee described by appropriate equations from
the mechanics of particles (Tsuji et al., 1992; DEMutions, 2009; Remy et al., 2009).

With demand for high-quality grain and feed, reskdo ensure safety and purity of the
grain and minimize dust emissions during elevatordiing is vital. Repeated handling data on
quality and durability of corn-based alternativedeellets compared with data for shelled corn
is valuable to improve feed handling and transpiargorocedures. A dust study to fill the gap
where no complete PSD is available for wheat amd dasts and provide more specific data,
particularly on small particle sizes, is needed.afidated mechanistic model to accurately
predict grain commingling in grain elevators is wngant for extending the knowledge of grain

commingling beyond the few current experimentatissi.

1.4 Research Objectives
The overall objective of this research was to ctiar&ze the quality of grain and feed
during handling in a bucket elevator in terms ofadhility, purity, and safety to improve
transportation and handling practices for grain f&ed handlers. Specific objectives were to
(1) determine the effects of repeated handlinghenquality of feed pellets and shelled
corn;

(2) characterize the dust generated during cornndreht handling;



(3) develop and evaluate particle models for satiod) the flow of grain during elevator

handling; and

(4) accurately simulate grain commingling in buoddevator boot systems with discrete

element method (DEM).

Findings from this research are useful to feedgmadh handlers and grain elevator
operators for evaluating and improving their hamglltransportation, and sanitation procedures
in order to reduce their safety and health hazandisair pollution problems. In addition, results
of this research will be used for grain comminglguguulation of major crops to accurately
predict impurity levels in the grain handling syatevhich can help farmers and grain handlers
reduce costs during transport and export of grantsmake the U.S. grain more competitive in

the world market.

1.5 Organization of the Dissertation

This dissertation has seven chapters and an Appseedtion. Chapter 1 presents the
significance and objectives of the research. Cdpie an overview of existing literature related
to the research topic and is divided into two méypics regarding (1) handling quality related to
damage, breakage, and dust generated during aldaatdling of grain and feed; and (2)
handling quality related to purity and commingliagd its simulation modeling. The first
section discusses literature as it relates to @nsy® and 4 of this research. The second section is
about previous studies related to Chapters 5 asfdts dissertation. Chapter 3 summarizes
results of the study on the effect of repeated lagadn the quality of corn-based feed pellets
and shelled corn. Chapter 4 characterizes sizehiison, size fraction, and dust generated
during handling of shelled corn and wheat. Chapteiscusses physical properties relevant to
modeling different grains and oilseeds, and presantappropriate particle model for soybeans
in DEM. Chapter 6 presents three-dimensional aragiguwvo-dimensional DEM models of grain
commingling in a pilot-scale bucket elevator bogttem. Chapter 7 provides a summary of
conclusions and recommendations for additionalarese The Appendices contain supporting

data and figures of experiments.
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CHAPTER 2 - REVIEW OF LITERATURE

2.1 Effect of Handling on Quality and Dust Generatn in Grain and Feed

2.1.1 Handling of Grain

Repeated handling in an elevator affects qualitgrains. Previous studies have been
conducted on the durability of corn during handliBgker et al. (1986) found that breakage
susceptibility of shelled corn increased signifibaduring handling in pneumatic conveying
systems with approximately 100-mm-diameter pipetd evolved total lengths of 31 to 60 m,
with two to four 90-degree elbows with a 1.22-miuadf curvature.

Foster and Holman (1973) studied physical damageakiage) to corn, wheat, soybeans,
and dry edible peas by commercial handling meth@dsamercial handling methods included in
their study were dropping products by free falingliating bin filling), dropping products
through a spout (simulating railcar filling), graimowing (simulating the loading of barges and
ship holds), and handling products in a bucketatl@v Variables involved in corn breakage
caused by commercial handling were free-fall heighpact surface, and corn moisture content,
and temperature. Corn dropped from a height of Xdhta corn in the commercial handling
study caused 4.3% breakage with 12.6% moisturesobat -3.8°C, and 0.25% breakage with
15.2% moisture content at -5.0°C. Breakage of bammdled decreased at higher grain
temperatures.

Data on repeated handling of shelled corn in thBAKARS-CGAHR research elevator
at Manhattan, Kansas, have been reported. MartrSéephens (1977) repeatedly transferred
corn alternately between two bins. Percentage ediage of corn kernels increased linearly
during the repeated handling tests. They obseruegkhge within the range reported by Foster
and Holman (1973). The corn had an average fréeffdb m in the two bins. It had a moisture
content of about 13% and a temperature of 11°Comstant increase in breakage during 20
repeated transfers was also observed similar tolikervations of Foster and Holman (1973).

Converse and Eckhoff (1989) observed linear in@easbroken corn and fine materials
during repeated handling of six lots of corn thad lheen subjected to different drying

treatments. Rates of increase were generally higiheorn dried at higher temperatures.
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Fiscus et al. (1971) found that corn had the highesakage during various handling
techniques compared with wheat and soybeans beo#tlse structurally weak kernel of corn
that fragmentized into random particle sizes dutirgbreakage process. Wheat, on the other
hand, had the lowest breakage and generated diistraall kernel particles mainly by abrasion.

2.1.2 Handling of Feed

Studies on feed pellets showed the effect of hagdin the quality of the pellets. Aarseth
(2004) studied the susceptibility of feed pell@tslivestock to attrition during pneumatic
conveying. He investigated the effects of air viéilgdend radius, and number of repeated
impacts for three commercially available feeds f08-mm-diameter pipeline. The three
commercial feeds were produced by Felleskjgpet (@amlorway). Feeds 'Formel Favgr 30
(FF30) and 'Formel Elite' (FE) had pellet diametdr§ mm and were formulated for ruminants,
whereas, 'Kombi Norm' (KN) had a smaller pelleinakgger (3 mm) that was formulated for pigs.
The author found that particle attrition differegktlveen feeds, but product damage increased
exponentially with conveying air velocity. Shortadius bends caused more product damage
than bends of longer radius for all conveying &iloeities.

Aarseth (2004) used Weibull analysis to assesguhsty of the three commercial pellets
mentioned earlier. This analysis incorporates tna&ctnechanics with statistics in order to
describe the strength of brittle materials. Brittlaterials show high scatter in strength due to
variations in crack or flaw sizes, called Griffithacks. Weibull analysis considers a relationship
between the scatter in fracture strength and treedistribution of Griffith cracks. Aarseth and
Prestlgkken (2003) also demonstrated that Weilmallysis can be applied to feed pellets for

ruminants and swine.

2.1.3 Importance of Feed Pelleting

Pelleting of animal feed is important for improvefficiency in animal feeding and for
convenience in feed handling. Research has shoatratiimals fed with good quality pellets
have better growth performance and feed convetbamthose fed with mash, reground pellets,
or pellets with more fines (Jensen et al., 1968sde and Becker, 1965; Kertz et al., 1981;
Brewer et al., 1989; Zatari et al., 1990).

Zatari et al. (1990) indicated that broilers feda®hole pellets and 25% broken pellets
had better feed efficiency and higher body weighantthose fed 25% whole and 75% broken.
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Amornthewaphat et al. (1999) found a linear de@e@a=fficiency of growth of finishing pigs as
the percentage of broken pellets was increased ®3n(7% greater gain/feed ratio than meal
control) to 50% (2% greater gain/feed ratio tharaheentrol).

Dozier (2001) reported that minimum acceptableg®®urability Index (PDI) values
differed for different meat birds: 96% for duck€28 for turkeys, and 80% for broilers.
Hanrahan (1984) reported no difference in finishprgyperformance between pigs restrictedly
fed pellets with PDI of 69% or 62%.

Behnke (1994) indicated that the observed improvesi@ animal performance have
been attributed to decreased feed wastage, redetective feeding, decreased ingredient
segregation, less time and energy expended forgeatestruction of pathogens, thermal
modification of starch and protein, and improvethfability. A significant part of the
improvement is related to the quality of the pel@bod quality pellets are needed to withstand
repeated handling processes and reduce the formatitnes by mechanical action during
transport.

The quality of the pellets may be described byrterability and resistance to attrition
and/or breakage during handling. Gustafson (19B8kiied the forces acting on the pellets as
impact, compression, and shear. Impact forcesestiag pellet surface and any natural cleavage
planes in the pellet. Compression forces cruslpétiet and also cause failure along cleavage

planes. Shear forces cause abrasion of the eddesigace of the pellet.

2.1.4 Pellet Durability Measurement

Several laboratory methods have been developedésumne the durability of pellets. The
tumbling box, which is popular in North America (W@wiski, 1998) and is the basis for ASAE
Standard S269./AGAE Standard<003), uses 500 g of prescreened pellets placadox that
revolves for 10 min at 50 rpm (Young, 1962).

The Holmen durability tester is the most commonhoétin Europe because it simulates
the pneumatic conveyors in European feed mills @iski, 1998). In this method, a sample
size of 100 g of pellets is transported througtesuvith high-velocity air for 30 to 120 s,
simulating the handling process. Pellets are stdyjeto impact and shear forces. Fracture occurs

when pellets strike the right-angle corners oftdster.
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The Lignotester uses a sample of 100 g of pelledstdows them around a perforated
chamber for 30 s (Winowiski, 1998). Pellets comeaituhe end of the cycle because the fines
are removed as they are generated.

The DURAL tester, which was developed for hardltfpellets, subjects 100 g of
pellets to impact and shear forces for 30 s at XpA0(Larsen et al., 1996; Sokhansanj and
Crerar, 1999; Adapa et al., 2004). In all of thexadmentioned methods, PDI was calculated as
the percentage of the mass of remaining whole tsedliéer the PDI test over the total mass of
whole pellets before the test.

2.1.5 Grain Dust: Health and Safety Hazard and A®ollutant

Handling of grain generates dust, which can bdetysand health hazard as well as an
air pollutant. Grain dust is composed of approxegha?0% organic matter, which may include
particles of grain kernels, spores of smuts andisjahsect debris (fragments), pollens, and field
dust (US EPA, 2003).

Concentrations of grain dust above the minimumasipge concentration (MEC) pose an
explosion hazard (US EPA, 2003) due to the higlaigcontent and a substantial suspendible
fraction. Published MEC values ranged from 45 t6 &n° (Jacobsen et al., 1961; Palmer,
1973; Noyes, 1998).

Moreover, grain dust is not only a safety hazardatap a health hazard (NIOSH, 1983).
Prolonged exposure to grain dust can cause regpirggmptoms in grain-handling workers and
in some cases affect workers’ performance and sensell-being. The American Conference
of Governmental Industrial Hygienists (ACGIH, 19%8s defined three particulate mass
fractions in relation to potential health effedts) inhalable fraction (PM with a median cut point
aerodynamic diameter of 1Q@n that enters the airways region), (2) thoracictfea (PM with a
median cut point aerodynamic diameter ofub®that deposits in the tracheobronchial regions),
and (3) respirable fraction (PM with a median coinpaerodynamic diameter ofidn that
enters in the gas-exchange regions), herein reféoras PM-4.

The US EPA (2007), on the other hand, regulates2®8ver fine PM (i.e., PM with
equivalent aerodynamic diameter of gré or less) and PM-10 (i.e., PM with equivalent
aerodynamic diameter of 10n or less). PM-2.5 has been linked to serious heatiblems

ranging from increased symptoms to premature dagikople with lung and heart disease (US
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EPA, 2007). PM-2.5, PM-4, and PM-10 are more damggem terms of grain dust explosions
because MEC generally decreases with decreasitigleaizes and increasing surface area
(Garrett et al., 1982).

2.1.6 Grain Dust in Elevators

Under the 1990 Clean Air Act, state environmentgdrecies are required to regulate
emission of airborne dust from the grain elevatdustry (US EPA, 1990). The US EPA AP-42
document cited recent research on dust emissiom @rain handling operations indicating the
mean PM-10 value was approximately 25% of total&Nbtal dust and the fraction of PM-2.5
averaged about 17% of PM-10 (US EPA, 2003). MearlPMalues for country and export
elevators were 20% and 26%, respectively, of aaal (Midwest Research Institute, 1998).
Elevators primarily handling wheat had mean PM-fl@lbmut 30% of total dust, whereas those
primarily handling corn and soybeans had an avePagel 0 of slightly less than 20% of total
dust.

Several studies have been conducted to determen@ntiount of dust generated from
external and process emission sources in graires: Kenkel and Noyes (1995) found the
amount of airborne dust generated from grain recgief wheat from a straight truck was 19.5
g-t*, receiving from a hopper-bottom truck was 9.5 gand loading out or grain shipping was
4.0 g-t. Shaw et al. (1998) measured a mean dust emissienf 8.5 g-t during corn receiving
operations at three feed mills in cattle feedyakEasission tests conducted by Midwest Research
Institute (1998) during grain receiving and shigpaperations in both country and terminal
elevators yielded mean dust emission rates oft90(89.5 g-t of PM-10) for straight truck
receiving, 17.5 gt (3.9 g-t', PM-10) for hopper truck receiving, 434(t4.5 g-t, PM-10) for
truck shipping, and 13.5 g-{1.1 g-t, PM-10) for railcar shipping. Billate et al. (2004
measured dust emission rates during grain receppegations from simulated hopper-bottom
trucks. They found that emission rates of totapsnsled particulate (TSP) (8.3 - 52.1'pf
corn received) and those of PM-10 (0.6 - 6.1)gdecreased with increasing grain flow rate and
decreasing drop height. Dust generated from proa@s$ssion sources in the grain elevator were
reported to be 37.5 g-for grain cleaning using cyclones, 110%fdr column grain drying, 30.5
g-f* for headhouse and internal handling operations 1205 g-t for storage bin vents (US
EPA, 2003).
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2.1.7 Particle Size Distribution of Grain Dust

Particle size distributions (PSD) for dust collecteom grain elevators have been
reported in several studies. Martin and Sauer (L8X6d that particles <12%m accounted for
an average of 80% of the mass of total corn duktated at the cyclone tail, and with an
average of 43.5% for total wheat dust. Dust pa$ici8um averaged 7.5% for corn dust and
3.5% for wheat dust.

Likewise, Martin and Stephens (1977) reported theunt of dust <12fum was 70% of
the mass of the dust. They observed an initiak@ase in the amount of corn dust <128
emitted in the first eight transfers, while the ambof dust <12um became constant during
subsequent transfers.

Martin and Lai (1978) cited mean mass median diamseif residual dust (that sticks to
grain) of 13 and 14m for wheat and sorghum, respectively. In the ssiméy, mean
percentages of residual dust with a diamgidypum were about 34%, 33%, and 45% for
sorghum, corn, and wheat, respectively. They repdtte percentage of dust <125 was 85%,
78%, and 60% of the total dust collected for carheat, and sorghum, respectively.

Martin (1981) studied the patrticle size distribuatiaf grain dusts from both cyclone
separators and baghouses. The fraction of thepadwstles less than 10m represented about
20% of dust from the baghouse and about 9% offdust a cyclone.

Lai et al. (1984) reported the weight percentadegan dust particles with diameters
less than 10fm (sieve aperture) were > 84%, 100% and >70% for,asheat, and grain
sorghum, respectively. The weight percentages sff particles with a geometric mean diameter
of 114um (sieve aperture = 1gbn lower) were 34%, 32%, and 72% for corn, wheat, grain
sorghum, respectively.

Baker et al. (1986) reported similar size distridwitof dust collected during pneumatic
conveying of shelled corn with that collected frgmain handling by a bucket-elevator system
(Martin and Lai, 1978; Martin, 1981). The percemtad mass of dust <1Q0m was around 80%;
<10pum, around 10%; <4m, around 2%; and <2,8m, around 0.6%.

Parnell et al. (1986) measured the weight percentdgrain dust <10(m collected by
baghouses of terminal elevators and obtained 543%98%, 34.3%, 44.2%, and 50.6% for corn,

wheat, sorghum, rice, and soybeans, respectivllgy Teported the mass mean diameter
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(geometric standard deviation) of corn, wheat, Isong, rice, and soybean dusts < 100 to be
13.2 (1.80), 13.4 (2.08), 14.0 (2.16), 10.7 (2.24d 13.6um (1.87um), respectively.

Converse and Eckhoff (1989) found that total dusission per transfer, during repeated
handling of six lots of corn that had been subjdttedifferent drying treatments, varied from
0.084% to 0.21% of the total mass, with greaterssions associated with corn dried at higher
temperatures.

Piacitelli and Jones (1992) studied the size dhstion of sorghum dust collected by
impactors during on-farm handling (harvesting, amf storage, delivery truck). Their results
indicated that about 2% of the particles k&@l5um aerodynamic diameter; 10% wetd0 pm,
24% were< 15um, 48% were< 21 um, and 52% were > 2im.

2.1.8 Summary

Repeated handling in grain elevator affects thdityuaf grain and feed. Previous studies
investigated the effect of commercial (i.e., bmaslcars, barges, ships, and bucket elevators),
pneumatic, and repeated elevator handling on thétgwf shelled corn, wheat, soybeans, and
dry edible peas. Other studies dealt with the éfiépneumatic conveying on the quality of feed
pellets. The effect of repeated handling in anatiey however, on the quality of feed pellets has
not been investigated. Corn-based feed pelletspocated with other feed ingredients to
improve nutritive value can be an alternative tellgld corn. Repeated handling data for feed
pellets compared with data for shelled corn inlenaor will be valuable for feed handlers in
evaluating and improving their feed handling amhéportation procedures.

Likewise, data on the particle size distributios[P of dust generated during grain
handling in a bucket-elevator system and the foadthat might be health hazards are limited
(Wallace, 2000). Published studies either did wotsader the PSD (Martin and Sauer, 1976) or
were limited to dust < 1Q0n, the most explosive fraction (Parnell et al., @98 hus, limited
data exist on the complete range of particle sigeeerated during bucket elevator handling, even
though this system is the primary grain and feedlhiag system used in the U.S. A study is
needed that fills the gap where no complete PSvadlable for wheat and corn and that
provides more detailed data than previous stugesicularly on small particle sizes, PM-2.5
and PM-4.
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2.2 Impact of Undesirable Grain Commingling DuringCommercial Handling

2.2.1 Trends in Biotech Crops

In 2008, the global value of approved geneticalbdified (GM) or biotech crops has
reached $7.5 billion, with an accumulated histdncdestone value of $50 billion from the
period 1996 to 2008 (James, 2008). GM crops argqdisby 13.3 million farmers globally in 25
countries, 90% of which are small and resource-feroners in developing countries. The top
eight countries each growing more than 1 milliootaees were USA, Argentina, Brazil, India,
Canada, China, Paraguay, and South Africa (Talile R&mong GM crops planted worldwide
were soybeans, corn, cotton, canola, squash, papiésiéa, sugar beets, tomatoes, poplars,
petunias, sweet peppers, and carnations. Advantitgesfrom using GM crops were more
affordable food, feed, and fiber; less pesticideges(Falck-Zepeda et al., 2000; Marra et al.,
2002; James, 2004); reduced production cost; iserkgield; reduced dockage (i.e., for
Roundup Ready wheat); and increased profitabikgrigandez-Cornejo and McBride, 2000;
Price et al., 2003; Wilson et al., 2003).

Table 2.1 Global area planted with genetically modied crops™

Country Planted Area (million ha) Global Percentage
United States 62.5 50.0
Argentina 21.0 16.8

Brazil 15.8 12.7
India 7.6 6.1
Canada 7.6 6.1
China 3.8 3.0
Paraguay 2.7 2.2
South Africa 1.8 14
Other countries 2.1 1.7
TOTAL 124.9 100.0

@l James, 2008

Uncertainty about genetically modified foods anddurcts, however, has led customers
worldwide to demand grains that are purer, saferenrwholesome, and either containing no GM
grain or strictly controlled levels of GM grain. @2000 incident on the accidental mixing of an
unapproved variety of GM corn in human food, speaify Aventis’ Starlink™ corn, and the
massive recall of food containing its traces (Tagod Tick, 2001), added to the customers’
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demand for safer identity-preserved (IP) grains gnaih products. Another example is the case
of Monsanto’s GT200-containing canola seed, whimmta@ined a protein not approved for any
end use that found its way into the grain produrctigstem (Kilman and Carroll, 2002).
Consequently, countries around the world introducses for labeling the presence of GM

ingredients.

2.2.2 Legal Issues and Customers’ Preferences

Different countries have specified threshold oetahce levels for accidental GM
material in their labeling schemes (Table 2.2).dpean Commission (EC) Regulation 49/2000
set the minimum GM threshold of 1% for adventiti@esitamination of non-GM material for
labeling requirements (Food Standards Agency, 200tt)e GM material is less than 1%,
however, there is no need to label it. If it is mtiian 1%, there is a need to prove that the
material is of non-GM origin that has been contated by GM material. Since then, the EU
adopted Regulation (EC) No. 1829/2003 on “gendticabdified food and feed,” and
Regulation (EC) No. 1830/2003 on “the traceab#ity labeling of genetically modified
organisms,” which were more stringent than the farpesolution. These regulations include a
0.9% threshold for the “adventitious” or accidergatl technically unavoidable presence of
authorized GM event in a non-GM food or feed, aboiwhich should be labeled; and a 0.5%
threshold for GM material unavoidably present aatlyet authorized by the EU but declared
safe (Joy, 2003; Wilson et al., 2003; USDA FAS, 200

In addition, the Bioterrorism Act in the U.S. am@ tGeneral Law of 2005 in the
European Union have required producers and proresshave a traceability program. These
laws commanded producers, processors, distribatatsall involved in the supply chain to
create reliable systems to track and trace ingnésliend products (Pehanich, 2005). Moreover,
the declining domestic demand on soybean mealtenthtreasing demand on soybean oil for
use in bio-diesel production (Good, 2006) wouldrguelly require identity preservation and
segregation of specialty grains. Furthermore, naonal institutions such as the Codex
Alimentarius, the Biosafety Protocol, and the Wadrldde Organization are directly involved in
discussions over labeling of GM food (Gruere and,R&07), which may eventually need

identity preservation or segregation.
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Table 2.2 Threshold or tolerance levels used by seted countries for labeling requirementd?

Country

Labeling Scheme

Threshold Level

European Union

Mandatory and national

voluntary guidelines 0.9%
Brazil Mandatory 1%
China Mandatory None (0%)

Australia-New Zealand Mandatory and voluntary 1%
Japan Mandatory and voluntary L7
Indonesia Mandatory 59
Russia Mandatory 0.9%
Ukraine Mandatory 0.9%
Saudi Arabia Mandatory 1%
South Korea Mandatory and voluntary %
Taiwan Mandatory and voluntary 5%
Thailand Mandatory 5%
Chile Mandatory 1.0%
Norway Mandatory 2.0%
Argentina Voluntary Not specified
South Africa Voluntary Not specified
Philippines Voluntary 5.0%
Canada Voluntary 5.0%
United States Voluntary None available

2 Phillips and McNeill, 2000; Sheldon, 2002; Cadead Gruere, 2003; Wilson et al.,

2003; Cevallos, 2006; Gruere and Rao, 2007; USDA F2009.

) On three main ingredients in each product.
[ On top five major ingredients in each product.
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2.2.3 ldentity Preservation, Segregation, Labeliramd Traceability

The introduction of GM crops into the U.S. graimtieng system and the demand for
specialty grains have shown that the infrastrucsitargely unable to preserve the identity of
these grains to the desired level of purity. Idgmireservation and segregation would be vital in
the grain handling systems. The EU Committee (20l)ed a position paper that clarified the
concepts of labeling, traceability, and identitgservation. Labeling is about fulfilling the needs
of the end customers and imposes one set of etlatads and associated costs on all consumers.
It is encouraged to be done voluntarily, but is daary in certain countries. Traceability is the
ability to track down the identity, history, andusce of a raw material, ingredient, or foodstuff.
This depends on record keeping and is an impoftaat safety concept for all food supplies.
Identity preservation is when farmers have an adea&ontract to grow and to preserve the
identity of the crop for a specific customer or ketr and when an added value is placed on the
commodity.

Identity preservation is the process of segregatings that involve separate storage and
handling, and documentation of separation (Wild@99). It is also defined as a traceable chain
of custody that starts with the farmer’s choicseéd and ends through the shipping and
handling system (Dye, 2000). It includes a coor@iddransportation and identification system
to transfer product and information that make alpob more valuable (Sonka et al., 2000). It is
also referred to as a closed-loop channel thalitieis the production and delivery of an assured
quality by allowing traceability of a commodity frothe germplasm or breeding stock to the
processed product on a retail shelf (Buckwell gt1&98; Lin et al., 2000). It is a system of
production, handling, and marketing practices fegiregates and maintains the integrity and
purity of the agricultural commodity in order tolemce the value of the final product
(Sundstrom et al., 2002). Figure 2.1 shows an el@wofpan identity preservation process and
factors that need to be considered at each stiye gfrocess.

According to USDA ERS (2001), identity preservatisra more stringent and expensive
process of differentiating commaodities that reqsiréct separation be maintained at all times. It
usually involves containerized shipping and tesforgGM and non-GM status just prior to
containerization. It is often used for marketingnroodities like food-grade corn and soybeans.

This handling process might be required in ordené®t the threshold level of 0.9% as per EU
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Process
Seed

Testing —»

Field History

|

Field Isolation

Identity Preservation

Seed purity tested and confirmed
Clean storage

Previous crops
Free of weeds and volunteers
Retain records of field history

Isolation standards met
Borders and barriers present

l » Time of planting and flowering

Planting * All planting equipment cleaned and inspected

l

. . » Field inspected by certifying agency at proper §me
Field Inspection

* Value and purity items monitored

Testing —»

* Clean equipment and conveyances

Harvesting « Pre-harvesting inspection

|

* Clean storage facilities
On-farm Storage

» Multiple units for product segregation
* Maintain records and product identity

Testing —»
Conveyances » All bins, trucks, etc., cleaned and inspected poor
transport
Testing —»
Grain Elevator or Produce Shipper + Handling and processing facilities have documented
identity preservation protocols in place
/ \ » Facilities cleaned and inspected between lots
) » Segregation maintained throughout product
Processors Export Terminal handling chain
* Maintain records and product identity
<4— Testing —» * Proper labeling
Wholesalers and Retailers Importer Receipt

Figure 2.1 Identity preservation process and facta@ to consider at each step, including testing

and auditing points (Sundstrom et al., 2002).
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labeling regulations. On the other hand, segregagters to a process that keep crops separate
to avoid commingling during harvesting, loading amdoading, storing, and transporting. It
requires cleaning of equipment, such as combinésaagers, and transportation and storage
facilities. It is a handling process that has bglexced for some time for specialty grains (e.g.,
high-oil corn). However, containerization is gerlgraot involved, thus testing for presence of
GM content is more critical (USDA ERS, 2001). Threcess is usually for meeting a biotech-
content threshold level of about 5%, as in the césapan’s 2000 labeling regulations. These
two methods are the ones referred to as the seqgrdach to grain commingling in Chapter 1,
which attempts to eliminate all possibility of graiommingling by containerizing the identity-

preserved grain or handling it only in dedicatedlliées.

2.2.4 Economics of Identity Preservation and Segaggn

Several studies have dealt with the cost of idgptieservation and segregation of
various grains. Wilson et al. (2003) summarized/ijones studies on the costs of these processes,
which ranged from 1.0 to 72 cents per bushel (§)(Table 2.3).

The EU Committee (2001) reported potential consece of legislation on the
traceability and labeling of genetically modifiedganisms (GMOs). The EU is dependent on
imported raw material from countries adopting GM®&scording to the EU Committee, GM

labeling could increase retail food prices by ug@8o.

2.2.5 Prevention and Detection of GM Crop Contamiime and Other Threats
Several practices to protect GM and non-GM cropsifcontaminating each other are

summarized by Wilcke (1999) and Nielsen (2000)cieal management strategies are as

follows:

» Develop the proper attitude of separating GM srfspm non-GM crops.

* Know what the buyer wants and deliver accordmggecifications.

* Make sure that seeds are pure, or at least knoat thie seed company’s purity standards are.
» Develop a plan for segregating the crop. To sertent, it is possible to manipulate planting
date and crop maturity to minimize for pollen ddftcross-pollination between adjacent

fields of GM and non-GM crops.
» Consider growing and storing non-GM crops in safgalocations. If this cannot be done,
plant buffer rows so as to separate the GM craps fnion-GM.
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Keep detailed records.

Plan to harvest the non-GM crops before the Gdpsto minimize the risk of commingling.

Clean equipment between crops.

Keep an eye on custom operations and make seyautiderstand the concept of identity

preservation.

Keep samples until the final buyer is satisfigthwhe crop.

Table 2.3 Previous studies on costs of identity pservation and segregation®

Researcher Methodology/ scope of Estimated cost of
analysis segregation/identity
preservation

Askin (1988)
Jirik (1994)
Hurburgh et al. (1994)

McPhee and Bourget (1995)

Herrman et al. (1999)
Maltsbarger and Kalaitzandonakes (2000

Nelson et al. (1999)
Bullock et al. (2000)
Dahl and Wilson (2002)

Wilson and Dahl (2001)

USDA ERS (Lin et al., 2000)

Smyth and Phillips (2001)

Gosnell (2001)

Sparks Company (2000)

Econometric model of costs forincrease of 2 grades handled
primary elevators increased costs <0.5¢bu

Survey of elevator managers
and processors
Cost-accounting model for 3.7¢-btt
high-oil soybeans
Econometric model of costs forincreasing grades handled
terminal elevators increased operating costs 2.6%
Stochastic simulation model .9-6L5¢-bit
imulation model for high-oil 16-3.7¢bit

orn
6¢-but (corn)

18¢-bit (soybeans)

Cost accounting 30-40¢* ifsoybeans)
25-50¢-bit

11-15¢-bit

Survey of grain handlers

Survey

Survey of elevator managers 15¢-bit
for wheat

Cost-accounting adjustments t -

survey results for specialty Ogiggﬁ Egg;rt]))eans)
grain handlers
Analysis of GM identity
preservation system for canola 21-27¢-bit
in Canada, 1995-96

Added transportation and
segregation costs for dedicated
GM elevators

15-42¢-bit (high throughput)
23-28¢-bit (wooden elevators)

38-45¢-bit (non-GM canola)
63-72¢-bit (non-GM soybeans)

[ Wilson et al., 2003
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USDA ERS (2001) enumerated several methods foctietethe presence of biotech
content in grains and oilseeds and their procegsmtlicts. These include: 1) pre-emergence
treatment and germination test that determine thsgmce of the Roundup Ready gene in
soybean seeds; 2) the polymerase chain reactioR)(Bat detects specific foreign genetic
material inserted into the plant’s DNA; 3) the giotbased, enzyme-linked immunosorbent
assay (ELISA) that analyzes a specific antibodgtiea marking the presence of the new protein
produced in biotech crops; and 4) the near-infréd®) spectroscopy that detects the presence
of input-trait biotech material through its pattefrabsorption or reflection of NIRS light.

In addition to preventing GM crop contaminatiore Strategic Partnership Program
Agroterrorism (SPPA) Initiative, a joint effort garious federal agencies to help secure the
nation’s food supply, also worked to prevent iniemal threats to the grain and food handling
system (US FDA, 2006). This initiative listed cdanms, grain elevator and storage facilities,
grain export facilities, rice mills, and soybeamtfia as five of the 14 pre- and post-harvest sites
that are critical nodes for assessment becauselrénability to terrorist attack with biological

weapons.

2.2.6 Grain Handling

Grain handling is the process of transporting gfieam the field after harvest, to on-farm
storage, and then to country elevators, beforgtam is transferred to terminal elevators for
export, or to mill elevators for domestic procegsi@rains are usually moved from field to
country elevators by means of trucks and box @ard,to export elevators by means of barges
and rail cars.

Herrman et al. (2002) reported that a typical coualtevator consists of a main receiving
station elevator structure and an annex storagetste, large steel storage bins, or both annex
storage and steel bins. A platform scale for weighrucks containing grains is usually located
at the receiving area. During truck arrival, thaigs are weighed and sampled for quality
determination. The main elevator has a driveway ey run through grates under which is one
or more receiving pits, where grain is dumped. Bogom of the receiving pit is connected to a
conveyor and a spouting leading to the boot obilneket elevator or elevator leg. The grain is
elevated by the bucket elevator and conveyed throhug distributor to the storage bins. The

grain that is not directly conveyed to the storhgecan be spouted to the upper garner of the
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scale for weighing, or the grain scalper for clegniGrain samples may also be collected from
the elevated grain flow using a diverter-type sanpAfter passing from the sampler or scale,
grain may be cleaned in an aspirated cleaner béfrdistributed and spouted to storage bins.
Figure 2.2 illustrates different flow paths tha¢ tjrain can follow in the elevator.

Bouland (1964) analyzed for the best capacitywfkireceiving facilities of country
elevators. He reported that 20% of the total grageived at country elevators usually arrived in
only one day out of the average 10-day harvesbse#&te also observed that although the
elevator was open for 16 hours a day, more than di0%e day’s receipt arrived in one hour,
typically late in the afternoon. The time to dumpeck ranged from 1 to 6 min. At high arrival
rates, say 80% of the daily potential service caiesc trucks’ waiting time can be as long as 1
hour and 20 min. From the distribution curves asitgithe Monte Carlo approach, the waiting
times prior to weighing were determined and thekmmnovement was simulated.

Baker et al. (1997) characterized the potentialanintry elevators to segregate wheat
during harvest rush based upon an analysis of -geaigiving systems of 20 country elevators in
north central, central, and south central crop nappdistricts of Kansas. They reported that
approximately 2 min were necessary to sample aalliate wheat quality parameters including
moisture content, dockage, and test weight. Moshtry elevators had two receiving pits per
bucket elevator, which greatly enhanced the ahiditgegregate wheat. Less than 45% of the
grain-receiving systems were operated at or ab6% Gt their capacity. The percentage of
operating hours during harvest versus the perddmirden showed a skewed distribution with
10% burden as the most frequent. A normal distidoutentered on 40% burden was observed
between the percentages of bushels received doaingst versus percent burden. Observations
led to the conclusions that there is an opportuitynprove the operating efficiency of
receiving systems at country elevators and thatgbssible to segregate.

Herrman et al. (2001) made a follow-up study oKabisas grain elevators to assess the
capability of country elevators to segregate wheley found that approximately 8% of Kansas
country elevators have one leg and one pit, whirohipits segregation. On the other hand, 74%
of Kansas elevators possessed two or more buakedters, which is suitable for segregating
wheat during the harvest rush. Larger grain elegateceived fewer small trucks (29%) than
small grain elevators (66%). Receiving wheat froi same field in larger trucks enhances

segregation.

28



Machinery Floor #8

Scale Floor #7

Cleaner Floor #6

Work Floor #5

Work Floor #4

Ground Flog

Basement

Boot Pit Floor

,» Weighing Scale

|~ Strand DT Sampler

L
*¢ Grain Scalper

=« Grain Cleaner

= Distributors
|~ Gamet DT Sampler

GRAIN FLOW:
Combined Pit and Boot
Weighing Scale
== = Grain Cleaner
Grain Scalper

[— Elevator Legs

N

3

Storage Bins

Unloading Area
(= 9

“* Receiving Pit

[~ Conveyor Belt

29

J Elevator Boot

Figure 2.2 Grain flow paths in different elevator guipment (Ingles et al., 2003).



The time study data showed that at large eleva2&s,less time was spent in sampling
and evaluating wheat samples for moisture, dockag test weight than at small elevators. The
time study data also revealed that operators shBmhin sampling and evaluating grain quality.
Incorporation of the most rapid detection equipntbat requires less than 1.5 min to evaluate
samples would appear feasible (Herrman et al., e authors concluded that the
equipment-receiving capacity of most country gedavators did not appear to hinder
segregation activities.

Herrman et al. (2002) developed a simulation modeig SIMAN and ARENA
(Systems Modeling Corp., Sewickley, Pa.) softwarekages. They simulated the segregation
operations for typical elevator configurations lthea statistical analysis of the operations of
existing elevators. Three different country elevanfigurations (i.e., small, medium, and
large), representing approximately 75% of the itedfobw configurations of Kansas grain
elevators, were input into the model. These coméijons were created to assess the impact on
gueue length and time in the system of segregathrest into two different quality-category
(65% of the wheat in one category and 35% of theavin a second category) strategies
compared with a no-segregation strategy. An infuastire study of the grain receiving systems
and the scale-ticket-summary reports were the lodisie three configurations. Variables in the
model configurations included sampling locationminer of drives and receiving pits, number
and capacity of bucket elevators, truck sizes,sdachge capacity. Time study data revealed that
locating the sampling station ahead of, rather titathe scale had greater benefit on the total
time the trucks spend in the facility when segriegaivas performed. An elevator configuration
with two legs (bucket elevators) and two drives wagerior to a single-drive system. The
number of trucks arriving per hour affected delayet independent of the percent utilization of
the grain-receiving system.

Berruto and Maier (2001) worked under the assumghat no two elevators have
identical receiving capacities. Unlike Herrman le{2002), who tackled the segregation
problem of incoming grains using statistical avesagf numerous existing elevators, Berruto
and Maier (2001) addressed segregation issuesdosidual elevator configurations. They
developed a simulation model using EXTEND (Imagina&( Inc., San Jose, Cal.) that can track
the waiting and service times of each truck thagesna country elevator (Berruto and Maier,

2000). The model investigated two queuing methtassegregated BATCH versus the FIFO
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(first-in, first-out) queue service method in redeg multiple grain streams in a single-
unloading-pit country elevator. Results revealeat the BATCH queue service method reduced
average waiting times per customer by up to 27%mpaved with the traditional FIFO queue
strategy when the daily grain received in the dl@vavas near maximum receiving capacity. The
traditional FIFO service had shorter average waitimes per customer when the receiving rates
fell below 72% (Berruto and Maier, 2001).

The EXTEND simulation model was also applied tcestigate the option of enlarging
the receiving pit holding capacity and dimensiansitrease the throughput of the unloading
operation for a country elevator (Berruto and Ma#&02). Enlarging the pit size in order for the
two hoppers of a trailer to unload simultaneousith@ut moving the semi-truck back and forth
reduced the average unloading time by 1.1 min-ttu€kis also reduced the average service
time for each customer by about 2.8, 7.0, and @8Btruck® for the average, busy, and peak
days, respectively. During peak days, enlargemgthiteotwo existing receiving pits resulted in
service times of about 32 min-lo&tbr the proposed configuration versus 59 min-fofmt the
present configuration. Enlarging the receivingvpais also envisioned to reduce the truck cycle
time per load for farmers, which would increasarttaily crop-harvesting capacities without
having to add additional transportation equipm@&ar(uto and Maier, 2002).

Berruto et al. (2003) developed a network simutatitodel by means of EXTEND to
evaluate transportation efficiency of delivery kadrom fields to elevators. The transportation
capacity in the model was based on a Class VII coenbarvesting 1,036 ha (2,560 acres).
When three, 30-f(850-bu) grain carts were available, maximum pedi field efficiency was
92% compared with 82% with only two, 302(850-bu) grain carts. Another comparison was
made for use of 31 trucks versus 22 trucks to setveombines. Total delivery time of 225
load-d" decreased by 25% (948 vs. 1189 min) when 40% tnacks were deployed. Average
service time at the elevator for each truck wag b@n (31 trucks) versus 11.8 min (22 trucks).

The EXTEND network model also simulated the efte#fdtmproved logistic and
management strategies of the unloading operatidgheperformance of a commercial inland
terminal elevator (Berruto and Maier, 2004). Irstbase, the terminal elevator was considered as
part of the harvest-transport grain supply chaithefnetwork model. The indicator of elevator
performance chosen was average service time exprassthe difference between the time the

truck enters and leaves the facility, includingualit operation times and waiting times incurred
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while delivering the truckload. The effects of fdagistics and management strategies, which
included 1) baseline, 2) enlargement of one pigrBargement of two pits, and 4) traffic pattern
change, on unloading operations were explored.rgeaent of two pits appeared to be the best
strategy compared with the baseline, since it adbthe elevator to collect up to 16.7% more
grain per day and reduced service times by aba@t®#h-truck’. Traffic pattern change was the
strategy less sensitive to cleaning operationspaodded, in most cases, the same performance
as enlargement of one pit, but with more flexipiind less capital expenditure for elevator
using IP.

Rosentrater and Bern (2002) developed the Graivakde Simulation System (GRELSS)
to model operations of a typical terminal grainvater. The model was programmed in an
electronic spreadsheet for easy operation by tHeuser. There were 17 separate tables
comprising the electronic spreadsheets. Each talsleed out one of three tasks: (1) define
operational and logistical inputs, (2) conduct mMaddculations, or (3) display simulation
outputs. A simple simulation was done using a stggimmodity scenario. The timeline was one
calendar year and the scenario was based on anbgsain-receiving rate of 176°m™* (5000
bu-h") throughout the year. The harvest season, durlighrreceiving was at maximum levels,
was incorporated into the simulation. Based onhav@rk day at the elevator, no grains were
received between 5pm and 8am. When the facilitgtrea full capacity, the grain was loaded
onto a train to empty the facility and to receivereagrain again. During the course of the year, a
train was required approximately every 10 days;dn@w, during peak harvest season; a train

was required every three days.
2.2.7 Grain Commingling

2.2.7.1 Commingling Studies in Grain Combines

Greenlees and Shouse (2000) estimated grain camtion from a combine using two
cleaning methods: farmyard cleanout and field aeanFarmyard cleanout includes removing
the grain by gravity, hand cleaning, and vacuurardlgg; field cleanout excludes vacuum
cleaning. Yellow corn (as the offending color) afaak red ornamental corn (as the trace color)
were used. Results showed that nearly 27 kg obwetlorn residue was removed from a John
Deere 4420 combine after the farmyard cleanout.effeet of farmyard cleaning was not

different from that of field cleaning due to theahamount of red corn harvested during the

32



experiment. Data suggested that contaminationdenvete near 2% or less after one minute of
unloading and near 0.2% or less after 1500-1806f kgain had been unloaded from the
combine.

Hanna et al. (2006) studied the amount of graildueds and time requirements for
combine cleaning. They found the greatest amountera and soybean materials (8 to 34 kg)
were in the grain tank and rock trap. Total grasigdual in the combine ranged from 38 to 84 kg,
61% of which were whole grain. Time spent to cld@combine ranged from about two to
seven hours, in which the head, grain tank, thnegstotor/cylinder, and cleaning shoe required
the most cleaning time. Immediately after cleanaygproximately 0.5 to 1.1 kg of previous
residual grains and foreign materials were founthefirst 7 to 23 kg of subsequent crop
harvested. After cleanouts, commingled grain ledetpped below 0.5% after 9 kg had been
harvested, but did not always uniformly decreadevb¢his level. Over 6 kg of wheat were
found during the first cleanout of a combine afi@rha of oats had been harvested; this was
without physical cleanout prior to oat harvest.

Hirai et al. (2006) developed a system for delwgittracing caplets into the grain on a
combine as part of a grain traceability systemcifigicaplets were added into the wheat grain
stream close to the unloading auger to attain umifdistribution. The number of caplets in the
samples was reasonably consistent at unloading toh20 and 30 s when the grain unloading
rate was stable. The caplet concentration increaseplain flow subsided at the beginning and
end of each unloading event.

2.2.7.2 Commingling Studies in Grain Elevators

Hurburgh (1999) enumerated the following sourceadvientitious commingling at the
elevator/handling function: (1) handling, 10-100daun remain depending on the size of
components; (2) shipping, 10-50 bu often remairailtars and barges; and (3) accidental
mixing, one 80-bu truck in error can contaminaté@80 bu if the limit is 1%. Other
commingling points were: (1) planting system cle#n&00 seeds in planter box can have 1%;
(2) cross pollination, mostly for corn and shouéVé at least 1000-ft isolation distance; (3)
combine cleanout, 3-5 bu can remain; (4) wagonsfama handling systems; (5) storage bins;
(6) export elevator handling; (7) ship hold; anfi¢&anup operations.

Ingles et al. (2003) studied the effects of hargléguipment on commingling and
residual grain in an elevator by first handling telgorn in various elevator equipment followed

33



by yellow corn without any special cleanout. Comgtimg was calculated as the percentage of
white corn mixed in with yellow corn. They foundattcommingling was greater than 1% during
the first 38 s and declined to less than 0.5% #fiefirst metric ton of grain transfer in all tegt
equipment. The grain cleaner had the highest cumelaommingling value of 0.24%. Mean
cumulative commingling values for weighing scal@ndined pit and boot, and grain scalper
were, respectively, 0.22%, 0.18%, and 0.01%. Ttgekt amount of residual grain was from the
elevator boot (120 kg, 1.4% of the total load)daled by the receiving pit (20 kg). Amounts of
residual grain from the grain cleaner, weighindescand grain scalper were negligible (< 1 kg)
by comparison.

Ingles et al. (2006) also conducted three typdesis on (1) combined leg and gravity
pit, (2) combined leg and pit with drag conveyard 3) bucket elevator to determine the effect
of facility configuration on commingling. Testsvislved handling soybeans through one of
three receiving pits followed by corn without ampesial cleanout. Commingling was calculated
as the percentage of soybean kernels mixed inthétltorn samples. It was found that
commingling was greater than 1% only during thstfit5 to 135 s (1 to 2 t of grain received),
except for the gravity-type dump pit configurati@ommingling in the gravity-type
configuration remained more than 1% for the duratibthe test (840 s or 7.3 t of grain). The
mean cumulative commingling percentages were medsarbe 1.31% for the combined leg and
gravity-type pit effect, 0.3% for the combined knd pit with drag conveyor effect, and 0.23%
for the bucket elevator alone. The ARENA simulatadel predicted a total commingling of at
least 0.28%, of which 0.27% was generated at tiokdilelevator, for a 10-t load handled in a
facility equipped with bucket elevator and recegyvpit with a drag conveyor. The model also
predicted that handling different grain types &0&0-load ratio generated the most

commingling compared with other load combinations.

2.2.8 Grain Mixing

Mixing or commingling of grains in a grain elevatsran example of solids mixing or
more specifically, bulk-solids mixing. Solids migims the operation by which two or more solid
particulates are dispersed by random or chaoticemewt among themselves in a container, i.e.,
mixer (Fan et al., 1970; Fan et al., 1979; Tod.etl880). Uhl and Gray (1986) generally
defined mixing as any operation that tends to rechan-uniformities or gradients in
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compositions, properties, or temperatures of a mahia bulk. Mixing results in the exchange of
positions of the material in various parts of th@en It can be carried out simultaneously with
other processes, or operations or can be a stand-aperation in different processes and
technologies. Solids mixing is an essential openaith plastic processing, pharmaceutical
preparation, ore smelting, fertilizer productionod and feed manufacture, chemical synthesis,
and other processes (Lacey, 1954; Fan et al., et al., 1980; Fan et al., 1990; Fan, 2001).

2.2.8.1 Classification of Mixtures

Mixtures are generally classified in two categar{@s free-flowing mixtures, and (2)
cohesive or interactive mixtures. Free-flowing mnes generally permit individual particles
freedom to move independently. In contrast, coleesiixtures are endowed with inter-
particulate bonding mechanisms that prevent pagiftibom moving independently; instead, they
move only with other particles in an associatedteu(Fan et al., 1990). The dichotomy between
these two classes of mixtures, however, is noingisbut “fuzzy” (Fan et al., 1970; Geldhart et
al., 1984; Harnby et al., 1985).

2.2.8.2 Characteristics of Mixtures
Described herein are major properties of a mixtdingarticulate materials that

characterize it: uniformity and homogeneity, degreEmixedness, and mixing indices.

2.2.8.2.1 Uniformity and Homogeneity

Fan et al. (1970) defined a homogeneous mixtubeta particulate system in which
concentrations of all constituents are uniform tigtoout the whole mixture. Ideally, spatial
distribution of constitutive particles in a mixtusétwo components, i.e., a binary mixture, can
be characterized such that all particles of a carapbare regularly or evenly distributed among
the particles of the other component in any padiction of the mixture. The homogeneity of
a solids mixture or the distribution of its compgmsi is usually quantified by a mixing index
(Fan et al., 1979; Fan et al., 1990).

A mixture with regularly arranged components, ia@. ordered mixture, however, can be
formed even if sizes and numbers of the componanitcfes are different. An ideally ordered
mixture is one in which individual particles of gn component are evenly dispersed, filling up

the intervening spaces, in the matrix of the otmenponent. The number of particles of the
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former is equal or less than that of the latterrddwer, the distance between the particles of the
former is identical in all directions (Lacey, 194n, 2001). Particles of either component in
this mixture must be arranged according to a regdatial pattern. Not all regular spatial
patterns can form an ideally ordered mixture: attd arrangement represents a regular pattern
but cannot always be regarded as ideally mixed.

For an ideally ordered mixture, the degree of hoamegty must be highest when
measured in terms of any mixing index (Fan etl®90; Fan, 2001). The standard deviation or
variance of the sample concentrations must be@enearly zero in such a mixture (Lacey,
1943; Fan, 2001). Nevertheless, in practice,alnsost impossible to create a perfectly or ideally
ordered mixture of freely moving particles by oy mixing processes. Any disturbance can
cause a relative displacement of the particlesetherendering the mixture non-homogenous.
An almost ideally ordered and stable mixture cagderated by resorting to one or more
unique methods such as agglomeration, coatingmaci-encapsulation (Hersey, 1974, 1976;
Fan et al., 1990; Fan, 2001).

Unlike an ideally ordered mixture, a completelydam mixture is one in which
arrangement of particles of one component is gptathdomly dispersed among the particles of
the other component(s) (Fan et al., 1970; Akad.e1976; Too et al., 1979; Fan, 2001). The
probability of finding a particle of any given cooment in the completely random mixture is
identical in every location and is equal to thebgllp volumetric ratio of this component. The
concentration of any component can be measureztnmstof either weight or volume fraction in
evaluating the randomness of a solids mixture (Ka989, 1997). The particles compete for
space and are distributed along spatial coordinatdee bulk of the mixture; thus, it is more
significant to measure the volume fraction thanwiegght fraction.

The geometry of particles, e.g., differences iesaénd possible surface interactions, e.g.
adhesion and electric static attraction, are twatatdes to the total randomization of particles
(Fan et al., 1970; Fan et al., 1990; Fan, 2001 nllemparticles can be concentrated in the
interstices of the larger ones, which can causeegatjon and prevent the particles from being
completely randomly distributed. Profound surfatteriactions among particles of different
components can lead to the formation of partiatyeoed arrangements, which can also hinder

complete random mixing. In addition, density or gieidifferences can lead to segregation.
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2.2.8.2.2 Degree of Mixedness

Weidenbaum and Bonilla (1955) defined the degremigédness or mixing as the ratio
of a theoretically calculated standard deviatiansf@ompletely random mixture to the
experimentally determined standard deviation anspag samples of an incomplete mixture. An
incomplete mixture is defined as any mixture tkadtian intermediate state between the totally
segregated and completely random states (Akao, €i9416; Shindo et al., 1978; Fan et al., 1990;
Fan, 2001). It can be the consequence of mixirigallyi separated components or spontaneously
segregating a completely random mixture. The degfe@xedness measured by various mixing
indices characterizes the actual state betweetwihextremes.

A partially segregated mixture is defined as a arixtyet to be fully homogenized; it can
be a mixture homogenized once but then experiesglsequent segregation (Shindo et al.,
1978; Too et al., 1979; Fan, 2001). The scale gfeggation and the intensity of segregation
serve to measure the actual state between toeghggated and completely random states.

As described previously, in a completely randontestiie arrangement of individual
particles of one component is totally randomly dised among the particles of the other
components. In contrast, components in a totallyesgated mixture are clearly separated from
each other in different and distinct regions ira&ch of particles, the usual situation prior to
mixing. To form a mixture, e.g., a stratified oaeggiven component is fed into the mixer in the
form of layers separated by other components. &la¢ive positions, sizes, and numbers of these
layers and the distances between them affect thmalble rate of mixing. The configuration of
the layers can be described by the scale of setipaga

The degree of homogeneity of a mixture expresdiegektent of approach to perfectness
has often been predicted by the uniformity of saqaincentrations. This is illustrated by the
standard deviation of the concentrations of a l@ymonent in a mixture in the following
equation (Fan, 2001).

3 (x - x)’

o= 'le (2.1)
whereo is the standard deviation of the sample conceabrsitx;, the concentration in the ith
sample; X , the average of’s; andN, the number of samples yielded by dividing thérent
batch of the mixture. In a perfectly homogeneouslfimixture,s is zero; in a totally segregated
mixture, the value of is maximal (Fan et al., 1970; Too et al., 1979),R2001).
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The maximum achievable degree of mixedness comelspim a completely random
arrangement of different particles in conventiamating. Based on the assumption that the
particle size of an individual component is idealid.acey (1943, 1954) demonstrated that the
minimal possible standard deviation of sample cotregions for a binary mixture can be
expressed as (Fan, 2001):

e D S -

p np

where p is the overall proportion of the partiaddés given component in the whole mixture,
which is equal to the average concentrati®n,andn, is the number of particles in each sample.
In principle, the values of theeven less thaa. can be achieved by forming an ideally ordered
mixture, which can be accomplished by regularhamging the particles. In practice, this can
only be implemented by means of unique processgs,seirface adhesion or agglomeration, as
mentioned earlier. The ideally ordered arrangemewever, is unstable when the particles can
move relative to each other without appreciableltance.

Logically, the value o# for an incomplete mixture is greater thanThe closer the
mixture to the totally segregated state, the grehtevalue of the. The standard deviation of
the totally segregated mixture, denotedsyis maximal, which depends on the average
concentration of the key component of interestiasrgby the following equation (Fan, 2001).

g, =x({1-X) (2.3)

In mixing, thes valueof an incomplete mixture must be in the range betwtbe two
extremes; one of the extremes is the standardtitaviaf the completely random mixture given
by equation 2.2, and the other is that of the Iptdgregated mixture given by equation 2.3
(Akao et al., 1976; Fan, 2001). It is not always tlase, however, for an ordered mixture. This is
due to the fact that the lower bound, as definethbystandard deviation of the completely
random mixture, can be exceeded by the standaidtaevof the ideally ordered mixture. Thus,
measuring the quality of the incomplete mixturenixing is crucial in controlling and
optimizing the process. It is frequently impossilblewever, to determine the standard deviation
from the entire sample. This implies that uncettagexist in estimating the standard deviation
due to the finiteness of the number spot sample3he sample standard deviatisg,is defined
as follows (Fan, 2001):
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(2.4)

Compared with a fluid mixture, the quality of aidslmixture is difficult to determine
because of the discrete nature of any particuleeem, and the finiteness of particles and
sample sizes. Sample concentrations and their atdmdviations can be affected by the error
caused by the tendency of any component’s pauicparticle cluster to straddle the boundaries
of the sample containing it. It follows that theasared standard deviation depends on the
average concentration of the given key compongratricles and on the relative size of the
sample. For a completely random mixture whose carapbparticles are identical in size and
density, such uncertainty is minimized and candterthined mathematically; this uncertainty is
magnified for other mixtures. To account for thieefs of the sample number and size, the
general rule is to take a sufficient number of slasfrom well-distributed points in
representative regions of the mixture. Each sammpist also contain a sufficient number of
particles; such a number can be determined fromtiped points of view (Fan et al., 1970; Fan,
2001).

2.2.8.2.3 Mixing Indices

Fan et al. (1970) and Poux et al. (1991) reviewedenthan 30 different mixing indices
in solids mixing, whereas Boss (1987) collectediye®D mixing indices. They determined the
interrelations among these mixing indices, whiahlzased on the notion of sample variance or
standard deviation.

Fan and Wang (1975) and Boss (1987) compared sarmegnmdices and derived
conversion formulae among them. Table 2.4 listsesofithe frequently adopted mixing indices
in terms of statistical analysis of sample conaidns. Some of the mixing indices are affected
by the sample size. A value of unity or zero far dtompletely random and totally segregated
mixtures, respectively, can be achieved only winenet is a sufficiently large sample size. For
multi-component mixtures, it is imperative thatittguality be evaluated and controlled because
the components may behave differently at specéiooals of mixing. This implies that at a given
stage, one of the components may be well homogenideile other components may still be

partially segregated. The mixture as a whole, foeee does not meet the necessary homogeneity
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specification. Too et al. (1978) summarized theamj of mixing indices defined for multi-
component mixtures based on the concentrationnaeia

Table 2.4 Important mixing indices based on the vaance or standard deviation of sample

concentrations.®

Value in the totally

Value in the Value in the
segregated state ideally ordered completely random
No. Equation o=0, mixture mixture
o=0 =0,
1 o? 1 0 1
M, =— n
JO
2 M. = o 1 0 1
, =— —
a, Jn
3 2 0 1 1
g -=
M 3~ 1_—2 1 n
(0]
4 o 0 1 1
M,=1-— 1-—
g, Jn
5 M = o, —o? 0 n 1
> 0’-0° n-1
6 M =% C 0 Jn 1
6
0,0, Jn-1
7 _logo, —logo 0 0o 1
" logo, -logo,
8 v O 1-X 0 1-X
87 32 X X h
’ M. = E 1-X 0
X

1-x =X
X X [

[ Fan and Wang, 1975; Boss, 1987; Fan, 2001

2.2.8.3 Mechanisms of Solids Mixing

The fact that the particulate materials in solidstares are small but finite in size, i.e.,
discrete renders mixing to be complex. Conventignalhas been postulated that the three

mechanisms mainly involved in solids mixing are ¢@hvective mixing, involving the transfer

40



of groups or clusters of adjacent particles frora tmtation in the mass to another; (2) diffusive
mixing, portraying the distribution of particlesena freshly developed surface; and (3) shear
mixing, portraying the establishment of slippingms within the mass of particles (Lacey,
1954; Fan et al., 1970; Wang and Fan, 1974; Weitekand Gericke, 2000). All three
mechanisms always occur simultaneously in varyegyees in the mixing process, depending
on the mixer in use.

Another mechanism of solids mixing is chaos. Cltagiixing contributes substantially to
the mixing of particles and powders (Ottino et 8888; Ottino, 1989, 1990; Fan, 2001). It
exhibits highly complex patterns of mixing. Nevetss, chaos is a deterministic phenomenon;
chaotic mixing results in convective and shear ngxwhich are irregularly interwoven and
interacting.

Mixing of solids mixtures is frequently accompanl®ddemixing or segregation. It does
not occur when the mixing components have idenpbgkical properties and geometrical
characteristics but differ only in chemical compiosi. Williams (1986) indicated that among
the physical properties and geometrical charattesjghe particle size influences segregation
most.

Four mechanisms of segregation have been mention@deinekotter and Gericke
(2000). These are elaborated in what follows.

One of the mechanisms is induced through the agglation of one component in a
binary or two-ingredient mixture. Agglomeration acg when strong inter-particle forces exist
between particles in close contact with each otRarticles of one component adhere to each
other as a consequence of one or more factorsidimg) (i) the presence of a small quantity of
liquid forming liquid bridges in the solid partiglg(ii) electrostatic forces causing cohesion of
particles; and (iii) Van der Waals forces operatipgn finer grains (<30m) and binding them
together. Adhesion of the particles of one compom&uld give rise to their agglomeration,
which, in turn, would cause them to segregate filoenparticles of the other component.

Another mechanism of segregation is floating dueitheation. When a solids mixture
undergoes vibration, coarser or larger particlestclup or float over the smaller ones. Smaller
particles flow into the resultant vacant space cihgrevents larger particles from reclaiming
their original position. Thus, larger particlesleot at the surface, thereby causing segregation
(Fan et al., 1970; Staniforth, 1982; Fan et al9@t 9Veinekotter and Gericke, 2000).
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Percolation of a particulate component among tterstices of the remaining
component(s) is another mechanism of segregatiaby far the most important segregating
effect (Staniforth, 1982; Fan et al., 1990; Weirtekoand Gericke, 2000). If size of the voids is
sufficiently large or enlarged by mechanical vibrator aeration, smaller particles drop or
trickle down through the voids or gaps betweenldhger ones. Segregation tends to magnify
when density of the smaller particles increases theslarge particles. This trend is also affected
by differences in shape and surface characteriggoseman and Donald, 1962; Campbell and
Bauer, 1966; Fan et al., 1970; Fan, 2001).

Trajectory segregation is another mechanism thattisated when two particles of
different sizes and densities are blown horizoptalio a confined space, e.g., silo, at a given
speed. Differences in size and density affect #lecities of the particles, thus causing their
separation (Weinekotter and Gericke, 2000).

2.2.8.4 Simulation Models of Solids Mixing

Monte Carlo techniques are numerical methods inmglgampling from statistical
distributions, either theoretical or empirical ajgproximate the real physical phenomena without
reference to the actual physical systems (Fan,et@f0). A random walk is the simplest
subclass of the Markov processes, which consti#utiass of stochastic processes. In a random
walk, the random variable is the position of aigltmoving on a straight line in such a manner
that the particle either remains where it is or sgwne step to the left or to the right at eagh ste
(Parzen, 1962). The Markov processes can be defiratdematically as shown (Parzen, 1962):

PIX(t,) < %X (t) =X X (t) = X0 ] = PIX (&) £ X[ X (t) = X0 (25)
whereP with a bar separating random variables is the itiomal probability and random
variables X) on the right of the bar are those that have gixadnes of. This expression implies
that given the “present” of the process, the “fatus independent of its “past” (Parzen, 1962).
The conditional probability is often termed a triéina probability in a Markov process. It
describes the transition from the std{(#,.;) to the stat&X(t,).

2.2.9 Discrete Element Method
Grains are considered finite and discrete mateNdlBiams et al. (1985) described a
method of solving problems involving discrete elatsdike grains, called the discrete element

method (DEM). DEM belongs to a family of numericabdeling techniques designed to solve
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problems in engineering and applied science ttsgalay gross discontinuous behavior (Hustrulid
and Mustoe, 1996; Hustrulid, 1998; Dewicki, 2003)oblems exhibiting discontinuous behavior
cannot be simulated with conventional continuumebasomputer modeling such as finite-
element or finite-difference methods. Examplesmgfieeering problems dominated by
discontinuum behavior include stability of undengnd mine openings; stability of rock slopes;
micro-mechanical behavior of particular media; mah@rocessing; and flow of bulk solids in
hoppers, feeders, chutes, screens, crushers, itlallmmxers, and all types of conveyor systems
(Dewicki, 2003).

The DEM can analyze multiple, interacting, deforteabiscontinuous, or fractured
bodies undergoing rotations and large displacemérte basic assumption is that every discrete
element has distinct boundaries which physicalpasate it from every other element in the
analysis. Basic equations of elasticity are writteder an inertial frame, and then transferred to
a non-inertial frame, which is translating and tioig. This is performed so that to an observer in
the non-inertial frame, i.e., the new frame, thgzobexhibits no mean translation or rotation.
The deformation can then be decoupled from the meation and is written as the sum of the
bodies’ normal modes, which in turn gives a newdyived set of decoupled modal equations.
These equations are applied on an element-by-eldmasis. The elements communicate through
boundary forces. The decoupled equations may heddly an explicit central difference
scheme. The final solution is obtained by meanmaadal superposition (Williams et al., 1985).

Cundall and Strack (1979) also defined DEM as aerigal model capable of describing
the mechanical behavior of assemblies of discssphdres. It is based on an explicitly numerical
scheme in which the patrticle interaction is momtbcontact by contact and the particle motion
is modeled particle by particle. In DEM modelingyticle interaction is treated as a dynamic
process, which assumes that equilibrium stateslalewvehenever internal forces in the system
balance (Theuerkauf et al., 2007). Contact foroesdisplacements of a stressed particle
assembly are found by tracking the motion of indlisl particles. Motion results from
disturbances that propagate through the assembé/miechanical behavior of the system is
described by the motion of each particle and theefand moment acting at each contact.

43



2.2.9.1 Theoretical Basis of DEM

In DEM, contact forces and displacements of théiggarassembly are computed by
tracking the motion of each individual particlengsiexplicit numerical scheme with very small
time step discussed in detail3 by Cundall and &t(4879). The process uses Newton’s Law of
Motion that gives the relationship between theipl@motion and forces acting on each particle.

Translational and rotational motions of partickre defined as (Remy et al., 2009):

mIE=3(F, +F, Jemo (2.6)
J
|i%: (R thu)+ g 2.7)

j
wherem, R, Vi, wi, andl; are the mass, radius, linear velocity, angulanaigl, and moment of

inertia of particle; Fnij : Ftij , andr; are respectively, normal force, tangential force, aordjtie

acting on particlesandj at contact pointgj is the acceleration due to gravity; and the time.

Particles interact only at contact points with theotion independent of other particles.
Forces on the particles at contact points incluaigact force and viscous contact damping force
(Zhou et al., 2001). These forces have normal angential components. The soft-sphere
approach commonly used in DEM models allows pasitb overlap each other, giving realistic
contact areas. Overlaps of particles are alloweditmismall in comparison to particle size.

Force-displacement laws at the contacts can besepted by different contact models.
The simplest contact model is the linear contaet Ia which the spring stiffness is assumed to
be constant (e.g., linear-spring dashpot modetpbierical particles at contact) (Mishra, 2003).
Another model, which is an improvement over thedinlaw, employs the Hertz theory to obtain
the force deformation relation for the contact (engnlinear-spring dashpot model). Unlike the
linear contact model, the Hertzian contact law aters that normal stiffness varies with the
amount of overlap. This approach has been extetwdeales in which colliding bodies tend to
deform (constrained plastic deformation). Numerroaldels of interaction at the contact involve
the force-deformation equation which is augmental wdamping term to reflect dissipation in
the contact area.

Specific for this study, force-displacement lawshat contacts are represented by the
Hertz-Mindlin no-slip contact model (Mindlin, 194®tindlin and Deresiewicz, 1953; Tsuji et
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al., 1992; Di Renzo and Di Maio, 2004, 2005). T -linear model features both the accuracy
and simplicity derived from combining Hertz theamythe normal direction and Mindlin no-slip
model in the tangential direction (Tsuji et al. 929Remy et al., 2009).

The normal forcek, is given as follows (Tsuji et al., 1992; Remy et 2009):

F ==K &2 =1,6,0,° (2.8)
whereK, is the normal stiffness coefficierd; is the normal overlap or displacemedtis the

normal velocity; and, is the normal damping coefficient. Normal stiffn@s&l normal damping
coefficients are given, respectively, by (Tsujakt 1992; DEM Solutions, 2009; Remy et al.,
2009):

:%‘Eﬂﬁ (2.9)

_ Ine
A =l (2.10)

whereE’ is the equivalent Young's modullR, is the equivalent radiusy is the equivalent
mass, ane as the coefficient of restitution. Equivalent pedjes R , m, andE) during
collision of particles with different materials $uas particles andj are defined as (Di Renzo
and Di Maio, 2004; DEM Solutions, 2009):

-1
RO = L+LJ (2.11)
R R
—py2 1-p2 o
S (2.12)
E E
-1
m = i+ij (2.13)
m m,

wherev is the Poisson’s ratio (Di Renzo and Di Maio, 20DEM Solutions, 2009). Similarly,

for a collision of a spheriewith a wallj, the same relations apply for Young’s modufiis

whereasR”=R andm”=m.

The tangential forcds;, is governed by the following equation (Tsuji bf #992; Remy
et al., 2009):

R =K3 ~7,4,° (2.14)
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whereK; is the tangential stiffness coefficientjs the tangential overlapi't is the tangential

velocity; andy; is the tangential damping coefficient. Tangentigfreess and tangential damping
coefficients, are defined, respectively, as folldWwsuiji et al., 1992; DEM Solutions, 2009;
Remy et al., 2009):

K, =8G"/R", (2.15)
Ine

= Jinfe+ 1

whereG' is the equivalent shear modulus defined by (lzleR005):

-1
-y, 2-V,
Gi=| 2% 2Y (2.17)
G G

! J

JMK, (2.16)

Gi andG; are shear moduli of particlesind], respectively. The tangential overlap is calculate
by (Remy et al, 2009):

J =jvt dt (2.18)

rel

wherev,,, is the relative tangential velocity of collidingnicles and is defined by (Remy et al.,
2009):
vy = -v )B3+gR +oR (2.19)
wheres is the tangential decomposition of the unit vectmmnecting the center of the particle.
Additionally there is a tangential force limited &pulomb frictionusF,, whereus is the
coefficient of static friction. When necessarylirg friction can be accounted for by applying a
torque to contacting surfaces. The rolling fricttonque,z;, is given by (DEM Solutions, 2009;

Remy et al., 2009):
Ti = _:ur I:n R)% (220)

wherey; is the coefficient of rolling frictionR, is the distance of the contact point from the
center of the mass, aag is the unit angular velocity vector of the objatthe contact point
(Tsuji et al., 1992; Di Renzo and Di Maio, 2004 ¢tial., 2005; DEM Solutions, 2009; Remy et
al., 2009).

For dynamic processes, important factors to consitkethe propagation of elastic waves
across the particles, the time for load transf@mfione particle to adjacent contacting particles,
and the need not to transmit energy across a sy faster than nature (Li et al., 2005). In
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the non-linear contact model (e.g., Hertzian),dtigcal time increment or critical time step
cannot be calculated beforehand, unlike with thedr contact model in which the critical time
step is related to the ratio of contact stiffnespadrticle density. Miller and Pursey (1955),
however, showed that Rayleigh waves or surface svageount for 67% of the radiated energy,
whereas dilational or pressure waves and distationshear waves, respectively, are 7% and
26% of the radiated energy. Thus, it is assumeidaihaf the energy is transferred by the
Rayleigh waves since the difference between thedspef the Rayleigh wave and the
distortional wave is small and the energy transfiétyy the dilational wave is negligible (Li et
al., 2005). Moreover, the average time of arriidhe Rayleigh wave at any contact is the same
irrespective of the location of the contact pokdr simplicity, the critical time step is based on
the average particle size and a fraction of thissesd in the simulations (Li et al., 2005; DEM
Solutions, 2009). The critical time step is givantlbe following equation (Li et al., 2005; DEM
Solutions, 2009):

t =7R P (2.21)
B VG
where R is the average particle radiys,is the particle densitys is the particle shear modulus,
andg can be approximated by (Li et al., 2005):

[ =0.8766+ 0.163v (2.22)

2.2.9.2 History and Applications of DEM

The DEM was first introduced by Cundall (1971) whenemployed a computer model
for simulating progressive large-scale movementdacky rock systems. In the model, realistic
friction laws and simple stiffness parameters gogdrinteraction between the blocks. The
computer program allowed individual study of thieefs of joint geometry, joint parameters,
loading conditions, and excavation proceduresapfsication was more fitted in rock situations
in which general stresses were small (i.e., in4se@iace excavations in heavily jointed rock)
compared to when they were large (i.e., deep umdengl mines).

From then on, the DEM has been widely implementesbtve different engineering
problems such as simulation of soil deformation gsiistance at bar penetration (Tanaka et al.,
2000), full-scale vehicle-soil interaction (Horredral., 2001), green sand molding (Maeda et al.,

2003), ore breakage in a semi-autogenous mill (idomnrand Cleary, 2004), large-scale
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industries (Cleary, 2004), effect of lifter heigli®jordjevic, 2003) and vertical and horizontal
shaft impact crushers (Djordjevic et al., 2003)pover consumption, and organic fertilizer land
application (Landry et al., 2006a, b). A complegésctiption of the DEM can be found in
Williams et al. (1985), Cundall (1988), Hart et @988), and Cundall and Hart (1989).

DEM applications that may be related to mixing omeningling of grains in bucket
elevators were as follows. Hustrulid and MustoeQ@)%pplied DEM to simulate bulk solids
movement through transfer point in large industc@veyor system in mining operations. The
information obtained included the velocity disttilon of the bulk solids and the stresses within
them, and the impact forces acting on the trarstfercture and the conveyor belts from the bulk
solids flow. Hustrulid (1998) successfully simuldtie position, velocity, and applied forces for
every particle and boundary at increments 6f 46conds. Dewicki (2003) also modeled transfer
points in conveyor systems using DEM and simul#hedperformance of a belt conveyor to
improve its design.

Shimizu and Cundall (2001) examined the performariderizontal- and vertical-type
screw conveyors to transport spherical materiastéad of sand) by means of three-dimensional
(3D) DEM. Simulation results were in good agreemeitih empirical equations and previous
work on both screw conveyors.

Masson and Martinez (2000) performed a set of DiEMiktions of the filling and the
discharge of grains represented as circular pastighean diameter = 10 mm, and patrticle
density = 1190 kg-i) in a plane rectangular silo. Computed wall pressat the end of filling
were compared with analytical and finite-elemestutts, and the influence of friction and
stiffness on contacts was analyzed. Results shtlvesg parameters play a major role in flow
kinematics and in the stress field during fillingdadischarge processes.

Cleary (1998) simulated the filling of draglinesckets in open-cut coal mining by
means of DEM. The DEM assisted in differentiatirgvizzen the flow patterns for two
competing bucket designs, evaluating the effecigging and variations in material properties,
calculating fill times, estimating wear and itstdisution, and determining regions of high
compaction. The design of the buckets in the sitraianodel could be compared in terms of
filling pattern and drag coefficient. Stability antbtion of the buckets were found to be
dependent upon the density and size distributich@patrticles. It was concluded that such a

discrete element model could become a tool to apérhucket design.
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Wightman et al. (1998) applied DEM to charactepaeticle mixing in a rotating
cylinder. They compared rotational motion augmentét rocking to purely rotational motion
via linear density profiles, velocity fields, anda concentration profiles. The rocking motion
dramatically enhanced mixing in laboratory studied the simulation results agreed well with
experimental results and observations.

Gyenis et al. (1999) investigated gravity flow airficles through a vertical tube
containing a static mixer element through DEM, alalbed discrete particle simulation (DPS).
In applying DPS, the authors were able to reprodunckeexplain theoretically the main
characteristics of the flow regimes that they usuatbserved experimentally. They also obtained
vast information that is hardly measurable by expents. Some important features of the gas-
solids two-phase flows were revealed regardingehgispersing effect of the static mixer
elements, their potential to improve axial mixiongthe efficiency of other transport processes
during pneumatic conveying.

Raji and Favier (2004a, b) used DEM to model tHemeation of agricultural and food
particulate materials under bulk compressive logdiiney concluded that DEM was a useful
tool in the study of the behavior of deformablet pafrticulates and the provision of data
necessary in the design of appropriate machinergdacultural processes.

Ketterhagen et al. (2008) investigated the causdsatent of segregation of granular
materials during discharge from a hopper using DENeyY modeled a quasi-3D, wedge-shaped
hopper using two parallel periodic boundary cowndi$i. They found key factors affecting
segregation during hopper discharge were partialaelter ratio, mass fraction, ratio of hopper
outlet to mean particle diameter, sliding frictiomefficient, and hopper wall angle and its
roughness. The method used to fill the hopper plisgs a significant role in determining
segregation upon discharge.

Some of the most recent developments in DEM induggresentations of various
particle shapes and configurations: (1) ellipsesdgsarticles (Ting et al., 1993; Vu-Quoc et al.,
2000; Ng, 2001); (2) axi-symmetrical and non-sptedrparticles (Favier et al., 1999, 2001); (3)
arbitrary-shaped models and fully kinematic bouregafkKremmer and Favier, 2000, 2001a, b);
(4) noncircular-shaped granular media (Mustoe amnghid, 2001); and (5) non-uniform-sized

circular or spherical particles bonded togethety®uady and Cundall, 2004).
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2.2.10 Grain Material and Interaction Properties Revant for DEM Modeling

Different DEM models have used varying parametersimulation modeling. The most
widely used parameters can be divided into twogmates: material properties and interaction
properties (Mohsenin, 1986; Vu-Quoc et al., 2008 Bnd Favier, 2004a, b). Material
properties may be defined as intrinsic charactesigtf the particle (i.e., grain kernels) being
modeled. Material properties critical as input®iBM modeling are shape, size distribution,
density, Poisson’s ratio, and shear modulus. Intema properties are characteristics exhibited
by the particle in relation to its contact with Inolaries, surfaces, and other (or same) particles.
Interaction properties, vital in DEM modeling, a@efficients of restitution, and static and
rolling friction (LoCurto et al., 1997; Chung et,@004).

2.2.10.1 Particle Shape and Patrticle Size

Shape and size are inseparable physical properteegrain kernel. In defining shape,
some dimensional parameters of the grain must lzesuned. Mohsenin (1986) and Nelson
(2002) reported measuring three orthogonally oe@mtimensions of 50 kernels randomly
selected from a grain lot to determine kernel srapksize. Volume was taken as one of the
parameters defining kernel shape, and the threeattyperpendicular axes were taken as a

measure of kernel size.

2.2.10.2 Particle Density

Particle densityy,) of the grain is determined by measuring the v@wuocupied by the
kernels in a known sample weight randomly takemfemach grain lot. Nelson (2002) measured
the volume of an approximately 20- to 25-g sampté & Beckman model 930 air-comparison
pycnometer. Kernel density was calculated by dhgdhe weighed mass by the measured
volume. The number of kernels in the sample weigbegycnometer measurements was

manually counted to determine mean kernel weigttvariume.

2.2.10.3 Particle Poisson’s Ratio and Particle Shééodulus

Poisson’s ratio ) is the absolute value of the ratio of transvetsain (perpendicular to
the axis) to the corresponding axial strain (pafatl the longitudinal axis) resulting from
uniformly distributed axial stress below the prdapmral limit of the material (Mohsenin, 1986).
Based on Hooke’s law and together with Poissornie,rahear modulus or modulus of rigidity

50



(G) for an elastic, homogenous, and isotropic mdtesitne ratio of the stress component
tangential to the plane on which the forces aots, (§hear stress) over its strain. Shear modulus
defined in terms of Poisson’s ratio and Young’s oiad or modulus of elasticitye] is given by
(Mohsenin, 1986):

E
2+2v

Several values of Poisson’s ratio and elastic arngs modulus for different grains and

(2.23)

oilseeds were cited in the literature (Misra andiiYg, 1981; Mohsenin, 1986; Bilanski et al.,
1994; Vu-Quoc et al., 2000; Chung et al., 2004 Bagl Favier, 2004a, b; Molenda and
Horabik, 2005; Chung and Ooi, 2008). ASAE Stand&®868.4 (2006b) enumerated values of
Poisson’s ratio and apparent modulus of elastfoitysoybeans, corn, and wheat. The equations
for apparent modulus of elasticity are based onz-Hsuations for contact stresses used in solid
mechanics, which assume that deformations are smdithe material being compressed is
elastic. They are, however, useful for making congpas of the deformation behavior of
viscoelastic materials, like grains, when the defations and loading rates are similar for all
samples tested.

For soybeans (Misra and Young, 1981) and wheatddrand Roberts, 1969), apparent
moduli of elasticity were calculated based on taeajtel-plate contact method. For corn (Shelef
and Mohsenin, 1969), the elastic modulus was obthwith a method using a spherical indenter

on a curved surface.

2.2.10.4 Particle Coefficient of Restitution

Different methods have been used to determinedh#icient of restitutiong (Sharma
and Bilanski, 1971; Smith and Liu, 1992; Yang awrtir8ck, 1994; LoCurto et al., 1997). Smith
and Liu (1992) obtainedin three ways leading to the same value, as thefib of the normal
component of impulse during compression and dumsgtution, (2) ratio of the normal
component of approach (or impact) and separatioref@mund) velocities (Sharma and Bilanski,
1971; Yang and Schrock, 1994), and (3) ratio oflnairnormal components of reaction forces
at the contact point during the compression phadetae work for the restitution phase (LoCurto
et al., 1997).

LoCurto et al. (1997) describedhs the square root of the total kinetic energy fgefo
(KE) and after KE,) collisions that did not involve tangential friotial losses. They measured
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thee of soybeans impacting aluminum, glass, and acaflarop heights of 151, 292, and 511
mm and at moisture contents of 10.7% and 15.5%badsys (db). The value decreased with
increased moisture content and drop height, anthcowith aluminum gave the highest value.
Drop and rebound heights were measured only frarsetisoybeans that fell with minimal
rotation and whose rebound trajectories were alwersical (90 + 1.6% to the plate). This was
different from the results of Yang and Schrock @Q%vhich involved cases of grain kernels
with and without rotation. Assuming no loss of ejyeexcept during contact, tieevalue was
computed as the ratio of the square root of th&lrheight of drop ifl;) and the height of
rebound ;) (LoCurto et al., 1997; Zhang and Vu-Quoc, 2002):
1 1
ez(ilé:jzz(:sz (2.24)

2.2.10.5 Particle Coefficient of Static Friction
The coefficient of friction) is the ratio of the force of frictiorF] to the force normal to
the surface of contact\() (Mohsenin, 1986):

F
_r 2.25
U W (2.25)

Frictional forces acting between surfaces at rdtt sespect to each other and those existing
between the surfaces in relative motion are, reasdy, called forces of static and kinetic
friction. Static and kinetic coefficients of frioth can be denoted by anduy, respectively
(Mohsenin, 1986).

Several coefficients of static friction of grain-grain (Stahl, 1950; Mohsenin, 1986;
Raji and Favier, 2004a, b) and grain-on-surfaceh g3 sheet metal, stainless steel, acrylic,
aluminum, and glass (Brubaker and Pos, 1965; Mohs2886; Gupta and Das, 1997; Chung et
al., 2004; Calisir et al., 2005; Molenda and HokaBD05; Chung and Ooi, 2008) were published
in the literature. Static friction of soybean-steehtact is 67% of that of soybean on itself (Stahl
1950).

2.2.10.6 Particle Coefficient of Rolling Friction
The coefficient of rolling friction|f;) is defined as the ratio of the force of frictimnthe
force normal to the surface of contact that prevanparticle from rolling. Rolling friction or

resistance can be a couple (or pure moment) thatomaransferred between the grains via the
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contacts, and this couple resists particle rotat{diang et al., 2005) without affecting
translation. It may exist even at contacts betwadindrical grains (Bardet and Huang, 1993).
The concept of taking into account rolling resise@at particle contacts is an alternative
approach in DEM modeling to establish contact leslated to particle rotation (Jiang et al.,
2005), instead of using non-spherical particlemtibit particle rolling and produce a realistic
rolling behavior (Rothenburg and Bathurst, 1992yv&@#a and Pradhan, 1994; Ting et al., 1995;
Ullidtz, 1997; Thomas and Bray, 1999; Ng, 2001; dhmsemi et al., 2002; Mustoe and Miyata,
2001). In Jiang et al.’s (2005) micro-mechanicabedponly the normal basic element,
composed of a spring and dashpot in parallel witivaler series, contributes to rolling
resistance at grain contact. Rolling resistancectly affects only the angular motion and not the
translational motion of grains.

Zhou et al. (2002) investigated the effect of nglfriction on the angle of repose of
coarse glass beads. They included coefficientsltifig friction with a base value of 0.05
(range: 0 - 0.1) on particle-to-particle contaal &wice that value for particle-wall contact in
their simulations. The authors found that increg&iath rolling frictions increased the angle of
repose. This is due to a large resistance fortieetootational motion of spheres providing an
effective mechanism to consume the kinetic enestpp the rotational motion, and lead to the

formation of a “sand pile” with high potential eggr(Zhou et al., 1999).

2.2.10.7 Bulk Density
Bulk density fy,) is the ratio of the mass to a given volume ofargsample including
the interstitial voids between the particles (Ha&seand Faubion, 1992; Gupta and Das, 1997).
In the U.S., bulk density or test weight per buste¢he weight (in Ib) per Winchester bushel
(2,150.42 irt) as determined using an approved device (USDA @J2804). The USDA
GIPSA (2004) method involves allowing a sufficiamhount of grain from a hopper, suspended
two inches above, to overflow the test weight ketiveling the kettle by three full-length,
zigzag motions with a stroker, and weighing thargfieom the kettle with an appropriate scale.
Bulk densities of most of the grain and seed laisnfNelson (2002) were tested for
standard test weight using a Fairbanks Morse deaiter weight-per-bushel apparatus equipped
with a one-quart measure. In Poland, Molenda anchlbik (2005) determined bulk density
based on measurement of the mass of a granulariahg@ieured freely into a cylindrical

container of constant volume, typically 0.25 or ..0n India, Gupta and Das (1997) measured
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bulk density of sunflower seeds and kernels binfjlla 500-mL container with grain from a
height of 15 cm, striking the top level, and thesighing the contents. Several experimepgal
values for grains and oilseeds were found in tieedture (Henderson and Perry, 1976;
Mohsenin, 1986; Hoseney and Faubion, 1992; Shretyal, 1996; Gupta and Das, 1997,
LoCurto et al., 1997; Nelson, 2002; Molenda anddbdt, 2005 ASAE Standard2006a).

2.2.10.8 Bulk Angle of Repose

Angle of reposed) is defined as the angle with the horizontal atciwhthe granular
material will stand when piled (Mohsenin, 1986; Eilesy and Faubion, 1992). The angle of
repose of grains is determined by numerous faetbish include frictional forces generated by
the grain flowing against itself, distribution okwght throughout the grain mass, and moisture
content of the grain (Hoseney and Faubion, 1992)edst two angles of repose are commonly
defined, namely the static angle of repose andiyinamic angle of repose. The dynamic angle
of repose is generally smaller than the staticangrepose by at least 3 - 10° (Fowler and
Wyatt, 1960).

It is generally believed that the angle of repase the angle of internal friction are
approximately the same (Mohsenin, 1986; Walton4)98owler and Chodziesner (1959)
derived an empirical equation for the coefficiehangle of friction using the tilting-box method.
Fowler and Wyatt (1960) used a similar form to defihe coefficient of the angle of repose.
Fowler and Chodziesner’s (1959) equation is offtine:

U=tanf=an’+b Di—cs+d (2.26)

avg
where u is the coefficient of angle of frictiod,is the angle of frictionn; is the specific surface

of the solid relative to a spheteis roughness of the sliding surfafl,is the average screen

particle diameterSis specific gravity of the granular material, and, ¢ andd are constants.

The term DL is replaced byDi by Fowler and Wyatt (1960) to define the
avg avg

coefficient of the angle of repose, withas the added percentage moisture content. Fonder a

Chodziesner (1959) noted that when the teFﬁgq,— , also called “relative roughness factor,” is

avg

equal to unity (i.e., materials are sliding ovesrtiselves), the angle of repose is equal to the
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angle of friction and is independent of the diametehe granular material. The same holds true

when —%—is zero (i.e., smooth surface). Stewart (1968),éw@wr, showed that for at least one
avg

seed (i.e., grain sorghum), the angle of reposdraathal friction are different.

There are several methods for measuring the arfigepose. The method to measure
static angle includes (1) the fixed funnel andftkee-standing cone, (2) the fixed-diameter cone
and the funnel, and (3) the tilting box (Train, 8p5raczek et al. (2007) also referred to thé firs
two methods, respectively, as “emptying,” in whible material pours through the outlet in the
container bottom (or fixed funnel) to form a freareding cone, and “piling,” in which the
material flows onto a circular plate with a fixeidmheter from an established height through a
funnel and mounds up into a cone prism. The titiog or inclined-plane method has been used
for rough rice (Kramer, 1944) and cereal grainsr(@atrova et al., 1963). In this method, the
grain sample is placed inside a special box (iveqden box with top side open) and placed on
the upper part of an inclined plane, which hasselmnnected to a lifting mechanism. It is then
tilted or lifted to a point at which the sample megto move. The angle of the inclined surface
when the sample begins to move is measured anthe af repose of the particular sample.

For dynamic angle, the methods include (1) thelkewg cylinder (Train, 1958) and (2)
that of Brown and Richards (1959). In the revolvoyjnder method, a sealed hollow cylinder
with one end transparent is half-filled with graarumaterial and is made to revolve horizontally.
The free surface of the granular material formsaanétrical plane. The angle of repose is the
maximum angle that this plane makes with the haottizloon rotation of the container before the
sample begins to cascade. Brown and Richards’ (19&&hod consists of a platform of fixed
diameter immersed in a container of granular maerirhe materials are allowed to escape from
the box, leaving a free-standing cone of matemeaihe platform. Fraczek et al. (2007) also
named this method “submerging.” Fowler and Wya@6() employed this method to measure
the effect of moisture content on the angle of sepaf rape seed, wheat, sand, basalt chips,
polythene chips, and canary seed.

Fraczek et al. (2007) also cited a fourth methoaddition to “emptying,” “piling,” and
“submerging.” The method is called “pouring,” whéie grain is poured into a cylinder that is
then slowly lifted up to allow the grain to moung an the base and form a characteristic cone.

The angle of repose is calculated based on coghtand diameter of the repose base measured
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at four points on the cone’s perimeter. The “pogitimethod is another way of determining the
angle of repose that minimizes inertial effectsgrg when the material is dropped from a
height, gains sufficient kinetic energy and inenéar the mound peak, and then flattens
considerably after the fill stream is stopped (Waland Braun, 1993).

The four abovementioned methods are based on shenasion that the mounted
granular slope acquires a cone shape, but redudtgperimental measurements often
contradicted this assumption (Fraczek et al., 20@79nly a few cases did the authors witness
the forming of a cone shape. Usually, dependinthemproperties of the granular materials, the
following deviations from the cone shape were olesertruncation of the top, and convexity
and concavity of slope. The authors recommendewjudigital-image analysis for a more
precise measurement of angle of repose. Deviatronsthe cone shape increased with
increasing moisture content of the material as alss noted by other authors (Horabik and
Lukaszuk, 2000). However, the more spherical-lhe materials, the more regular the cone that
forms.

Zhou et al. (2002) found that the angle of repdsa@no-sized coarse glass spheres is
significantly affected by sliding and rolling frions, particle size, and container thickness, but
not density, Poisson’s ratio, damping coefficiemtY oung’s modulus. The authors observed that
the angle of repose increases with increasingulhr sliding friction coefficients, and with
decreasing particle size or container thicknessvéder, container thickness larger than a critical
value (about a 20-particle diameter) gives a conistagle of repose corresponding to a situation
without any wall effects. This was shown by simigiatresults with periodic boundaries applied
to opposite walls of the container. Periodic bougaanditions enable any particle leaving the
domain in that direction to instantly re-enter ba bpposite side (DEM Solutions, 2009),
simulating infinite length in that direction antdeteby eliminating wall friction. In addition, the
effect of particle size was mainly the result sfeffect on rolling friction and not on sliding
friction.

Published angles of repose of grains and oilsemddling or piling and for emptying or
funneling were found in the literature (Mohseni@86; Gupta and Das, 1997; Molenda and
Horabik, 2005; Boyles et al., 2006).
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2.2.11 Summary

Customers around the globe demand for high quahtysafe grains and their by-
products. Challenges have increased with growtheftrait-specific market, proliferation of GM
crops, and threats from biological and chemicalckis. Several researchers have recommended
ways to identity preserve, segregate, label, aaxktthe grain to maintain its purity and
determine its origin. Studies have also dealt Witheconomics of identity preserved handling
and segregation, and specific measures to assg@gsarent threats from genetically modified
crop contamination and from biological and chemwehpons. Grain handling studies have
examined the potential to segregate grains inmiffeelevator sizes, the logistics and
management strategies of grain receiving and Igadjperations, and grain commingling in
various farm and elevator equipment.

However, studies on grain commingling (i.e., introtlon of contaminants) in bucket
elevators, even though it is identified as a aitivode vulnerable to terrorist attack, are limited
to two types of grain elevators (Ingles et al., 20006). Problems arise since full-scale tests of
viable contaminant mixing in the actual grain hamglsystem are unrealistic; and obtaining
sufficient field data requires numerous resourdernsive experiments in grain elevators. Thus, a
validated mechanistic model for predicting graimooingling in various types of elevator
equipment is valuable for extending the knowlediggrain commingling beyond the few current
experimental studies. The discrete element methtidits capability to track individual particles
is a proven way to simulate discrete objects likargkernels, and to predict the movement and

commingling of grains in bucket-elevator equipment.
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CHAPTER 3 - Feed Pellet and Corn Durability and Breakage
During Repeated Elevator Handling

3.1 Introduction

Pelleting of animal feed is important for improvefficiency in animal feeding and for
convenience in feed handling. Research has shaatratiimals fed with good quality pellets
have better growth performance and feed convetk@mthose fed with mash, reground pellets,
or pellets with more fines (Jensen et al., 1968sder and Becker, 1965; Kertz et al., 1981,
Brewer et al., 1989; Zatari et al., 1990). Behnkaod) indicated that improvements in animal
performance have been attributed to decreasediasthge, reduced selective feeding,
decreased ingredient segregation, less time arrdyeegpended for eating, destruction of
pathogens, thermal modification of starch and pno&nd improved palatability. A significant
part of the improvement is related to the qualityhe pellet. Good quality pellets are needed to
withstand repeated handling processes and redadertination of fines by mechanical action
during transport.

The quality of the pellets may be described byrttarability and resistance to attrition
and/or breakage during handling. Gustafson (19B@psdied the forces acting on the pellets as
impact, compression, and shear. Impact forcesestia pellet surface and any natural cleavage
planes in the pellet. Compression forces cruslpétiet and also cause failure along cleavage
planes. Shear forces cause abrasion of the eddesudiace of the pellet.

Several laboratory methods have been developedésune the durability of pellets. The
tumbling box, which is popular in North America asdhe basis for ASAE Standard S269.4
(ASAE Standard®003a), uses 500 g of prescreened pellets placethox that revolves for 10
min at 50 rpm (Young, 1962). The DURAL tester, whwas developed for hard alfalfa pellets,
subjects 100 g of pellets to impact and shear $of@e30 s at 1600 rpm (Larsen et al., 1996;
Sokhansanj and Crerar, 1999; Adapa et al., 200% .LTgnotester uses a sample of 100 g of

pellets and blows them around a perforated chafob&0 s (Winowiski, 1998). In all of these

! Boac, J. M., M. E. Casada, and R. G. Maghiran§826eed pellet and corn durability and breakage
during repeated elevator handlidgpplied Engineering in Agricultur4(5): 637-643.
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methods, the Pellet Durability Index (PDI) was cédted as the percentage of the mass of
surviving pellets over the total mass of pellets.

Aarseth (2004) studied the susceptibility of feetlgis for livestock to attrition during
pneumatic conveying. He investigated the effecisiofelocity, bend radius, and number of
repeated impacts for three commercially availabgl in a 100-mm-diameter pipeline. The
three commercial feeds were produced by Felleskjd@g@mbo, Norway). Feeds 'Formel Favar
30' (FF30) and 'Formel Elite' (FE) had pellet diteng of 6 mm and were formulated for
ruminants, whereas, 'Kombi Norm' (KN) had a smalliet diameter (3 mm) that was
formulated for pigs. He used Weibull analysis teess pellet quality. This analysis incorporates
fracture mechanics with statistics in order to déscthe strength of brittle materials. Brittle
materials show high scatter in strength due tcati@n in crack or flaw sizes, called Griffith
cracks. Weibull analysis considers a relationsleipvieen the scatter in fracture strength and the
size distribution of Griffith cracks. Aarseth anceBtlgkken (2003) demonstrated that this
method can be applied to feed pellets for ruminantsswine. Aarseth (2004) used the same
method to analyze the three commercial pellets imeed earlier.

Repeated handling in an elevator affects pelleakage and quality. Repeated handling
data for feed pellets in an elevator will be valedbr feed handlers in evaluating and improving
their feed handling and transportation proceduCesn-based feed pellet incorporated with other
feed ingredients to improve its nutritive value ¢tenan alternative to shelled corn.

Previous studies have been conducted on the dayaddilcorn during handling. Baker et
al. (1986) found that breakage susceptibility afld corn increased significantly during
handling in pneumatic conveying systems with appnately 100-mm-diameter pipe. Tests
involved using total lengths of 31 to 60 m, withotte four 90-degree elbows with a 1.22-m
radius of curvature.

Foster and Holman (1973) studied physical damageliage) to corn, wheat, soybeans,
and dry edible peas by commercial handling methGdsamercial handling methods included in
their study were dropping products by free falingiating bin filling), dropping products
through a spout (simulating railcar filling), graimrowing (simulating the loading of barges and
ship holds), and handling products in a bucketatlmv They enumerated the variables involved
in corn breakage caused by commercial handlingeharfree fall height, impact surface, and

corn moisture content and temperature. Corn thegdpid from a height of 12 m onto corn in the
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commercial handling study caused 4.3% breakagedior with 12.6% moisture at -3.8°C, and
0.25% breakage for corn with 15.2% moisture at®>®.0t was also observed that breakage of
corn handled decreased at higher grain temperatures

Data on repeated handling of shelled corn in thBRARRS, Center for Grain and
Animal Health Research (CGAHR), formerly Grain Metikg and Production Research Center
(GMPRC) research elevator at Manhattan, Kansas Ibese reported. Martin and Stephens
(1977) repeatedly transferred corn alternately betwtwo bins. Percentage of breakage of corn
kernels increased linearly during the repeated-lvamtests. They observed breakage within the
range reported by Foster and Holman (1973). The lead a fall similar to the average 16-m free
fall in bins 1 and 2. It had a moisture contenabbut 13% and a temperature of@Q1A
constant increase in breakage during 20 repeaadfars was also observed, in line with the
observation of Foster and Holman (1973).

Martin and Lai (1978) reported values of 0.080%3@%, and 0.028% for dust < 125
um generated per transfer for corn, sorghum, andatyinespectively, with a similar handling
system. Converse and Eckhoff (1989) observed limeaeases in broken corn and fine materials
during repeated handling of six lots of corn thad lheen subjected to different drying
treatments. The rates of increase were generahehifor corn dried at higher temperatures.
Total dust emission per transfer varied from 0.084%.21% of the total mass with the greater
emission associated with corn dried at higher teatpees.

The objective of this study was to compare theotfdé repeated handling in an elevator
on the quality of feed pellets and shelled corre Weasures of quality included percentage of
broken materials, PDI, and dust generated. Thege#éts in this study was compared to shelled
corn due to the manufacturer's interest in makig pellet as a direct alternative to corn.

3.2 Materials and Methods

3.2.1 Test Facility and Materials

Tests were performed in the research grain elewtibre USDA-ARS, CGAHR
(Manhattan, Kansas), which has a storage capakityl00 t (55,000 bu). The elevator has one
receiving pit and two bucket elevator legs, ead wimaximum feed rate of 81.671-{8,000
bu-hY). It is equipped with a pneumatic dust-controlteys including cyclone separators (Figure

3.1). In this research, the system was operatédagsahe airflow rate through the upper cyclone
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Figure 3.1 Schematic diagram of USDA-ARS-CGAHR resech elevator, showing the flow of
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handled materials and location of equipment (not dawn to scale): 1-storage bin 1; 2-storage
bin 2; 3-elevator boot; 4-elevator legs; 5-divertetype (DT) sampler; 6-hopper; 7-distributor;

8-receiving area; 9-upper cyclone separator; 10-logr cyclone separators; and 11-dust bin.
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separators was 5.0°m* and that through the lower cyclone separatorséuvhst-s’. These
settings were the typical operating conditionstfar elevator.

Tests were conducted with 22.6 t of feed pellets2:3 t of shelled corn. The mass of
pellets and corn was determined by weighing theveisl truck containing the material before
and after unloading in the elevator receiving aBaaing unloading, samples were taken every
2.5 min with a pelican sampler. These initial seesplere labeled as Transfer 0. The materials
were then moved from the receiving pit by belt aayor and were bucket elevated and dropped
into bin 1 for storage before testing (Figure 3.1).

The feed pellets were made of corn meal, with astnoé content of 13.2% wet basis
(wb) after pelleting. The crude fat/oil, proteimdastarch contents were 1.53%, 8.55%, and
65.6%, respectively. The pellets had an initiaklmensity of 643 kg-f, nominal diameter of
6.40 mm, average pellet length of 10.5 mm (standaxdation (SD) = 1.2 mm), and initial
moisture content of 10.5% whb [with mean moistureteat of 10.3% (SD = 0.321%) wb for
eight transfers]. The shelled corn was U.S. Grade2\with the following initial properties: test
weight, 752 kg-ii; broken corn and foreign materials (BCFM), 3.13f#ometric mean
diameter (GMD), 6.91 mm; and initial moisture contel2.6% wb [with mean moisture content
of 12.6% (SD = 0.302%) wb for eight transfers].

3.2.2 Test Procedure

3.2.2.1 Elevator Transfers and Sampling

Figure 3.1 shows a schematic diagram of the mafea during the test. The material
was transferred alternately between storage binith & volume of approximately 85%mand a
depth of 20 m) and bin 2 (with a volume of approaiety 411 m and depth of 26 m). From
storage bin 1, the material descended by gravibutih spouts and entered the boot on the
descending side of the bucket elevator. The buslesator raised it 54.9 m, where it was
discharged through a spout. It descended 3.0 mgs fhrough an automatic diverter-type (DT)
sampler (Carter-Day Co., Minneapolis, Minn.). Thatemial then descended 1.5 m to a hopper,
and then another 3.0 m to the distributor, befodescended 4.6 m to enter storage bin 2 and
then fell to the bottom of the bin. Transfer from & to bin 2 constituted one transfer and one-

half of a cycle.
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From storage bin 2, the material was spouted byityrto the belt conveyor, descended
3.0 m to enter the boot, elevated 54.9 m befadestended and passed through the DT sampler,
descended again to the hopper, and then to thvébdistr, and finally back to storage bin 1. This
second transfer completed one cycle. A total otrsirsfers, or three cycles, at an average
material flow rate of 62.2 tth(range: 52.7 to 68.6 t'hfor feed pellets and 56.6 t-ifrange:

51.4 to 65.1 t-f) for shelled corn, were done initially. In botrsea the material was left in bin 1
for one week before it was again transferred ta2oilh was left for one more week in bin 2

before the eighth and final transfer back to biitlis scenario was selected because it simulated
the number and type of transfers in a typical hagdbrocess for the feed pellets.

Each transfer was designated serially from Trarister Transfer 8. Samples were taken
every 2.5 min during each transfer with the DT sempn average of nine samples were taken
during each transfer, with a mean sample mass»f8&D = 51.9 g) for the feed pellets. An
average of 10 samples were obtained from shelledmer transfer, with a mean sample mass of
679 g (SD =42.5 g).

Material samples during receiving (Transfer 0) #rake from Transfers 1 to 8 were
divided appropriately with a Boerner divider forpele sizing (100 g), durability measurement
(500 g), and moisture-content determination (26rgotllet; 15 g for corn). A 250-g portion of
each shelled corn sample was also separated foMBf&ffermination. Samples were placed in
sealed plastic bags and stored inside sealed@lastkets at L in a refrigerated room for

subsequent analyses for particle size distributionability index, and moisture content.

3.2.2.2 Particle Sizing

The 100-g portions of each material sample weneesién accordance with ASAE
Standard S319.AGAE Standard003b) by using a Ro-Tap RX-29 sieve shaker (\Wyfer,
Mentor, Ohio). The screen sizes were U.S. Stansiaka screen size openings: 8.00, 6.70, 6.30,
5.60, 3.35, 1.70, 1.00 mm, and pan (0.850 mm), kvivas adjusted from the screen sizes in
ASAE Standard S319.3 to accommodate larger pefles sSamples were initially sieved and
shaken until they reached endpoiASAE Standard003b). Endpoint was determined by
comparing the mass on each sieve at 1-min inteaftds an initial sieving time of 10 min. If the
mass on the smallest sieve containing any of thetpehanged by 0.1% or less of the material

mass during a 1-min period, then sieving was cameiicomplete. In accordance with ASAE
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Standard S269. ASAE Standard003a), feed pellet samples passing through .6 mm-
mesh sieves were considered broken pellets. Pélletsvere retained on sieve sizes 8.00, 6.70,
6.30, and 5.60 mm were considered whole pelletsli&hcorn samples passing through the
4.76-mm round-hole sieve (12/64-in.) were considdén®ken corn and those that were retained
on the 4.76-mm round hole sieve were consideredendwn (USDA GIPSA, 2004). Samples
were weighed on a digital balance (O-Haus AdventBre AV 4101, O-Haus Corp., Pine
Brook, N.J.) with a resolution of 0.1 g.

From the particle size distribution data, the GMiparticles by mass, geometric
standard deviation (GSD), and geometric standavéhtien of the particle diameter by mass
(GSDw) were calculatedASAE Standard003b).

3.2.2.3 Durability Measurement

The durability of the pellets was evaluated by gsirdurability tester in accordance with
ASAE Standard S269.ASAE Standard003a). Samples from Transfers 0 (initial), s, 4
(middle), and 7 (second to last) were selectednferdurability test. The durability tester
consisted of four 130-mm wide tumbling boxes. Theice was rotated about an axis
perpendicular to, and centered in, the 300-mm sk&30-mm-long baffle was affixed
symmetrical to a diagonal of one 300- x 300-mm gidale the box.

With four tumbling boxes, four samples were testieaultaneously. Four 500-g samples
from each of Transfers 0, 1, 4, and 7 were selemtespecified by ASAE Standard S269.4
(ASAE Standard<2003a) for pellets with a nominal diameter of®6m™m. The samples (i.e.,
pellets greater than 5.60 mm) were tumbled for iDah50 rpm. Immediately after tumbling the
samples were removed and sieved with the 5.60-meesdor approximately 30 s to remove the
fines and broken pellets. The pellets that wet@med on the sieve were weighed. A similar
procedure was used for shelled corn from Tran€fetls 4, and 7, using the standard 4.76-mm
round-hole sieve to screen the whole kernels atetrdéne broken kernels before and after

tumbling. The durability index was computed by gsihe following equation:

massof material retainedon the sieveafter tumbling (3.1)

Durability Index= . -
massof material beforetumbling
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Durability index (DI) was calculated for both petieand shelled corn. For pellets the
durability index is commonly known as PDI, a teretained in this article.

Moisture content of the feed pellet samples wasrdghed by oven-drying at 80 for
72 h according to ASAE Standard S35RABAE Standard2003c) as indicated in ASAE
Standard S269./AGAE Standard003a). Moisture content of shelled corn wasrdateed by
oven-drying at 103 for 72 h according to ASAE Standard S35A3AE Standard003d).

3.2.2.4 Dust Sampling

Handling of the materials generated dust. The prgierdust control system collected
the dust through the cyclone separators and ialtist bin (Figure 3.1). After each transfer, the
dust collected in the dust bin was emptied intéeatc bag, weighed, labeled, and stored at 4°C
in a refrigerated room for later analysis. Represtére dust samples from the plastic bag were
obtained in accordance with ASTM Standard E-388TM Standard2000). Nine samples
from the plastic bag from each transfer were oletiny using a grain sampling probe. The
samples were sieved with a U.S. Sieve No. 120 (@b Particles collected by the cyclones that
passed through the 12&n sieve aperture (ca. 10 to 12%) (Martin and Sauer 1976; Martin
and Stephens, 1977; Martin and Lai, 1978) were kezig

3.2.2.5 Data Analyses

The experiment was designed with repeated hangtliagsfers) and materials as the
class variables. The experimental units were thd feellets and the corn. This design was
devised to control the cost involved in conductimig large-scale experiment.

Comparisons of results between materials (feee@tsedind shelled corn) and between
transfers (Transfer 1 to 8) were done by using ¥sialof Variance (ANOVA) in SAS (SAS
Institute Inc., Cary, N.C.). The percentage of dasthe eight transfers in this study was
compared with published data on corn (Martin arepBéns, 1977) by using the ANOVA
procedure in SAS.
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3.3 Results and Discussion

3.3.1 Particle Size Distribution

The initial GMD of the pellets was 5.62 mm (Tabl&)3The apparent GMD decreased
as the number of transfers increased. From Tran6fes 4, GMD decreased by approximately
1.9 mm; from Transfers 4 to 8, the GMD remainedtreély constant. For shelled corn, the
initial GMD was 6.91 mm (Table 3.1). The appareMBfor shelled corn did not differ among
transfers, except with Transfer 0. The apparent GMBD, and GSDw of the pellets were

significantly different (p < 0.01) from that of dle&l corn.

Table 3.1 Apparent geometric mean diameter (GMD), gometric standard deviation (GSD),
apparent geometric standard deviation of the partite diameter by mass (GS[), and change
in percent breakage of feed pellets and shelled soduring repeated handling®®!

Apparent GMD (mm) GSD Apparent GSDw (mm) Change in % Breakage
Transfer Feed Pellet Corn Feed Pellet Corn Feed Pellet Corn Feed Pellet Corn
0 5.62 6.91 1.69 1.28 3.09 1.74
1 5.01 6.69 1.88 1.35 3.38 2.02 7.42 1.72
2 455 6.75 2.00 1.31 3.42 1.83 7.29 0.315
3 4.54 6.67 1.99 1.37 3.38 2.11 0.543 -0.066
4 3.71 6.70 2.19 1.32 3.22 1.90 12.9 -0.308
5 3.90 6.62 2.10 1.38 3.16 2.14 -0.992 0.401
6 3.87 6.68 2.12 1.34 3.19 1.97 -0.048 0.051
7 3.60 6.58 2.14 1.37 3.02 2.12 5.58 1.02
8 3.81 6.56 2.09 1.37 3.06 2.08 -2.02 -0.079
Mean (SD) 4.29 (0.688) 6.69 (0.104) 2.02 (0.156) 1.34(0.033) 3.21(0.147) 1.99 (0.142) 3.83 (5.26) 0.382 (0.676)

@ Feed pellets and shelled corn differed signifigaintl GMD, GSD, GSR), and change in % breakage at the 5% level of fiignice. Negative valur
of change in % breakage are due to inherent vditiaioi the materials.

3.3.2 Whole and Broken Materials

No pellets were retained on the 8.00-mm sieve.mass percentage of whole pellets (
5.60 mm) decreased with subsequent transfers, 8&6% to 49.8% (Figure 3.2). This was due
to pellet breakage occurring during transfers. ¥seeted, the mass of broken pellets (< 5.60
mm) increased with subsequent transfers. The massmage of broken pellets increased from
an initial value of 17.5% to 50.2%, equivalent toaverage of 3.83% increase with each transfer
(Table 3.1). The nonlinear increase in breakadgeraifl from the linear increase observed by
Foster and Holman (1973) and Martin and Stephe®ig7(1for shelled corn.
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For the shelled corn in this study, the mass peagenof whole corn<4.76 mm) from
Transfer 0O differed from all the other transfereeTnass percentage of whole corn decreased
from 96.9% to 93.8% and the mass percentage ofbro&rn (<4.76 mm) increased from 3.13%
to 6.18% for the eight transfers. The mass pergenddbroken corn increased by an average
value of 0.382%, which was significantly less (p.85) than that of the pellets (Table 3.1). This
difference indicated that this corn was relativeéilyable, which is typical for corn that did not
undergo high temperature drying.

The least-squares best-fit line showed a seconer@alynomial relationship between
number of transfers and broken pellets or wholtefelwith a coefficient of determination® R
0.96 (Figure 3.2). This relationship was expectechbise the weaker pellets break easily and
faster during the earlier transfers.

& o Y
¢ L 4 ¢® A 4 4

W Whole Pellet (> 5.60 mm)A Broken Pellet (< 5.60 mm)
¢ Whole Corn (> 4.76 mm) X Broken Corn (< 4.76 mm)

% Whole Pellet = 0.518x 8.06x + 82.6
R?*=0.96

Whole and Broken Pellet and Corn, %
Ul
o

40 -
30 4
20 4
18 ] X X ¥ ¥ % % % X
0 1 2 3 4 5 6 7 8
Transfer

Figure 3.2 Whole and broken feed pellets and shetiecorn (in percentage of total mass during

repeated handling.
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Zatari et al. (1990) indicated that broilers feda®hole pellets and 25% broken pellets,
as compared with 25% whole and 75% broken, haetieted efficiency and higher body
weight. For this study, a percentage of whole pelé 75% or better was attained up to Transfer
1 only; the percentage of whole pellets decreaseghproximately 50% as the final transfer was
reached. Amornthewaphat et al. (1999) found a tidearease in efficiency of growth of
finishing pigs as broken pellets was increased f@8m(7% greater gain/feed than meal control)
to 50% (2% greater gain/feed than meal controljhis study, 50% broken pellets occurred after
Transfer 8.

3.3.3 Durability Index

The initial PDI value (Transfer 0) for the feedlptd was 92.8% (SD = 1.2%). For
Transfers 1, 4, and 7, the mean PDI values we@®2SD = 1.5%), 93.3% (SD = 0.2%), and
93.4% (SD = 2.0%), respectively. The PDI valueseased only slightly and transfers were not
significantly different (p > 0.05). Shelled corndhaean DI values of 99.8% for Transfers O,
99.7% for Transfer 1, and 99.6% for both Transfeasd 7. The corn DI values for the transfers
were not significantly different (p > 0.05) (Talide2). The PDI and corn DI, however, were

significantly different from each other (p < 0.05).

Table 3.2 Durability indices of feed pellets and sHled corn during repeated handling®

Durability Index (%)

Transfer Feed Pellet Corn
0 92.8 (1.22) 99.8 (0.059)
1 92.0 (1.51) 99.7 (0.080)
4 93.3 (0.200) 99.6 (0.079)
7 93.4 (1.97) 99.6 (0.064)
Mean (SD) 92.9 (0.633) 99.7 (0.081)

eI Mean durability index of feed pellets was signifitg different from that of shelled corn at the $8%el of significance.

Dozier (2001) reported that minimum PDI valuesatifior different meat birds: 96% for
ducks, 90% for turkeys, and 80% for broilers. Haara(1984) reported no difference in
finishing pig performance between pigs restricteddly pellets with PDI of 69% or 62%. The
feed pellets in this study have nominal size sigtétr pigs. This pellet has a higher measured

89



PDI and, based on that PDI, can be expected tosyniar or better performance in swine
compared to the pellet reported by Hanrahan (1984).

Aarseth (2004), who compared three types of feddtpeFF30, FE, and KN, indicated
that the pellet with highest bulk density (BD) vwadso the least susceptible to attrition in the
Holmen pellet tester. The BDs of the FE and FF3@tkfor 120 s in the Holmen tester were 641
and 664 kg-m and the PDIs were 92% and 96%, respectively. TRep#llet, which was tested
for 30 s, had BD = 623 kg-frand PDI = 94%. The feed pellets in this study &&D of 643
kg-m* and initial PDI of 92.8%, which is comparable # i& Aarseth's study. It should be
noted, however, that the Holmen tester seemed tatsher than the tumbling box method, and
therefore would yield lower PDI values (WinowiskB98). The feed pellets in this study may

have a lower PDI value if tested with the Holmestde

3.3.4 Dust

The mean pellet dust collected by the cyclones®8@4 kg-t of pellet mass. Shelled
corn had mean collected dust of 0.614 kgftcorn mass, which was not significantly differen
from that of the feed pellets (p > 0.05) (Table)3.3

The mean mass of dust <128 per unit mass of pellets (0.337 kgef pellet mass) was
significantly different (p < 0.05) from that of dkel corn (0.403 kg+tof corn mass) (Table 3.3).
Overall, the mass of dust <12 for the feed pellets was 50% of the total dufiected, which
was significantly different from that of corn (668bthe total dust) in this study.

Compared with published values, the mean percestaiggust of both feed pellets
(0.069% of pellet mass) and shelled corn (0.061%oaf mass) were significantly different
from that of Martin and Stephens (1977) (0.082%ah mass) for the eight transfers (p < 0.05).
The percentages of dust of both materials in thidyswere also less than that from Martin and
Lai (1978), which was 0.095% of the corn mass. Jitngled corn from this study was relatively
cleaner than that of Martin and Stephens (1977)Nadin and Lai (1978).

The amounts of dust <128n in Martin and Stephens' (1977) shelled corn (t0%e
mass of the dust) and in Martin and Lai's (19T®)led corn (85% of the mass of dust) were
greater than that from the pellets (50%) and stieten (66%) from this study. The percentage
of dust <125um of the pellet was significantly different (p <0Q) from that of Martin and
Stephens' (1977) shelled corn.
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Table 3.3 Mean total collected dust and calculateamount of dust <125um of feed pellets and

shelled corn during repeated handling.

Total Collected Dust

(kg-t* of materials handled)

Collected Dust < 125um (SD)
(kg-t* of materials handled)

Transfer Feed Pellet Corn Feed Pellet Com
1 0.629 0.529 0.312 (0.022) 0.374 (0.024)
2 0.718 0.816 0.341 (0.004) 0.477 (0.017)
3 0.681 0.593 0.332 (0.003) 0.397 (0.023)
4 0.706 0.710 0.329 (0.006) 0.452 (0.014)
5 0.674 0.522 0.325 (0.002) 0.392 (0.012)
6 0.838 0.666 0.413 (0.017) 0.453 (0.028)
! 0.516 0.541 0.237 (0.003) 0.370 (0.021)
8 0.793 0.532 0.406 (0.013) 0.309 (0.020)
Mean® (SD)

0.694 b (0.099)  0.614 b (0.108) 0.337 ¢ (0.056)  0.403d (0.055)

eI Means (within the same parameter) with the santerlatere not significantly different at the 5% lewésignificance.

3.4 Summary

Pelleting of animal feeds is important for improvedding efficiency and for
convenience of handling. Pellet quality impactsfdealing benefits for the animals and pellet
integrity during handling. To compare the effecteeated handling on the quality of feed
pellets and corn, a 22.6-t (1000-bu) lot of feelligpe made from corn meal and a 25.3-t (1000-
bu) lot of shelled corn, were each transferredétiely between two storage bins in the USDA-
ARS, Center for Grain and Animal Health ResearcBAEIR) research elevator at Manhattan,
Kansas, at an average flow rate of 59.4.t$amples from a diverter-type sampler were
analyzed for particle size distribution (by sieVimgnd durability (by the tumbling box method).

The apparent geometric mean diameter of pellet Eenaecreased with repeated
transfers, whereas the mass of accumulated brad&igincreased with repeated transfers. The
percentage of broken pellets (< 5.60 mm) incre&sed an initial value of 17.5% to 50.2% after
eight transfers, an average percentage incredseakage of 3.83%. The percentage of broken
corn, which was significantly different from thdtloroken pellets (p < 0.05), increased from
3.13% to 6.18%; the average percentage increas@.882%. Repeated handling did not
significantly affect the durability index of thedeé pellets, which ranged from 92.0% to 93.4%,
nor that of shelled corn, which ranged from 99.6°9%.8%.
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Analysis of dust removed by the cyclone separatbosved that the average mass of dust
removed per transfer was 0.069% of the mass aétselivhich was not significantly different
from that of shelled corn (0.061%) but was sigmifity different from that reported by Martin
and Stephens (1977) for a different lot of cornefall, 50% of pellet dust collected in the
cyclones were <12pm in diameter, which was a smaller percentage thaincollected with
shelled corn (66%). The mean mass of dust <iitsvas significantly less for feed pellets
(0.337 kg-t of pellet mass) than for shelled corn (0.403 kgftcorn mass), indicating that these
pellets produced less dust in the range of 10 soub2 during handling than did shelled corn.

3.5 References

Aarseth, K. A. 2004. Attrition of feed pellets dugi pneumatic conveying: the influence of
velocity and bend radiuBiosystems Engineerir@9(2): 197-213.

Aarseth, K. A., and E. Prestlgkken. 2003. Mechdmoaperties of feed pellets: Weibull
analysisBiosystems Engineerirgs}(3): 349-361.

Adapa, P. K., L. G. Tabil, G. J. Schoenau, andd&h8nsanj. 2004. Pelleting characteristics of
fractionated, sun-cured, and dehydrated alfalfadgriApplied Engineering in
Agriculture20(6): 813-820.

Amornthewaphat, N., J. D. Hancock, K. C. BehnkelHRHines, G. A. Kennedy, H. Cao, J. S.
Park, C. S. Maloney, D. W. Dean, J. M. Derouchey B. J. Lee. 1999. Effects of
feeder design and pellet quality on growth perfaroga nutrient digestibility, carcass
characteristics, and water usage in finishing plgsrnal of Animal Sciencé7(Suppl.1):
55.

ASAE Standardf003a. S269.4: Cubes, pellets, and crumblekefinitions and methods for
determining density, durability, and moisture cont&t. Joseph, Mich.: ASAE.

ASAE Standard003b. S319.3: Methods of determining and exprgdmeness of feed
materials by sieving. St. Joseph, Mich.: ASAE.

ASAE Standardf003c. S358.2: Moisture measurement - ForagedoSe¢ph, Mich.: ASAE.

ASAE Standardf003d. S352.2: Moisture measurement - Ungrouath@nd seeds. St. Joseph,
Mich.: ASAE.

92



ASTM Standard2000. E300-92: Standard practice for samplingistigial chemicals. West
Conshohocken, Pa.: ASTM.

Baker, K. D., R. L. Stroshine, K. J. Magee, G. ldster, and R. B. Jacko. 1986. Grain damage
and dust generation in a pressure pneumatic comyeyistemTransactions of the ASAE
29(2): 840-847.

Behnke, K. C. 1994. Processing factors influengaliet quality. AFMA Matrix. South Africa:

Animal Feed Manufacturers Association. Availablehdip://www.afma.co.za. Accessed
26 April 2005.

Brewer, C. E., P. R. Ferket, and T. S. Winowiski89. The effect of pellet integrity and
lignosulfonate on performance of growing tdPoultry Scienc&8(Suppl.1): 18.

Converse, H. H., and S. R. Eckhoff. 1989. Corn @usissions with repeated elevator transfers
after selected drying treatmeifitansactions of the ASAR(6): 2103-2107.

Dozier, W. A. 2001. Cost-effective pellet quality fmeat birdsFeed Managemeri2(2): 21-24.

Foster, G. H., and L. E. Holman. 1973. Grain brgakeaused by commercial handling method.
USDA Res. Serv. Mrktg. Res. Rpt. No. 968. Washing®.C.: U.S. Department of
Agriculture-Agricultural Research Service.

Gustafson, M. L. 1959. The durability testa key to handling wafers and pellets. ASAE Paper
No. 59621. St. Joseph, Mich.: ASAE.

Hanrahan, T. J. 1984. Effect of pellet size andepeguality on pig performancé&nimal Feed
Science and Technolod®(4): 277.

Jensen, A. H., and D. E. Becker. 1965. Effect dileing diets and dietary components on the
performance of young pigdournal of Animal Scienc24(2): 392-397.

Jensen, L. S., L. H. Merrill, C. V. Reddy, and X®Innis. 1962. Observation on eating patterns
and rate of food passage of birds fed pelletedusipetlleted dietsPoultry Sciencé&l1(5):
1414-1419.

Kertz, A. F., B. K. Darcy, and L. R. Prewitt. 19&8ating rate of lactating cows fed four physical
forms of the same grain ratiofournal of Dairy Sciencé4(12): 2388-2391.

93



Larsen, T. B., S. Sokhansanj, R. T. Patil, and V@rérar. 1996. Breakage susceptibility studies
on alfalfa and animal feed pelle@anadian Agricultural Engineerind8(1): 21-24.

Martin, C. R., and F. S. Lai. 1978. Measuremergrafn dustinesereal Chemistrp5(5):
779-792.

Martin, C. R., and D. B. Sauer. 1976. Physical hiotbgical characteristics of grain dust.
Transactions of the ASAE(4): 720-723.

Martin, C. R., and L. E. Stephens. 1977. Brokem@ord dust generated during repeated
handling.Transactions of the ASAE(1): 168-170.

Sokhansanj, S., and W. J. Crerar. 1999. Developofemturability tester for pelleted and cubed
animal feed. SAE 1999-01-283Agriculture Machinery, Tires, Tracks, and TractiSR-
1474: 83-87.

USDA GIPSA. 2004. Chapter 4: Corn.@rain Inspection Handbook, Book Il, Grain Grading
ProceduresWashington, D.C.: USDA Grain Inspection, Packarg] Stockyards

Administration, Federal Grain Inspection Service.

Winowiski, T. S. 1998. Examining a new concept i@asuring pellet quality: which test is best?
Feed Managemert9(1): 23-26.

Young, L. R. 1962. Mechanical durability of feedlpes. Unpublished MS Thesis. Manhattan,

Kansas: Kansas State University, Department ofrG8aience and Industry.

Zatari, I. M., P. R. Ferket, and S. E. Scheidel®@0. Effect of pellet integrity, calcium
lignosulfonate, and dietary energy on performarfcaionmer-raised broiler chickens.
Poultry Scienc&9(Suppl. 1): 198.

94



CHAPTER 4 - Size Distribution and Rate of Dust Geneated During

Grain Elevator Handling*

4.1 Introduction

Dust emitted during grain handling is a safety hadlth hazard as well as an air
pollutant. Grain dust is composed of approximalfo organic matter, which may include
particles of grain kernels, spores of smuts anddmohsect debris (fragments), pollens, and field
dust (US EPA, 2003) that become airborne duringhdrandling (Aldis and Lai, 1979). Due to
the high organic content and a substantial suspenftaction, concentrations of grain dust
above the minimum explosive concentration (MEC)epars explosion hazard (US EPA, 2003).
Published MEC values range from 45 to 150 §(dacobsen et al., 1961; Palmer, 1973; Noyes,
1998).

In addition to being a safety hazard to grain di@vevorkers, grain dust is also a health
hazard (NIOSH, 1983). Prolonged exposure to grast dan cause respiratory symptoms in
grain-handling workers and in some cases affeckersi performance and sense of well-being
(NIOSH, 1983). The American Conference of Governtaldndustrial Hygienists (ACGIH,

1997) has defined three particulate mass fraciionslation to potential health effects: (1)
inhalable fraction (particulate matter (PM) witime&dian cut point aerodynamic diameter of 100
um that enters the airways region), (2) thoracictfoa (PM with a median cut point
aerodynamic diameter of 10n that deposits in the tracheobronchial regions}, (&) respirable
fraction (PM with a median cut point aerodynamiardeter of 4um that enters in the gas-
exchange regions), herein referred to as PM-4.UB&PA (2007), on the other hand, regulates
PM-2.5 or fine PM (i.e., PM with equivalent aerodymc diameter of 2.;5m or less) and PM-

10 (i.e., PM with equivalent aerodynamic diametet@um or less). PM-2.5 has been linked to
serious health problems ranging from increased symgto premature death in people with

lung and heart disease. Fine particulates suctva2.B, PM-4, and PM-10 are more dangerous

! Boac, J. M., R. G. Maghirang, M. E. Casada, JMbson, and Y. S. Jung. 2009. Size distribution and
rate of dust generated during grain elevator hagdiipplied Engineering in Agricultur25(4): 533-541
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in terms of grain dust explosions because MEC gdliyatecreases with decreasing particle sizes
and increasing surface area (Garrett et al., 1982).

Under the 1990 Clean Air Act, the state environrakagiencies are required to regulate
the grain elevator industry’s emission of airbodust (US EPA, 1990). The US EPA AP-42
document has listed emission factors for grainateng (US EPA, 2003). The document cites
recent research on dust emission from grain hagdlperations indicating the mean PM-10
value was approximately 25% of total PM or totadtgand the fraction of PM-2.5 averaged at
about 17% of PM-10. Mean PM-10 values for countrg export elevators were 20% and 26%,
respectively, of total dust (Midwest Research togt, 1998). The elevators primarily handling
wheat had mean PM-10 of about 30% of total dusgredss those primarily handling corn and
soybean had an average PM-10 of slightly less 2086 of total dust.

Several studies have been conducted to determenantiount of dust emitted from
external and process emission sources in grairates/(Table 4.1) and measure the particle size
distributions (PSD) for dust collected from the sasystem (Table 4.2). Parnell et al. (1986)
reported mass median diameter (geometric standasidtcbn) of grain dust < 100m for corn
and wheat of 13.2 and 134 (1.80 and 2.08), respectively. Martin and Laiq8Pcited mean
mass median diameters of residual dust (that steclgsain) of 13 and 1dm for wheat and
sorghum, respectively. In the same study, the mpeatentages of residual dust with diameter
10 um were about 34%, 33%, and 45% for sorghum, corh véheat, respectively.

Piacitelli and Jones (1992) studied the size dhstion of sorghum dust collected by
impactors during on-farm handling (harvesting, amf storage, delivery truck). Their results
indicated that about 2% of the particles k&a@l5um aerodynamic diameter; 10% wetd0 pm,
24% were< 15um, 48% were< 21 um, and 52% were > 2dm.

However, data on the PSD of dust generated duraig gandling in a bucket-elevator
system and the fraction that might be health hazare limited (Wallace, 2000). Martin and
Sauer (1976) studied the dust fraction that wasaromated by mold spores and fungal
metabolites, which can be health hazards to gtewar workers; however, they did not
consider PSD. The most comprehensive PSD studyaratucted by Parnell et al. (1986), but
their study was limited to dust < 1Q@n, the most explosive fraction. Thus, limited dexésts
on the complete range of particle sizes generatedgibucket elevator handling even though

this system is the primary grain and feed handdiygjem used in the United States. This study
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fills the gap where no complete PSD is availabtextbeat and corn and provides more specific
data than previous studies particularly on smatiigla sizes, PM-2.5 and PM-4.

The objective of this study was to characterizeRB® and dust generated (i.e., mass
flow rate) in a bucket-elevator system collectedttgam of the cyclone separator. The fractions
of interest were particles with aerodynamic diamgete2.5 and< 10 um for regulatory purposes
and< 4 um for health reasons. Specific objectives wereetemnine the effects of grain lots

(part 1), repeated transfers (part 2), and graesyon PSD of the dust.

Table 4.1 Published particulate emission factors fagrain handling.

Emission Factor (gt of grain)
Total PM PM-10 PM-2.5

Emission Source

Grain Receiving

(hopper and S”a'ghégr‘;]‘ék’sﬁ'g“ 8.30 — 90.07 P11 (¢ 0.600 — 29,4 el 0.650 — 5.00!
Grain Cleaning

(internal vibrating - with cyclone) 37.501 9.50 1.601
Headhouse and Internal Handling

(legs, belts, distributor, scale, etc.) 30.501 17.00H 2.90
Storage Vents 1250 3.15M 0.550
Grain Drying

(column and rack dryers) 110 — 1500 @ 27.5 — 3744 4.70- 65.47

Grain Shipping 4.00 — 43.¢B 1 1.10 - 14574 0.185 — 2.4%!

(truck, railcar, barge, ships)

el Kenkel and Noyes, 1995)

b Midwest Research Institute, 1998
@ Shaw et al., 1998

9 ys EPA, 2003

© Billate et al., 2004

Table 4.2 Published size distribution of grain dustrom grain elevators.

Percentage PM Dust of the Total Dust Collected (%)

Grain Type <125um <100um <10pm <8um <4um <2.5um
Corn 62.0 - 86.¢¢ Pl 54,11 5.00 - 12.0°M1 5.00 - 12.0% 0.600 - 3.00" 0.200 - 1.00"
Wheat 33.0-78.81 34,34 - 3.00 - 4.00¢ - -
Sorghum 60.¢ 34.3M - - - -

Rice - 44,29 - - - -
Soybean - 50.8 - - - -
Cyclone dust - - 9.06! - - -
Baghouse 20.0M - - -

dust ) )

e Martin and Sauer, 1976 (from table 2)

b Martin and Stephens, 1977 (from table 1)

@ Martin and Lai, 1978 (from table 3)

4 pamell et al., 1986 (from table 3, paper alscega8D graphs of dust < 1Qén)
©l aj et al., 1984 (interpolated from PSD graphufig5s)

1 Baker et al., 1986 (interpolated from PSD grajgure 2)

9 Martin, 1981 (interpolated from PSD graph, fig)e
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4.2 Materials and Methods

4.2.1 Test Facility

Dust samples from handling of wheat and shelled waare collected upstream of the
cyclone separators in the research grain elevatbed JSDA-ARS, Center for Grain and
Animal Health Research (CGAHR) (Manhattan, KarBhe grain elevator has a storage
capacity of 1400 t (55,000 bu). It has one recg\pit and two bucket elevator legs, each with a
maximum feed rate of 81.6 t'1{3,000 bu-H). It is equipped with a pneumatic dust-control
system, which includes a 2.74 m diameter low presspper cyclone separator and twin 2.24 m
diameter low pressure lower cyclone separatorau(Eig.1). In this research, the system was
operated so that the airflow rate through the upgelone separators—serving the upper
spouting, distributors, and storage bin headspacas-50 m-s* and the rate through the lower
cyclone separators—collecting dust from the grolenel area, particularly the elevator boot—
was 6.4 m-s’. These settings were the typical operating comutitifor the elevator.

4.2.2 Test Materials and Grain Handling

4.2.2.1 Part 1: Wheat

The initial study determined the effect of graihda the PSD of the grain dust. The test
material, Hard Red Winter wheat from a 2005 croas wurchased from a local elevator on July
19-21, 2005, and stored under aeration in smalahiéts for two years. The wheat was then
unloaded in the CGAHR research elevator receivieg,anoved from the receiving pit by belt
conveyor, bucket elevated, and then dropped irgstbrage bin before testing (Figure 4.1). It
was weighed on the inline weighing scale. Theresvieur lots of wheat. Each of the four lots,
with a mean mass of 28.3 t (1000 bu), was transfleeach time at an average material flow rate
of 52.2 t-H" (range: 44.3 to 56.9 t' Transfer 1 was a transfer from storage bin 2h(\&i
volume of approximately 411 hand depth of 26 m) to storage bin 3 (with the saoleme and
depth as storage bin 2) (Figure 4.1) on AugusR®/ with mean temperature (T) and mean
relative humidity (RH) of 30.4 °C and 56.0 %, respeely, during transfer. Transfer 2 was
performed from storage bin 3 to storage bin 2 ogust 28, 2007 (T = 34.5 °C, RH = 36.4 %)
and August 29, 2007 (T = 22.9 °C, RH = 84.2 %). Trugal grain drop height for each transfer
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Figure 4.1 Schematic diagram of USDA-ARS-CGAHR resech elevator showing flow of the
handled grain and location of equipment (not drawrto scale): 1 - storage bin 1; 2 - storage

bin 2; 3 - elevator boot; 4 - elevator legs; 5 - derter-type sampler; 6 - hopper; 7 - distributor;

8 - receiving area; 9 - upper cyclone separator; 10lower cyclone separators; 11 - dust bin; A

— lower duct sample collection point; and B — uppeduct sample collection point.
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was 26 m. During each of the two transfers for e#dhe four lots, dust was sampled upstream

of the lower and upper collection ducts (Figure 4.1

4.2.2.2 Part 2: Shelled Corn

The second part of the study was conducted tormeterthe effect of repeated transfers
on the PSD of the dust particles. The test matesal shelled yellow-dent corn from 2006 crop,
air-dried, and also purchased from the same Ideahtor on April 4, 2007. The shelled corn
was weighed while in the truck, unloaded, and btielevated into the storage bin before testing.
Shelled corn, with a mean mass of 25.3 t (1000Wwa}, transferred at an average material flow
rate of 56.6 t-T (range: 51.4 to 65.1 t' Transfer 1 was a transfer from storage bin thai
volume of approximately 85 frand a depth of 20 m) to storage bin 2. The shelted lot was
transferred alternately between storage bin 1 tord@e bin 2 six times (Transfers 1 to 6) on
April 24, 2007 (T = 22.2 °C, RH = 76.8 %). It watlin storage bin 1 for a week before it was
again transferred to storage bin 2 (Transfer 7May 1, 2007 (T = 19.7 °C, RH = 89.3 %). It
was left for one more week in storage bin 2 betbesfinal transfer (Transfer 8) on May 8, 2007
(T =18.2 °C, RH = 73.5 %). The initial grain drbpight to storage bin 1 was 20 m and to
storage bin 2 was 26 m. During each of the eigindfiers, dust samples were collected upstream

of the lower and upper collection ducts (Figure 4.1

4.2.3 Dust Sampling

Prior to dust sampling, velocity traverses weredtated inside the lower and upper
collection ducts in accordance with US EPA MethdtU$ EPA, 2000) to establish the
isokinetic collection velocity in the sampling du¢he mean measured velocities for the lower
and upper collection ducts were 17.8 and 19.2'mespectively. The cross-sectional areas of
the lower and upper ducts were 0.36 and 0.26&@spectively. Based on the mean velocities and
cross-sectional areas, the volumetric flow rateaiothrough the lower and upper collection
ducts were 6.4 and 5.0°ra", respectively.

Dust samples were then collected isokineticallytngasn of the cyclones every 5 minutes
during each grain transfer. A total of three sampler grain transfer were collected from each
sampling point (Figure 4.1). Each dust sample waseted on a 0.20- x 0.25-m glass fiber filter
by using a high volume sampling train in accordanite ASTM D4536-96 and US EPA CTM-
003 (US EPA, 1989ASTM Standard2000). The high volume sampling train consisted 85-
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mm diameter sampling probe, a 0.20- x 0.25-m fii@der, a differential pressure gauge, and a
variable-speed vacuum motor. To achieve isokiregtiapling conditions, the sampling
volumetric flow rates for the lower and upper dustse set at 0.017 and 0.018-st,

respectively.

To minimize the effect of humidity on filter magke glass fiber filters were conditioned
in a constant humidity chamber (Z5 50% relative humidity) for at least 24 h prionteighing
both before and after sampling. All filters wereigleed on an electronic scale (model PC 440,
Mettler Instrument Corp., Hightstown, N.J.) witlsensitivity of 0.001 g. The change in mass
before and after sampling represented the massstfcdllected on the filtemy, ).

From the measured data, the dust mass flow rme(g-s'l), was calculated using:
oM Q
=2 = 4.1
=10 (4.1)
whereQ, is the volumetric flow rate through the collectiduct (n?-s%), t is the sampling time
(s), andQs is the sampling volumetric flow rate {ra%).

The dust mass flow rate was converted to a masgsréite equivalentm, (g-t*) by the

following equation:

=T (4.2)

m,

wherem, is the grain (i.e., wheat or shelled corn) masw flate (t-3).

4.2.4 Particle Sizing

The PSD of the collected dust was measured widlsex [diffraction particle size analyzer
(model LS 13 320, Beckman Coulter, Inc., Fullertdal.). Laser diffraction particle sizing uses
a light source that generates a monochromatic be&inh passes through several optical
components that condition it to create an expanc@tmated beam (Beckman-Coulter, Inc.,
2006). The beam illuminates the particles in thetecing volume usually in the sample module.
The particles then scatter the light, creating ueigngular scattering patterns, which are then
Fourier transformed into a spatial intensity pattéetected by a multi-element photodetector
array. The photocurrent from the detectors is fhr@icessed and digitized into an intensity flux
pattern. Computer software that utilizes appropreattering theories, such as the Mie theory or

Fraunhofer theory, then converts the set of fluxesinto PSD values. The analyzer could
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measure a particle size range from 0.4 to 2000Laser diffraction reduces the analysis time to
minutes per sample with results tabulated into renndurface area, and volume percentage
(Pearson et al., 2007).

The measurement procedure was as follows. Ficgiagter of each collection filter was
cut and separated for laser diffraction partickngj. The quarter filter was then washed with
isopropyl alcohol to extract the dust on the filisopropyl alcohol was used for the suspension
solution to minimize clumping/aggregation of thestparticles. The suspension was placed into
plastic centrifuge tubes and centrifuged for 5 atid000 rpm setting inside the Durafuge (model
Precision Durafuge 300, Thermo-Fisher Scientific, | Waltham, Mass.). The excess isopropyl
alcohol was discarded, and the dust suspensioeligsted into one 50-mL plastic centrifuge
tube. The dust suspension was agitated on a vorbexr (model Sybron Thermolyne Maxi Mix,
Thermolyne Corp., Dubuque, lowa) just prior to s&.

A subsample consisting of drops of the dust suspengas added into the wet module of
the laser diffraction analyzer until the manufaettnrecommended obscuration value of between
8% and 12% was reached. Sonication of the subsangdalone for 90 s just prior to analysis to
minimize aggregation of the subsample. The instnirdaplicated the 60-s analysis time for
each subsample (Pearson et al., 2007). There wkrashtwo subsamples analyzed for every
sample.

Particle size distribution and statistics datatendust samples were extracted from the
instrument’s computer software. The geometric nidameter (GMD) and geometric standard
deviation (GSD) of the equivalent sphere partiglese determined from each of the data set.

The equivalent sphere diametdg)(of the dust particles from laser diffraction was
converted into equivalent aerodynamic diamedgy lfy:
P
Py
wherep, is the particle density and is the unit density (i.e., 1.0 g-cn A multi-pycnometer

d,=d, (4.3)

(model MVP-1, Quantachrome Corp., Syosset, N.Y 3 used to measupg of the wheat and
shelled corn dust from at least three replicatés. Measureg, values for wheat and shelled
corn dust were 1.48 and 1.51 g-t(standard deviation (SD) = 0.022 and 0.014 g¢m
respectively. The percentages of PM-2.5, PM-10R¥e&4 were interpolated from the

cumulative volume percentages of the dust PSD basékeir aerodynamic diameters.
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4.2.5 Data Analysis

The four wheat grain lots were the experimentaisuini the first part of the study. The
class variables were the four grain lots (Lots 4)tdwo transfers (T1, T2), and two ducts
(upper, lower). The null hypothesis was there werenean differences in GMD, GSD, and
mass flow rates among the four grain lots, betwberiwo transfers, and between the two ducts.
Analysis of Variance (ANOVA) and Bonferroni MultglComparison Test in SAS (version
9.1.3, SAS Institute Inc., Cary, N.C.) were useddioalysis at the 5% level of significance.
Differences between grain lots were not expectedesased Bonferroni because of its strict
requirements prior to rejecting the null hypothesdsich minimizes Type | errors. The
differences in results between the lower and uppets were compared to determine the
necessity of sampling from both ducts.

The shelled corn lot was the experimental unihedecond part of the study. The eight
transfers (T1 to T8) and the two ducts (upper, were the class variables. The null
hypothesis was there were no mean differencesipanameters among the eight transfers and
between the two ducts. Similar to the first parthef study, data were analyzed by using
ANOVA and Bonferroni.

Comparisons of results between wheat and shelleddigst were also performed by
using ANOVA and Bonferroni. The differential volurpercentages of the PSD of wheat and
shelled corn dust were analyzed by using the KieMkallis test, a non-parametric method for
testing equality of sample medians among groupdlghider and Wolfe, 1973; SAS, 1990).

Combinations of variables were also analyzed bygu8iNOVA and Bonferroni (Table 4.3).

4.3 Results and Discussion

GMS, GSD, and mass flow rate values were analypeti®basis of the combination of
statistical variables in Table 4.3. Results of datalysis for wheat dust were narrowed down to
differences among the four grain lots, betweenwetransfers, and between the two ducts
because the results of the variable combinatiorsety followed general trends. For corn dust,

presentation of results followed that indicated able 4.3.
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Table 4.3 Combination of variables for the wheat ad shelled corn dust data analysis for
GMD, GSD, and mass flow rate.

Wheat Dust
Variable Grain Lot (Lots 1 to 4) Transfer (T1, T2) Duct (Upper, Lower)
Grain Lot (Lots 1 to 4) - compare ducts comparesfers
Transfer (T1, T2) compare ducts - compare gram lot
Duct (Upper, Lower) compare transfers compare g

Shelled Corn Dust

Variable Transfer (T1 to T8) Duct (Upper, Lower)
Transfer (T1 to T8) - compare ducts within eachgfar
Duct (Upper, Lower) compare transfers within eagbtd

4.3.1 Mass Flow Rate

The dust mass flow rates of wheat did not diffgngicantly (p > 0.05) among the four
grain lots or between the two transfers (p > 0.08g dust mass flow rate for the upper duct
(39.4 g-1) was significantly greater (p < 0.05) than thattfee lower duct (25.2 g'} (Table
4.4). The total dust mass flow rate for wheat (@fthcollected upstream of the cyclone
separators was within the range of published eomdgisictors for grain receiving (8.30 to 90.0
g-t'; Table 4.1).

Similar to wheat, for shelled corn, the dust méss rates were not significantly
different (p > 0.05) among the eight transfersdiffered significantly (p < 0.05) between the
two ducts. Again, the dust mass flow rate for thpar duct (119.6 g% was significantly greater
than that of the lower duct (65.5 9 (Table 4.4). The total dust mass flow rate faglt corn
(185.1 g-t) collected upstream of the cyclone separatorsgrester than the published emission
factors for grain receiving (8.30 to 90.0-but within the emission factors for grain drying
(110 to 1500 gt Table 4.1). For both wheat and shelled corn énefevator in this study, more
dust was generated and then collected by the prieudwst control system from the upper duct

(elevator head and the storage bin headspacejrthrarthe lower duct (elevator boot).
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Table 4.4 Mean dust mass flow rates for wheat andslled corn collected from the upper and

lower ducts, upstream of the cyclone®’

Source Mean Dust Mass Flow Rate (SD)

(9-sh) (g-t* of grain handled)
Wheat
Upper Duct (storage bin and elevator head) 0.5al A (0.113) 394 Aa (7.78)
Lower Duct (elevator boot) 0.365Bb (0.159) 28D (10.9)
Total 0.937 (0.271) 64.6 (18.7)
Shelled Corn
Upper Duct (storage bin and elevator head) 1.88 A (0.270) 1196 Ac (17.2)
Lower Duct (elevator boot) 1.03 Bd (0.169) 6565d (10.8)
Total 2.91 (0.440) 185.1 (28.0)

8l For the same type of grain, mean values with theesapper case letters within a column are not figmily different at the
5% level of significance in Bonferroni. For compam among both location and grain, mean valuestwétsame lower case
letters within a column are not significantly diéat at the 5% level of significance in Bonferrovialues in parentheses
represent standard deviation (SD).

Of the two grain types, shelled corn (185.1'gkad significantly greater dust generated,
as given by the mass flow rates, than wheat (649, dikely because of the tendency of corn to
generate more dust than wheat during handling (Martd Sauer, 1976; Martin and Lai, 1978;
Parnell et al., 1986). Fiscus et al. (1971) fourat torn had the highest breakage during various
handling techniques compared with wheat and soybeeaause of the structurally weak kernel
of corn that fragmentized into random particlegsiduring the breakage process. Wheat, on the
other hand, had the lowest breakage and generagtdMartin et al., 1985) and small kernel
particles mainly by abrasion (Fiscus et al., 19The values of dust mass flow rates for both
wheat and shelled corn in this study were relagivedh compared with other published values

because both collection points were upstream ofyone separators.

4.3.2 Particle Size Distribution and Size Fractions

4.3.2.1 Wheat — Effect of Grain Lot

In general, the GMD and GSD values were not sigaifily different (p > 0.05) among
the four grain lots and between the two transfé€eble 4.5). The GMD values from the upper
duct (10.5 to 13.7um) were significantly smaller (p < 0.05) than thésen the lower duct (12.9
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to 16.9um). However, the GSD values from the upper du@&Q2o 2.98) were not significantly
different (p > 0.05) than those from the lower d{z&74 to 2.99).

The mean GMD from the upper duct (12r8), which had a corresponding mass median
diameter (MMD) of 12.2um, was smaller than the MMD reported by Parnedlle1986) (i.e.,
13.4um for dust fraction of wheat < 1Q0n) and Martin and Lai (1978) (i.e., 1:n for residual
wheat dust). The mean GMD from the lower duct (14rf, which had the same MMD value
(14.9um), was greater than both of these published MMIDes

The mean GSD values from the upper (2.81) and I¢286) ducts were greater than the
GSD from Parnell et al. (1986), which was 2.08.sTikicharacteristic of wheat dust PSD from a
wider range of particle sizes than the wheat dtiBtaonell et al. (1986), which was limited to the
dust fraction < 10@um. These differences in the GMD and GSD could jphgsie due to
variation in grain properties, grain elevator operaand characteristics, and sampling methods

and measurement.

Table 4.5 Geometric mean diameter (GMD) and geomatr standard deviation (GSD) of

wheat dust collected from the upper and lower ductsupstream of the cyclone&’

Transfer (T) — GMD, pm (SD,pm) GSD (SD)

Grain Lot (W) Upper Duct Lower Duct Upper Duct Lower Duct
T1-wW1 126 a (3.63) 129b (1.69) 2.75a (8)28 2.76 a (0.264)
T1-W2 105a (2.03) 13.6 bc (1.26) 2.60 a 0)35 2.74 a (0.209)
T1-wW3 128 a (2.65) 14.4 be (0.323) 2.94a 320) 2.84a (0.077)
T1-W4 11.7a (1.56) 15.7 cd (2.03) 275a 48)2 2.87a (0.132)
T2 -W1 12.8a (1.76) 139b (1.76) 298 a (8)33 2.79a (0.145)
T2 -W2 11.8a (1.35) 155b (1.87) 283a (9)28 293ab  (0.122)
T2 -W3 125a (0.676) 16.0 b (0.825) 2.80 a 0.1G0) 299 a (0.128)
T2 - W4 13.7 a (0.933) 16.9 bd (2.70) 2.86a .138) 299 a (0.300)

Mean (SD) 12.3 (0.975) 14.9 (1.37) 281  (0.120) 2.86 (0.097)

1 Means with the same letter are not significantffedént at the 5% level of significance in Bonferrovalues in parentheses represent
standard deviations (SD).

The dust in this study would also be different frirat of Parnell et al. (1986) because of
the disparity in the dust generation mechanisms.dust from this study came mainly from the
elevator boot, elevator head, and storage bin Ipaads whereas Parnell et al.'s (1986) dust was
taken from all the operations in the terminal etex& Although similar sets of equipment were

also probably involved, the drop height, speedrgdact, and other mechanisms were likely quite
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different. The sampling methods were also differBntst in the Parnell et al. (1986) study was
collected from baghouse filters, whereas the dugtis study was collected by a high volume
sampler upstream of the cyclone separators.

The mechanisms of dust generation from the upperwlere different than those from
the lower duct. There were two sources for the daserated and collected in the upper duct, the
elevator head and filling of the storage bin. Dyesterated for the lower duct was from a single
source, the elevator boot. The various sourcegégted dust have disparate mechanisms for
damaging the grain and thus might be expectedriergée dust with diverse characteristics.
Apparently, these disparate mechanisms for dustérgéon led to the differences in dust particle
sizes from the upper and lower ducts.

Figure 4.2 shows a representative plot of the catiud and differential volume
percentages of PSD of wheat dust. The Kruskal-W#ht showed that the PSD among the four
grain lots from upper and lower ducts and fromtthe transfers were not significantly different
(p > 0.05), which is in agreement with the resaft&MD and GSD. It appears that differences
in grain lots did not affect the PSD of the wheastd
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Figure 4.2 Representative plot of mean cumulativeral differential volume percentages for

the particle size distribution of wheat dust.

With significant difference in GMD (or PSD) betwettre upper and lower ducts, there
were corresponding differences in the three sizetifvns of interest (i.e., PM-10, PM-2.5, PM-

4). The percentage of PM-10 of the dust samplectt upstream of the upper duct (37.3%)
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was significantly greater (p < 0.05) than thathef sample from the lower duct (27.8%), which
was consistent with the findings on mass flow réitee mean percentage of PM-10 for wheat
dust was 33.6% (Table 4.6). This percentage of PM#s greater than the values reported by
Martin (1981) for dust < 3im from cyclones (9%) and baghouses (20%) (meaodor, wheat,
sorghum, and soybean dusts) and was smaller taafrdim the residual wheat dustLOum

(45%) obtained by Martin and Lai (1978). This valugs also slightly greater than the average
percentage of PM-10 emissions (30%) from elevatdrearily handling wheat (Midwest
Research Institute, 1998). The wheat dust generasegiven by the mass flow rate equivalent of
mean PM-10 (21.7 g*tof wheat handled), was comparable to the publigmeidsion value for
grain receiving (0.60 to 29.5 g)t(Table 4.1).

The percentage of PM-2.5 for the samples collefttad the upper duct (5.42%) was not
significantly different (p > 0.05) than that frotmetlower duct (4.73%) (Table 4.6). The mean
percentage of PM-2.5 (3.33 §af wheat handled) was also within the range ofiphbd
emission values for grain receiving (0.65 to 5t0)g(Table 4.1).

The percentage of PM-4 for the samples collecteh fhe upper duct (10.7%) was
significantly greater (p < 0.05) than that from tbever duct (8.0%). The mean of PM-4 was
9.65% (equivalent to 6.24 g-of wheat handled) (Table 4.6). Literature contdine data with

which to compare the percentage of PM-4 for wheat.d

Table 4.6 Percentage of particulate matter of theotal dust (% PM) and its mass flow rate
equivalent (MFRE). @

Aero- Lower Duct Upper Duct Mean for Lower and UppercBu
dynamic MFRE (SD), MFRE (SD), Mean MFRE
Diameter g/t of grain g/t of grain (9/t of grain

(um) % PM (SD) handled % PM (SD) handled Mean % PM handled)

Wheat

Dust

25 4.73 A a(0.886) 1.19 (0.223) 5.42 Aa(0.586) 2.14 (0.231) 5.15a (0.703) 3.33 (0.454)
4 8.00 A b (0.888) 2.02 (0.224) 10.7Bb(0.897) 422 (0.353) 9.65b (0.893) 6.24 (0.577)
10 27.8 Ac (1.61) 7.01 (0.406) 37.3Bc (3.25) 14.7 (1.28) 33.6c (2.61) 21.7 (1.69)

Corn

Dust

25 7.21 Ad(0.275) 472 (0.180) 7.59 B d(0.240) 9.08 (0.287) 746d (0.252) 13.8 (0.467)
4 9.57 Ab (0.257) 6.27 (0.168) 10.2Be(0.287) 12.2 (0.343) 9.99b (0.277) 18.5 (0.512)
10 25.5 A e (1.60) 16.7 (1.05) 30.8 B f(1.93) 36.8 (2.30) 289e (1.81) 53.5 (3.35)
For the same type of grain and aerodynamic diametean values for upper and lower ducts with #maes upper case letters

within a row are not significantly different at t5&6 level of significance in Bonferroni. For comigan among both location
and grain, mean values with the same lower caserdetvithin a column are not significantly diffeteat the 5% level of
significance in Bonferroni. Values in parenthesgmesent standard deviation (SD).

[a]
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4.3.2.2 Shelled Corn — Effect of Repeated Transfers

The eight transfers did not significantly differ¥.05) in GMD and GSD values (Table
4.7). The GMD values from the upper duct (10.0xdlum) were significantly less (p < 0.05)
than the values from the lower duct (11.2 to 14 because of the smaller particles generated
and collected by the pneumatic dust collectionesysirom the elevator head and storage bin
headspace. The GSD values from the upper duct (8.2.86) were also significantly different
(p < 0.05) from those of the lower duct (2.31 t673.

The mean GMD from the upper duct (1QrR), with a corresponding MMD of 12;dn,
was smaller than the MMD obtained by Parnell e(186) (i.e., 13.2am for dust fraction of
corn < 100um). The mean GMD from the lower duct (12uh), with an MMD of 13.5um, was
greater than the MMD of Parnell et al. (1986) (i1&.2um for dust fraction of corn < 10@m).
The mean GSD values from the upper (2.32) and |¢2éd) ducts were also greater than the
GSD from Parnell et al. (1986), which was 1.80. dhferences in the GMD and GSD between
the upper and lower ducts and the differences inDMdflthe shelled corn dust in this study and
that of Parnell et al. (1986) are likely due to slaene factors as explained previously for wheat—
differences in grain properties, grain elevatorrapen and characteristics, and sampling

methods and measurement.

Table 4.7 Geometric mean diameter (GMD) and geomatr standard deviation (GSD) of

shelled corn dust collected from the upper and loweducts, upstream of the cyclones?

Transfer (T) GMD, pm (SD,pm) GSD (SD)
Upper Duct Lower Duct Upper Duct Lower Duct
T1 10.3a (0.157) 14.4b (4.70) 2.35a (0.084) 77D (0.774)
T2 10.7 a (0.412) 12.1b (0.883) 234 a (0.047) 252b (0.275)
T3 10.7 a (0.404) 11.9b (0.496) 236a  (0.055) 2.37b (0.010)
T4 10.4 a (0.311) 11.2b (0.743) 23la  (0.054) 231b (0.036)
T5 111a (0.580) 119b (0.606) 23la (0.024) 2.36b (0.036)
T6 11.0a (0.178) 11.7b (0.232) 233a  (0.048) 2.35b (0.010)
T7 10.1a (0.491) 12.3b (1.59) 232a  (0.038) 48D (0.201)
T8 100 a (0.484) 11.2b (0.720) 2.27a (0.024) 2.33b (0.103)
Mean (SD) 10.5 (0.393) 12.1 (1.01) 2.32 (0.028) 2.44 (0.153)

1 Means with the same letter are not significantffedént at the 5% level of significance in Bonfatrovalues in parentheses represent
standard deviations (SD).
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Figure 4.3 shows a representative plot of the cativd and differential volume
percentage of PSD of shelled corn dust. The Krugkallis test showed that the PSD among the
eight transfers from the upper and lower ducts wetesignificantly different (p > 0.05), which
is in agreement with the results of GMD and GSDp&ently, repeated transfers of corn did not
affect the PSD of the generated dust.

Similar to wheat, difference in GMD or PSD betwéle@ upper and the lower ducts
resulted in a significant difference in PM-10, PM;2and PM-4 in terms of percentages or flow
rates. The percentage of PM-10 from the upper (B8c8%) was significantly greater (p < 0.05)
than that from the lower duct (25.5%) (Table 4W8)e resulting mean percentage of PM-10 was
28.9%, slightly greater than that reported for atevs primarily handling corn and soybean (<
20%) (Midwest Research Institute, 1998). This petage of PM-10 was greater than the values
reported by Martin (1981) from cyclones (9%) amahirbaghouses (20%) (mean for corn,
wheat, sorghum, and soybean dusts), Lai et al 4(1&8d Baker et al. (1986) (5% to 12% for
corn, wheat, sorghum, and corn starch) and smalber those from the residual corn dgstO
um (33%) obtained by Martin and Lai (1978). The cdust generated, as given by the mass
flow rate equivalent of mean PM-10 (53.5'gef shelled corn handled), was greater than the
published PM-10 for grain receiving (0.60 to 29:6"gand within the range of published PM-10
for grain drying (27.5 to 375 g} (Table 4.1).
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Figure 4.3 Representative plot of mean cumulativeral differential volume percentages for

the particle size distribution of shelled corn dust
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The percentage of PM-2.5 from the upper duct (7 )58%s significantly greater (p <
0.05) than that from the lower duct (7.21%). Thegheed mean PM-2.5 in this study (7.46%)
(Table 4.6) was greater than the value reporteBdker et al. (1986) (0.2% to 1.0%) for
pneumatic conveying of corn (Table 4.2). The ddfeze in values may be explained by the use
of velocity compensators to minimize grain damage @ust generation in a pneumatic handling
system where grain flow rates and conveying digtameere drastically reduced (Baker et al.,
1986). The corn dust generated, as given by massréite equivalent (13.8 ¢-bf shelled corn
handled), was greater than the published PM-2.§t@in receiving (0.65 to 5.0 g)tand within
the range of published PM-2.5 for grain drying (t2®5.0 g-t) (Table 4.1). This implies that
without the pneumatic dust collection system, tNe 25 of the elevator handling corn would be
similar to that of grain drying.

The percentage of PM-4 from the lower duct (9.5%W43$ significantly smaller (p < 0.05)
than that from the upper duct (10.2%) (Table 418 weighted mean PM-4 was 9.99%
(equivalent to 18.5 g*tof shelled corn handled). Literature containediata with which to

compare the percentage of PM-4 from corn dust.

4.3.2.3 Comparison of Wheat and Shelled Corn — Effef Grain Type

The GMD values of wheat dust (10.5 to 1p8) were significantly greater (p < 0.05)
than those of shelled corn dust (10.0 to 4. The same was true when comparing the GSD
values of wheat dust (2.60 to 2.99) with thosearhd2.27 to 2.77). This implies that handling
shelled corn generated dust particles that werergéiy smaller in diameter than those from
wheat.

Comparisons of GMD and GSD values within each ¢ugper vs. lower) showed that
wheat and corn dust were significantly differenk(p.05). However, GMD and GSD values of
wheat dust were not significantly different (p ®8). from that of shelled corn dust within
Transfer 1 but significantly differ (p < 0.05) withTransfer 2. This may be due to inherent
variability between the transfers and the test nedte

It must be emphasized that the dust collected trwrducts in this study was upstream of
the cyclone collectors; thus, most of it was notttad to the atmosphere. The relationship of this
dust (from upstream the cyclone) and the dustwioatid be emitted without a pneumatic dust
collection system is not known. However, it couttldpeculated that the measurement results for

dust taken upstream of the cyclone (or any singitentrol devices) would likely be greater than
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those taken from sources with no pneumatic dugrabsystem. The relative difference would
depend on the air velocities and design of the pradiec dust control system among others.
Establishing the relationship between the two mesasants could be considered for future
work. Another issue for future work includes théeet of air velocities or volumetric flow rate

on the measurements.

4.4 Summary

Grain dust generated during handling can poseatysafd health hazard and is an air
pollutant. This study was conducted to charactaheeparticle size distribution (PSD) of grain
dusts generated during handling in the researcfatdeof the USDA Center for Grain and
Animal Health Research. The percentages of PM+2d5PaM-10 (which are regulatory
concerns), PM-4 (a health concern), and the magsrdrated dust (mass flow rate equivalent)
were measured. The effects of different grain éotd repeated transfers on the dust size
distribution were studied by using wheat and sletiern dusts, respectively. The effect of grain
types on particle size distribution was also stddiehe dust samples were collected on glass
fiber filters with high volume samplers from thever and upper ducts upstream of the cyclone
dust collectors. A laser diffraction analyzer wasdito measure the PSD of the collected dust.

Shelled corn produced significantly smaller dustiples, and a greater proportion of
small particles, than wheat. GMD of shelled corstdanged from 10.0 to 144n; GSD ranged
from 2.27 to 2.77. For wheat, GMD ranged from 10.46.9um, and GSD ranged from 2.60 to
2.99. The percentage of PM-2.5, PM-4, and PM-1@geed during the transfer operation were
7.46%, 9.99%, and 28.9%, respectively, of totallsdecorn dust and 5.15%, 9.65%, and 33.6%,
respectively, of total wheat dust.

Handling shelled corn generated more than twicawash total dust than handling wheat
(185 g-t* of corn handled vs. 64.6 §-of wheat handled). For both wheat and shelled,ctran
average grain flow rate of 54.4 t.tthe size distribution of dust from the upper &wder ducts
showed similar trends among grain lots and repeatedfers but differed between the two grain
types and also between the two ducts. Overallcdine and wheat differed significantly in the
dust size distribution and the rate of total dusteyated and there were significant differences

between the lower and upper ducts, confirming #eeasity of sampling from both ducts.
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CHAPTER 5 - Material and Interaction Properties of Selected

Grains and Oilseeds for Modeling Discrete Particles

5.1 Introduction

Physical characteristics are important in analyzirvegbehavior of grains in handling
operations (Mohsenin, 1986). Bulk handling behawicthe grains can be studied
experimentally, but large-scale investigations r@fiig flow can be expensive and time
consuming. On the other hand, computer simulatamsreduce the large effort required to
evaluate the flow of grain in handling operations.

Recently, grain segregation and identity preseovadperations have become important
as grain handlers respond to an increased usesoiady grain (Berruto and Maier, 2001;
Herrman et al., 2001, 2002). However, limited stgchave been conducted to quantify the
commingling that may occur during grain handlinggmain elevators (Hurburgh, 1999; Ingles et
al., 2003, 2006) and with farm equipment (GreenseekShouse, 2000; Hirai et al., 2006; Hanna
et al., 2006). Limited data on grain comminglingidg handling in grain elevators (Ingles et al.,
2003, 2006) make it difficult to accurately predmtels of impurities that would propagate
through grain handling systems. Thus, a validatedhanistic model for predicting grain
commingling in various types of elevator equipmeiit be valuable for extending the
knowledge of grain commingling beyond current expental studies.

Different modeling techniques such as continuum efednd discrete element models
(Wightman et al., 1998) have potential to simulg@in commingling in elevator equipment.
The discrete element method (DEM) is consideredaditiee most promising techniques to
simulate motion of individual grain kernels (Wighamet al., 1998) in bucket-elevator
equipment. The discrete element method is an ekpliecnerical scheme in which particle
interaction is monitored contact by contact andnttwgion of individual particles is modeled
(LoCurto et al., 1997). This explicit scheme regaismall time steps, resulting in potential
problems with developing realistic models that oamin a reasonable time on current
computers. The model must use a critical time imenat that achieves stability and simulates the
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true physics with a manageable number of iteratmrslculations (O’Sullivan and Bray, 2004;
Li et al., 2005).

Relevant grain physical properties must be knowacturately simulate grain handling
operations. The objectives of this study were ¢Iieview the published physical properties of
grains and oilseeds needed to model grain commiggh DEM, and (2) to develop and evaluate
an appropriate particle model for one test seeddan these physical properties. Soybeans were
chosen as the test seed due to their almost sphehiape for simplicity of modeling.

Additionally, other major seeds with non-spherglaapes (e.g., corn, wheat) were also reviewed
in this study. Their physical properties can beduse future DEM modeling.

5.2 Physical Properties of Grains and Oilseeds

Different DEM models have used varying parametersimulation modeling. The most
widely used parameters can be divided into twogmates: material properties and interaction
properties (Mohsenin, 1986; Vu-Quoc et al., 2008 Bnd Favier, 2004a, b). Material
properties may be defined as intrinsic charactesigtf the particle (i.e., grain kernels) that is
being modeled. Among material properties criticairgputs in DEM modeling are shape, size
distribution, density, Poisson’s ratio, and sheadualus. Interaction properties are characteristics
exhibited by the particle in relation to its corttaith boundaries, surfaces, and other (or same)
particles. Interaction properties, vital in DEM dsting, are coefficients of restitution, and static
and rolling friction (LoCurto et al., 1997; Chungat., 2004). Grain material and interaction

properties available in the literature are sumnearin Table 5.1.

5.2.1 Particle Shape and Patrticle Size

Shape and size are inseparable physical properteegrain kernel. In defining shape,
some dimensional parameters of the grain must lzsuned. Mohsenin (1986) and Nelson
(2002) reported measuring three orthogonally oe@mtimensions of 50 kernels randomly
selected from a grain lot to determine kernel steapksize. The volume was taken as one of the
parameters defining kernel shape and the threeatyperpendicular axes were taken as a

measure of kernel size.
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Table 5.1 Range of published physical properties @frains and oilseeds.

Grain/ Oilseed Kernels Soybean Corn Wheat
Parameters
Moisture Content (%) wb 6.9-16.7 0. kP Ly, 6.7 - 25.0 eLhksy 2 6.2 - 20.0 ehaksy i
Particle Length (mm), 7.0-82 st 9.4-203 ksuya 55-7.3 ks
Particle Width (mm), w 6.1-6.7 st 8.0-16.4 ksuy.a 2.6-38 ks
Particle Thickness (mmfy 55-5.9 gt 40-12.38 k.s.uy.a 24-35 ks
Equivalent Particle Diameter (mn), 6.0 kow 8.0 K 36-4.1 K
Equivalent Particle Radius (mnm), 3.0 fow 4.0 K 18-21 K
Particle Mass (mgn 100 - 200 ans L 250-349.7  &khSUY 26-51 hnsy
Particle Volume (mr), V 134.1-152.8 s 274 s 18.5 - 28.6 s
Particle Density (kg/f, p » 1130-1325.2 WY 1270 -13965 “S¥2@ 1290 - 1430 kS
Bulk Density (kg/n), p b 705 - 876 bR 661 - 810 et 690-8232 "¢
Particle Poisson Ratio, 0.08-0.4134  '®t™) 0.17-0.4 hkov.y, aa, € 0.16-0.42 9%
Particle Elastic Modulus (MPal, 31.2-176.9 bty 10.9-2320 MV 10 - 2834 oy
Particle Shear Modulus (MPa3, 13.3-63.2 htwy 45-8286  Mvvaaac 42-9979 Y
Particle generic 0.5,0.7 w.q } i
Restitution with aluminun 0.6, 0.7 P - .
Coefficient,e with acrylic - 0.59 & -
with self (grain 0.267, 0.55 d ot 052,051  *%! 047,053 @b
with galvanized sheet (or
sheet metal) 0.18-0.27 by 0.20-0.34 k¥ 0.10-0.44 kY
Particle Static
Friction  with steel (or stainless steel) 0.223 -0.247,0.37 %%k 0.235-0.76  ®4ekwy 0.248-055 abdeky
Coefficient,us with transparent persp 0.30 " - -
with aluminum - 0.226 -0.276 " -
with acrylic - 0.34 ! -
with glast 0.328 q
Bulk Static Anglefor filling or piling 16 o 16 ok 16 ok
of Repose
(degree) for emptying or funneling 29 -33 dky 23.1-34.7 dky 23.8-38.1 dky
Bulk Angle of Internal Friction (degree) 29.2-31 y 26.1-35.1 y 25.4 -36.0 y
“ Unhulled seed or paddy a Airy (1898) X Mohsenin (1986) Y Watson (2003)
" Dehulled kernel ® Jamieson (1903) " Hoseney and Faubion (1992) Y Chung et al. (2004)
* Oil type ¢ Kramer (1944) ™ Bilanski et al. (1994) " Raji and Favier (2004a, b)

9 Stahl (1950)

¢ Lorenzen (1957)

f Brubaker and Pos (1965)

9 Arnold and Roberts (1969)

" Shelef and Mohsenin (1969)
' Henderson and Perry (1976)
) Misra and Young (1981)

** Non-oil type

" Shroyer et al. (1996)

° Gupta and Das (1997)

P LoCurto et al. (1997)
9Vu-Quoc et al. (2000)
"McLelland and Miller (2001)
Nelson (2002)

 Zhang and Vu-Quoc (2002)

* Calisir et al. (2005)

Y Molenda and Horabik (2005)

? ASABE Standard®006a) - D241.4
2 ASAE Standard€006b) - S368.4
 Boyles et al. (2006)

2 Chung and Ooi (2008)
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Table 5.1 Range of published physical properties afrains and oilseeds. (cont.)

Grain/ Oilseed Kernels Grain Sorghum Rice Barley
Parameters
Moisture Content (%) wb 9.2-11.2 ks 8.6 - 15.7 cdks 7.5-20.0 sLksy.
Particle Length (mm), 43,45 ks 5.3-8.(,7.6-9. ks 7.9-10.9 ks
Particle Width (mm), w 41 ks 21-2.,25-3.4 ke 29-38 ks
Particle Thickness (mmi 2.8,3.4 ks 1.7-2.(,21-2! ke 2.2-3.0 ks
Equivalent Particle Diameter (mng, 3.E “ 3.3-3:!f “ 3.7-4.: “
Equivalent Particle Radius (mn), 1.8 « 1.7-1.¢ « 1.9-2. “
Particle Mass (mgn 28 -33.2 e 17.5-24.0,25-29. s 25.1-539 k%
Particle Volume (mr), V 24.7 ¢ 12 - 1€ s 19.7-259 ¢
Particle Density (kg/ff), o , 1220 - 134 8 1382-146: , 1110-112, 1360-139 8 1130 - 142 sy
Bulk Density (kg/ni), p, 643.5-77 e 641-85. , 57¢, 573.2-57" e 566 - 69: e
Particle Poisson Ratio, - - 0.14-0.20 y
Particle Elastic Modulus (MPal, - - 8.0-15.8 Y
Particle Shear Modulus (MPa3, - - 3.3-6.87 4
Particle generic - : )
Restitution with aluminun - - -
Coefficient,e with acrylic - - -
with self (grain 0.65 ok 0.6€,0.7¢ & oK 051,053  **!
with galvanized sheet (or
sheet metal) - 0.40 - 0.45 ok 0.17-0.352 %Y
Particle Static
Friction with steel (or stainless steel) 0.37 dk 0.48 dok 0.226-0.40 &%eky
Coefficient,.s  with transparent persp - -
with aluminun - - -
with acrylic - - -
with glass
Bulk Static Angle for filling or piling 20 d.k 207 d,k 16 d,k
of Repose
(degree) for emptying or funneling 33 dok 36 dk 26.1-329 4k
Bulk Angle of Internal Friction (degree) - - 27.4-337 y

" Unhulled seed or paddy
 Dehulled kernel

* Oil type

** Non-oil type

2 Airy (1898)

® Jamieson (1903)

¢ Kramer (1944)

9 Stahl (1950)

¢ Lorenzen (1957)

f Brubaker and Pos (1965)

9 Arnold and Roberts (1969)

" Shelef and Mohsenin (1969)
' Henderson and Perry (1976)
) Misra and Young (1981)

X Mohsenin (1986)

"' Hoseney and Faubion (1992)
™ Bilanski et al. (1994)

" Shroyer et al. (1996)

° Gupta and Das (1997)

P LoCurto et al. (1997)
9Vu-Quoc et al. (2000)
"McLelland and Miller (2001)
°Nelson (2002)

 Zhang and Vu-Quoc (2002)

Y Watson (2003)

Y Chung et al. (2004)

" Raji and Favier (2004a, b)

X Calisir et al. (2005)

Y Molenda and Horabik (2005)

? ASABE Standard®006a) - D241.4
22 ASAE Standardé2006b) - S368.4
a Boyles et al. (2006)

2 Chung and Ooi (2008)
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Table 5.1 Range of published physical properties afrains and oilseeds. (cont.)

Grain/ Oilseed Kernels Oats Sunflower Canola
Parameters
Moisture Content (%) wb 8.5-20.0 PRs Y 3.9-16.7 45-19.3 REERZ

Particle Length (mm),
Particle Width (mm), w
Particle Thickness (mmiy

102-149
27-31 K8
2.1-26 K8

Equivalent Particle Diameter (mng, 3.5-3.¢ «
Equivalent Particle Radius (mnm), 1.8-1.¢ “
Particle Mass (mg)n 28.1-395 '
Particle Volume (mr), V 21.4,26.8 ¢
Particle Density (kg/ff), p , 950 - 139

Bulk Density (kg/nf), p 1, 412 - 57t

Particle Poisson Ratie, 0.14-021 Y
Particle Elastic Modulus (MPaly, 8.3-20.6 Y
Particle Shear Modulus (MP&3, 3.52-8.80 4

Particle generit
Restitution with aluminun
Coefficient,e with acrylic

with self (grain

0.53, 0.62 aal

with galvanized sheet (or

sheet metal)
Particle Static

0.18-0.41 %Y

Friction with steel (or stainless steel) 0.233-0.45  &%kY
Coefficient,us  with transparent persp -

with aluminun -

with acrylic -

with glas:

ey R d, k

Bulk Static Anglefor filling or piling 18
of Repose
(degree) for emptying or funneling 27.7-35.1 dky
Bulk Angle of Internal Friction (degree) 21.0-28.1 Y

95,83 ,10.7,14.4"
51,41 ,52,817
33,247,317, 46"

54,45
2.7,2.1¢
49,34 ,59.5-12(", 115.¢™
58.2%,105.4™
706-76!, 1050-125 , 102", 109¢"
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5.2.2 Particle Density

Particle densityy,) of the grain is determined by measuring the v@wuocupied by the
kernels in a known sample weight, randomly takemfieach grain lot. Nelson (2002) measured
the volume of an approximately 20- to 25-g sampté & Beckman model 930 air-comparison
pycnometer. Kernel density was calculated by dhgdhe weighed mass by the measured

volume.

5.2.3 Particle Poisson’s Ratio and Particle Sheaoiulus

Poisson’s ratio ) is the absolute value of the ratio of transvetsain (perpendicular to
the axis) to the corresponding axial strain (pafatl the longitudinal axis) resulting from
uniformly distributed axial stress below the prapmral limit of the material (Mohsenin, 1986).
Based on Hooke’s law and together with Poissonie,rahear modulus or modulus of rigidity
(G) for an elastic, homogenous, and isotropic mdtesitne ratio of the stress component
tangential to the plane on which the forces aots, (§hear stress) over its strain. Shear modulus
defined in terms of Poisson’s ratio and Young’s oiad or modulus of elasticitye] is given by
(Mohsenin, 1986):

E
2+2v

Several values of Poisson’s ratio and elastic args modulus for different grains and oilseeds

(5.1)

were cited in the literature (Table 5.1).

5.2.4 Particle Coefficient of Restitution

Different methods have been used to determinedb#icient of restitutione (Sharma
and Bilanski, 1971; Smith and Liu, 1992; Yang awntirSck, 1994; LoCurto et al., 1997).
LoCurto et al. (1997) described tbas the square root of the total kinetic energpiteeKE))
and after KE;) collisions that did not involve tangential frioctial losses. They measuredalues
of soybeans impacting different surfaces at varyirgp heights and moisture contents. €he
values decreased with increased moisture contehdiap height, and contact with aluminum
gave the highest value. Drop and rebound heighte measured only from those soybeans that
fell with minimal rotation and whose rebound tragetes were almost vertical (90 + 1.6% to the

plate). This was different from the results of Yargl Schrock (1994) which involved cases of
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grain kernels with and without rotation. Assumir@loss of energy except during contact, ¢he
value was computed as the ratio of the squareafabie initial height of dropH;) and the height
of rebound €;) (LoCurto et al., 1997; Zhang and Vu-Quoc, 2002):

_[ H, :
e=(H'] (5.2)

5.2.5 Particle Coefficient of Static Friction

The coefficient of friction) is the ratio of the force of frictiorF] to the force normal to
the surface of contact\() (Mohsenin, 1986):

_F
'U_W (5.3)

Frictional forces acting between surfaces at rdtt sespect to each other and those existing
between the surfaces in relative motion are, rasfay, called forces of static and kinetic
friction and denoted bys andu, respectively (Mohsenin, 1986).

Published coefficients of static friction of grasm-grain and grain-on-surfaces such as
sheet metal, stainless steel, acrylic, aluminurd,glass are listed in Table 5.1. Static friction of
soybean-steel contact is 67% of that of soybeaitself (Stahl, 1950).

5.2.6 Particle Coefficient of Rolling Friction

The coefficient of rolling friction|f;) is defined as the ratio of the force of frictimnthe
force normal to the surface of contact that prevanparticle from rolling. Rolling friction or
resistance can be a couple (or pure moment) thatm#ransferred between the grains via the
contacts, and this couple resists particle rotat{dang et al., 2005) without affecting
translation. It may exist even at contacts betwadindrical grains (Bardet and Huang, 1993). In
Jiang et al.’s (2005) micro-mechanical model, dhlynormal basic element, composed of a
spring and dashpot in parallel with a divider sgr@ontributes to rolling resistance at grain
contact. Rolling resistance directly affects offilg angular motion and not the translational
motion of grains.

Zhou et al. (2002) investigated the effect of mgliriction on the angle of repose of
coarse glass beads. They included coefficientsltihg friction with a base value of 0.05
(range: 0 - 0.1) on particle-to-particle contaad &nice that value for particle-wall contact in
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their simulations. The authors found that increg$iath rolling frictions increased the angle of
repose. This is due to a large resistance fortleetootational motion of spheres providing an
effective mechanism to consume the kinetic enestpp the rotational motion, and lead to the
formation of a “sand pile” with high potential eggr(Zhou et al., 1999).

5.2.7 Bulk Density

Bulk density fy,) is the ratio of the mass to a given volume ofargsample including
the interstitial voids between the particles (Ha&seand Faubion, 1992; Gupta and Das, 1997).
In the U. S., bulk density or test weight per bushéhe weight (in Ib) per Winchester bushel
(2,150.42 irt) as determined using an approved device (USDA @J2804). The USDA
GIPSA (2004) method involves allowing a sufficiamhount of grain from a hopper, suspended
two inches above, to overflow the test weight ketiveling the kettle by three full-length,
zigzag motions with a stroker, and weighing thargfieom the kettle with an appropriate scale.

Severapy, values for grains and oilseeds were found initeesture (Table 5.1).

5.2.8 Angle of Repose

Angle of reposed) is defined as the angle with the horizontal atciwhihe granular
material will stand when piled (Mohsenin, 1986; Eilosy and Faubion, 1992). The angle of
repose of grains is determined by numerous faetbish include frictional forces generated by
the grain flowing against itself, distribution okwght throughout the grain mass, and moisture
content of the grain (Hoseney and Faubion, 199P)edst two angles of repose are commonly
defined, namely the static angle of repose andiyinamic angle of repose. The dynamic angle
of repose is generally smaller than the staticeaonfrepose by at least 3 - 10° (Fowler and
Wyatt, 1960).

It is generally believed that the angle of repase the angle of internal friction are
approximately the same (Mohsenin, 1986; Walton4)98owler and Chodziesner (1959) noted
that when the “relative roughness factor” is edaalnity (i.e., materials are sliding over
themselves) and is zero (i.e., smooth surface)atigge of repose is equal to the angle of friction
and is independent of the diameter of the gramakterial. Stewart (1968), however, showed
that for at least one seed (i.e., grain sorghune) angle of repose and internal friction are
different.
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There are several methods for measuring the arfigepose. The method to measure
static angle includes (1) the fixed funnel andftkee-standing cone, (2) the fixed-diameter cone
and the funnel, and (3) the tilting box (Kramer449Train, 1958; Burmistrova et al., 1963;
Fraczek et al., 2007). For dynamic angle, the nathioclude (1) the revolving cylinder (Train,
1958) and (2) that of Brown and Richards (1959)({leo and Wyatt, 1960; Fraczek et al., 2007).

Fraczek et al. (2007) recommended using digitalgenanalysis for a more precise
measurement of angle of repose. Deviations frontdime shape increased with increasing
moisture content of the material as was also nbyeother authors (Horabik and Lukaszuk,
2000). However, the more spherical-like the maleridae more regular the cone that forms.

Zhou et al. (2002) found that the angle of repdseano-sized coarse glass spheres is
significantly affected by sliding and rolling frions, particle size, and container thickness, but
not density, Poisson’s ratio, damping coefficiemtyYoung’s modulus. The authors observed that
the angle of repose increases with increasinguglhr sliding friction coefficients and with
decreasing particle size or container thicknessvéver, container thickness larger than a critical
value (about a 20-particle diameter) gives a caonistagle of repose corresponding to a situation
without any wall effects.

Published angles of repose of grains and oilsemddling or piling and for emptying or

funneling are summarized in Table 5.1.

5.3 Modeling with DEM

Table 5.1 lists published values on the physicapeprties for soybeans, corn, wheat,
grain sorghum, rice, barley, oats, sunflower, aatbta seeds. Table 5.2 lists the moisture-
dependent characteristics of soybean and Tablis &.3ummary of published and representative
values of material and interaction properties ghsans. Selected representative values of
material properties (i.e., particle density, pagtieoisson’s ratio, and particle shear modulus) and
interaction properties (i.e., particle coeffici@htrestitution and particle coefficient of static
friction) were used as base values in DEM modeldigM modeling software package was
EDEM 2.1.2 (DEM Solutions, Lebanon, N.H.). A rar@feesach of these five physical properties

was investigated in DEM simulations of basic phgbkproperty tests, using four particle shapes.
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Table 5.2 Moisture-dependent properties of soybeakernel.

Moisture Content (% whb)

Parameters 6.9 7.0 7.1 8.0 8.1 9.7 9.8 10.0 10.7 122 130 134 155  16.7
Particle Length (mm}, 8.2" 7.3 7.0° 7.1° 7.3°
Particle Width (mm), w 6.6° 6.1 6.6° 6.6° 6.7°
Particle Thickness (mmh 56" 55F 57° 57° 5.9°
Particle Mass (mg), m 185.0° 149.0F 167.6° 173.9° 189.5°
Particle Volume (mr), V 134.1° 139.1° 152.8°
Particle Density (kg/f), p, 1180° 1130° 1325.2° 1250° 1250° 1243°
Bulk Density (kg/n), p, 739 + 3F 723°  876° 712° 850¢  705°
Particle Poisson Ratig, 0.15 +0.02 0.4134F 0.4% 0.4%

Particle Elastic Modulus (MPal, 32.6+1.4" 128.8F 176.9% 112.7%

Particle Shear Modulus (MP&3,= E / (2 + 2v) 13.33 - 15.04 4556 63.18" 40.25*

Particle

Restitution

Coefficient  with aluminum 0.7¢ 0.6°

Ef;?t'igﬁ Statit ith galvanized sheet metal 0381 023-02F  021° 0.18° 0.20®

Coefficient  with stainless steel 0.223-0.247

Bulk Static

Angle of

Repose (deg) for emptying or funneling 325+05"

Bulk Angle of Internal Friction (deg) 30.1+0.97

A Misra and Young (1981)

B Mohsenin (1986, p. 801); Brubaker and Pos (1965)
€ LoCurto et al. (1997)

P Nelson (2002)

E Zhang and Vu-Quoc (2002)

F Molenda and Horabik (2005)

© ASABE Standard@006a) - D241.4



Table 5.3 Published properties of soybeans and tmeepresentative values?

Soybean
Parameters Range Representative Value
Moisture Content (%) wb 6.9 - 16.7 508 R LM ‘
Particle Length (mm), 7.0-8.2 Ghat 7.6 Ghat
Particle Width (mm), w 6.1-6.7 G bt 6.4 &Mt
Particle Thickness (mmby, 5.5-5.9 G Lot 57 &Mt
Equivalent Particle Diameter (mm), de 6 EK 6 EK
Equivalent Particle Radius (mm), re 3 EK 3 EK
Particle Mass (mg)n 100 - 200 G HLIL 150 &ML
Particle Volume (mr), V 134.1-152.8 1435
Particle Density (kg-®), o, 1130.0 - 1325.2 " bM 1228  MMbM
Bulk Density (kg-1i), p 705.0-876.0 ©F'tM 7905 ©RLLM
Particle Poisson Ratie, 0.08-0.4134 PGkt 025 D&YKL
Particle Elastic Modulus (MPaff, 31.2-176.9 PRt 104.1 Bkt
Particle Shear Modulus (MPa},= E / (2 + 2v) 13.8-63.2 DKt 417  BIKE
oarticl with self (grain) - 060 F©&K
article . K.G

Restitution generic 0.5,0.7 )
Coefficient,e with aluminum 0.6, 0.7

with steel - 060 F&K

with self (grain) 0.267,055 ~FE°C 055 AF
Particle Static  with galvanized sheet metal 0.18-0.27 BF&‘
Friction with steel 0.223-0.247,037 5" 037 AF
Coefficient,u s with transparent perspex 0.30 K

with glass 0.328 G
Pallrtllcle Rolling with self (grain) ) 0.10  assume
Friction
Coefficient with steel _ 0.10 assume
Bulk Static Angle . .
of Repose for filling or piling 16 AE 16 AE

d . .

(degree) for emptying or funneling 29-33 AERL 31 AEL
Bulk Angle of Internal Friction (degree) 29.2-31 t 30 t
@ Base values in bold letters were used in simuatio
A Stahl (1950) H McLelland and Miller (2001)
B Brubaker and Pos (1965) ' Nelson (2002)
€ Henderson and Perry (1976) J Zhang and Vu-Quoc (2002)
P Misra and Young (1981) K Raji and Favier (2004a, 2004b)
E Mohsenin (1986) " Molenda and Horabik (2005)
F LoCurto et al. (1997) M ASAE Standard@006a) - D241.4

€ Vu-Quoc et al. (2000)
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DEM is a numerical modeling technique that simdatgnamic motion and mechanical
interactions of each particle using Newton’s Secoad of Motion and the force-displacement
law. The calculation cycle involves explicit nunoali scheme with very small time step as
discussed in detail by Cundall and Strack (19#9PEM modeling, particle interaction is
treated as a dynamic process, which assumes thiéibegm states develop whenever internal
forces in the system balance (Theuerkauf et al7 R@Contact forces and displacements of a
stressed particle assembly are found by trackiagrtbtion of individual particles. Newton’s
Law of Motion gives the relationship between pagtimotion and the forces acting on each
particle. Translational and rotational motions aftglei are defined by the following equations
(Remy et al., 2009):

m % = j (Fnij + Ftij )+ mg (5.4)
|i% =Y (RxF, )+7, (5.5)

wherem, R, Vi, wi, andl; are the mass, radius, linear velocity, angulanaigl, and moment of

inertia of particle; Fnij : Ftij , andz; are respectively, normal force, tangential force, aordjte

acting on particlesandj at contact pointgj is the acceleration due to gravity; and the time.

Particles interact only at contact points with theotion independent of other particles.
The soft-sphere approach commonly used in DEM nsoal&bws particles to overlap each other,
giving realistic contact areas. The force-displaeetitaw at the contact point is represented by
Hertz-Mindlin no-slip contact model (Mindlin, 1948tindlin and Deresiewicz, 1953; Tsuji et
al., 1992; Di Renzo and Di Maio, 2004, 2005). Feror the particles at contact points include
contact force and viscous contact damping force(Zt al., 2001). These forces have normal
and tangential components. The normal foFgeis given as follows (Tsuji et al., 1992; Remy et
al., 2009):

Fo= K82 -8 (5.6)
wherekK, is the normal stiffness coefficier; is the normal overlap or displacemedtis the

normal velocity; and, is the normal damping coefficient. The tangenuaté,F;, is governed
by the following equation (Tsuji et al., 1992; Reptyal., 2009):

Ft = _tht _,7t5t5n% (5-7)
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whereK; is the tangential stiffness coefficientjs the tangential overlapi't Is the tangential

velocity; andy; is the tangential damping coefficient.

In addition, there is a tangential force limited®gulomb frictionusFn, whereus is the
coefficient of static friction. When necessarylirg friction can be accounted for by applying a
torque to contacting surfaces. The rolling fricttonque,z;, is given by (DEM Solutions, 2009;
Remy et al., 2009):

T =~ F R (5.8)
wherey; is the coefficient of rolling frictionR, is the distance of the contact point from the
center of the mass, ang is the unit angular velocity vector of the objatthe contact point
(Tsuji et al., 1992; Di Renzo and Di Maio, 2004 tial., 2005; DEM Solutions, 2009; Remy et
al., 2009).

In this study, DEM simulations were conducted wiginying physical properties of
soybean kernels, based on values in the literatimifénd property combinations that gave
simulation results that correlate well with measlupelk properties of soybeans while
maintaining or improving computational speed. Tlarsappropriate particle model was
established for DEM simulations of soybean handtipgrations. The following input
parameters were included: (1) coefficient of resith, (2) particle coefficient of static friction,
(3) particle coefficient of rolling friction, (4)asticle size distribution (PSD), (5) particle shear
modulus, and (6) particle shape (i.e., from ontw overlapping spheres). Table 5.4 lists the
variations in input parameters and includes testhination codes for the parameters' (git)
particle coefficient of restitution, {2digit) particle coefficient of static friction, (3digit)
particle coefficient of rolling friction, (4 digit) particle size distribution (PSD), and"@igit)
particle shear modulus.

The base value (represented by 1 in the test catibincodes) of the particle coefficient
of restitution was 0.6, which is the mean of pui#id values. The second (0.3) and third (0.9)
values for coefficients of restitution were chosarextreme values inclusive of the published
range (from 0.5 to 0.7). The base value of thegartoefficient of static friction on soybean-
soybean contact was 0.55. The coefficient of statiton for soybean-steel interaction was
computed to be 67% of the base value for soybegnesm contact from Stahl (1950) and
Mohsenin (1986).
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Table 5.4 Variations of each model parameter.

Parameter Symbol Base Value Second Value Third Value
1) (2) 3)
1. Particle Restitution Coefficient e 0.60 0.30 0.90

2. Particle Static Friction Coefficient

(soybean-soybean) ILs (so-s0) 0.55 0.35 0.75
(soybean-steel) Is (so-st) 0.37 0.23 0.50
3. Particle Rolling Friction Coefficient L 0.10 0.05 0.20

(soybean-soybean is assumed same as
soybean-steel)

4. Particle Size Distribution PSD fixed or uniform normal normal
Mean factor MF 1.0 1.0 1.0
Standard deviation factor SDF 0.0 0.20 0.40
5. Particle Shear Modulus (MPa) G 41.7 13.8 1.04

For particle rolling friction, the base value assahin the simulation was 0.1, which was
twice that of Zhou et al.’s (2002) for coarse glbsads, since grain surface is rougher than that
of glass beads. For PSD, fixed or uniform sizerithgtion was used as the base value; normal
PSD with a standard deviation factor (SDF) of Og&wecond; and normal PSD with SDF of 0.4
was third. SDF was obtained from the coefficientafiation of single-kernel mass from 10
soybean lots (Table 5.5).

For particle shear modulus, the base value wam#an of the published values (41.7
MPa). Typically, shear modulus values do not gyeattiect results, but smaller values of shear
modulus are known to reduce computational time (@hand Ooi, 2008; Remy et al., 2009);
thus, the variation of shear modulus was towardetosalues. The second value chosen was the
lowest limit of the range of published shear modutlr soybeans (13.8 MPa). The very low
third value (1.04 MPa), computed from Remy et dR809) particle Young’s modulus (2.6
MPa) and the base value of the particle Poissatis for soybeans (0.25), was selected for the
potential to significantly reduce computation tim€&able 5.6 shows the test combinations of the
five parameters used with the 1-sphere particlpesh@imulations using test combination 11111

were performed with the 2-, 3-, and 4-sphere pgarsbapes.
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Four particle shapes were evaluated to represgheaa kernels (Figure 5.1). Particle
shape was defined using one to four overlappingrgsh Overlapping spheres allow the creation
of complex particle shapes but require increaseapeation times because each sphere in the
shape requires individual calculation at each tate@ (LoCurto et al., 1997; Raji and Favier,
2004b). Thus, a 1-sphere geometry is desirabledo@seomputation time if particle physics can
be adequately addressed without a more complexeskagometry and dimension (length, width,
and thickness) of the 4-sphere model were base¢keosoybean model of LoCurto et al. (1997)
and Vu-Quoc et al. (2000), with slight differenceslimension to fit soybeans’ published base
values for particle density and particle volumel€eb.3). Table 5.7 shows basic physical
properties of the four particle shapes and posstaiitheir spheres employed in the simulation.
The position of each sphere in the x-, y-, andrealion composing a particle shape is needed to
define the particle shape in the simulation. Pasgiof the 1-, 2-, and 3-sphere particle shapes

were modified to match the volume and particle dgrd the 4-sphere particle shape.

Table 5.5 Experimental data for standard deviatiorfactor (SDF) for particle size

distribution. &

Single Kernel Mass, mi

No. of Coefficient
Kernels Standard  of Variation
No. Variety Source Location Planted Crop Year Weighed Mean Deviation (SD'_ (CV), %
1 9A411INRR Kaufman Seeds Reno County, Kansas 2008 55 24144, 25.41 17.62
2 9A385NRS Kaufman Seeds Reno County, Kansas 2007 50 85112. 20.14 17.85
3 KS-5005sp KSU Agronomy Farm Riley County, Kansas 2007 51 221.40 40.00 18.06
4 KS-3406RR KSU Agronomy Farm Riley County, Kansas 2007 55 132.97 26.14 19.66
5 KS-4607 KSU Agronomy Farm Riley County, Kansas 2007 51 157.34 31.16 19.80
6 KS-4702sp KSU Agronomy Farm Riley County, Kansas 2007 56 122.64 26.12 21.29
7 Mixed (100-Ib) Manhattan Farmers COOP Northeastensds 2007 53 149.48 32.07 21.46
8 Mixed (7080-Ib) Manhattan Farmers COOP Northeadtemsas 2007 53 149.91 32.35 21.58
9 KS-5002N (4RL9542) KSU Agronomy Farm Riley Countgrisas 2004 55 157.42 34.39 21.84
10 KS-4103sp (4RL4976) KSU Agronomy Farm Riley Coulginsas 2004 56 124.19 28.46 22.91
Mean 53.50 147.24 29.62 20.21
SD 222 30.27 5.57 1.88

@] SDF value of 0.2 was taken from the mean CV oividdally weighing soybean kernels.
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Table 5.6 Combinations of model parameterg?

Test Combinations

TestNo. Coefficientof _ Coefficient of _ Coefficient of Shear Modulus
Restitution Static Friction Rolling Friction Size Distribution (MPa)
1-sphere
11111 0.6 0.55 0.1 uniform, SDF=0 41.7
21111 0.3 0.55 0.1 uniform, SDF=0 41.7
31111 0.9 0.55 0.1 uniform, SDF=0 41.7
12111 0.6 0.35 0.1 uniform, SDF=0 41.7
13111 0.6 0.75 0.1 uniform, SDF=0 41.7
11211 0.6 0.55 0.05 uniform, SDF=0 41.7
11311 0.6 0.55 0.2 uniform, SDF=0 41.7
11121 0.6 0.55 0.1 normal, SDF=0.2 41.7
11131 0.6 0.55 0.1 normal, SDF=0.4 41.7
11112 0.6 0.55 0.1 uniform, SDF=0 13.8
11113 0.6 0.55 0.1 uniform, SDF=0 1.04
2-sphere
11111 0.6 0.55 0.1 uniform, SDF=0 41.7
3-sphere
11111 0.6 0.55 0.1 uniform, SDF=0 41.7
4-sphere
11111 0.6 0.55 0.1 uniform, SDF=0 41.7

el Refer to Table 5.4 for complete interpretation.

Coefficient of restitution (1 stands fer 0.6, 2 fore= 0.3, 3 fore = 0.9).

Coefficient of static friction (1 fQts(so-s0)= 0.55 us(so-s= 0.37; 2 fOMs(s0-50= 0.35 ts(s0-s= 0.23; 3 fORg(s0-
s0) = 0.75 us(s0-sy= 0.50).

Coefficient of rolling friction (1 fog, = 0.1, 2 foru, = 0.05, 3 fop, = 0.2).

Particle size distribution (PSD) (1 for unifoparticle size, 2 for normal PSD with standard deéerafactor
(SDF) = 0.2, 3 for normal PSD with SDF = 0.4).

Shear modulus (1 stands 8= 41.7 MPa, 2 foG = 13.8 MPa, 3 foG = 1.04 MPa).

For bulk density and bulk angle of repose tabtg®e and seven replications, respectively, weréopmed
for each test combination.
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Figure 5.1 Particle shapes of soybean in the simuian: (a) 1-sphere model; (b) 2-sphere

model; (c) 3-sphere model; and (d) 4-sphere modedrawn in EDEM software).
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Table 5.7 Properties of the four particle models ash positions (X, y, z) of each sphere in

EDEM.
Particle Model
Parameter 1-Sphere 2-Sphere 3-Sphere 4-Sphere
Length of soybean (mm) |, 6.496 7.59550 7.47559 7.62495
Width of soybean (mm)  w, 6.496 5.70175 6.69106 6.19774
Height of soybean (mm) h, 6.496 5.69847 5.50168 5.51348
Radius of sphere (mm) R 3.248 2.85 2.75 2.75
Particle Volume () \ 1.4350E-07 1.4350E-07 1.4350E-07 1.4350E-07
Particle Mass (kg) m 0.0001763 0.0001762 0.0001762 0.0001762
Particle Density (kg-M) Db 1228.0 1228.0 1228.0 1228.0
Particle Model
Position 1-Sphere 2-Sphere 3-Sphere 4-Sphere
Surface 1 (X, Y, 2) 0,0,0) 0,0,0) 0,0,0) (0,-0.35,0)
Surface 2 (X, Y, Z) - (0, 0, 1.89) (0,0, 1.975) 0, 0.35, 0)
Surface 3 (X, Y, 2) - - (0, 0.8, 0.9875) (0, ME2)
Surface 4 (X, Y, 2) - - - (0,0, -1.062)

Accuracy tests for the particle coefficient of regton was performed for all test
combinations by simulating the dropping of 50 s@bparticles from a height of 151 mm on a
flat steel surface. The height was based on the thsts of LoCurto et al. (1997) for soybeans.
Drop and rebound heights were extracted from tmeilsition only from those particles with
rebound trajectories that were vertical (LoCurtalet1997). The simulated rebound heights
were used to calculate particle restitution coedfits using equation 5.2. The calculated
restitution coefficients were compared with theungestitution coefficients, which gave an

indication of the simulation accuracy.

5.3.1 Bulk Density Test

The bulk density test was based on the USDA GIP$2084) procedure for test-weight-
per-bushel apparatus (Figure 5.2). Dimensionsefrikide diameter and height of the kettle
were 117.475 mm (4.625 in.) and 101.60 mm (4.0 regpectively. The test weight kettle was
drawn in a computer-aided design (CAD) softwarekpge (DSSolidWorks Corp., Concord,
Mass.) and imported to establish model geometmi&DEM. The hopper above the kettle was
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(b)
Figure 5.2 Bulk density test in simulation: (a) emfy test weight (TW) kettle and (b) full
TW kettle.
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also drawn with the standard 31.75-mm (1.25 in@nipg and standard distance from the kettle
of 50.8 mm (2.0 in.) (USDA-GIPSA, 1996).

Particles coming from the hopper dropped to fid Rettle. Excess particles were allowed
to overflow. Simulation time for each test combioatwas between 20 to 120 s, depending on
the time the kettle was filled and the particlegpped flowing. Simulation time was determined
by the particles stabilizing on top of the kettteldhe kinetic energy of the whole system
approaching zero. To get the bulk density (n kg-m?, only the total mass of particles filling
the kettle ) in kg was computed from the simulation. The nefgsiled particles on top and
outside of the kettle was excluded in the calcatatirfhe computed mass of particles inside the
kettle was divided by the volume of the ketdg)(in m’ in the following equation. The mean
bulk density for three replications for each tesnbination was computed.

P, =2 (5.9)

Vk
5.3.2 Bulk Angle of Repose Test

The tilting box method was employed to simulateahgle of repose test of soybean
particles in DEM (Figure 5.3). A box measuring 24020 x 40 mm was drawn and filled with
soybean particles in the simulation. Train (19%®ommended that the width of the box be at
least one-third of its length to reduce wall effed¢h this simulation, the width was one-half of
the length, which satisfied Train’s (1958) recomhagion.

Moreover, periodic boundaries were used on oppssgites of the simulation box (in the
direction of the width = 120 mm). Periodic boundeonditions enable any particle leaving the
domain in that direction to instantly re-enter ba bpposite side, simulating infinite length in
that direction and, thereby eliminating wall frani. Base friction was also removed by ensuring
the base of the box had the same frictional caefits as that of the particles.

After 0.15 s of filling the box up to the rim, thex was then tilted at a constant angular
velocity, wp, of 90 deg-$ until particles begin to move, and then the sirifawas stopped
after 0.65 to 0.85 s depending on the test comibimabeing evaluated. The time when the
particles began to move was recordgdwhich allowed calculation of the angle of repagef
the soybeans based on the angular velocity oflthgtbox. The equation is given by:

f=t,xw, (5.10)
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Time; 0.498 s

Velocity (m/s5)
0.19043

0.152817

0.115205

0.0775524

0.03298

0.00236752

P

Time; 0.498 5

Velocity (m/s)
0.18042

0.152817

0.115205

0.0775924

0.03998

0.00236752

L.

(b)
Figure 5.3 Angle of repose test in simulation &p = 0.498 s: (a) particle mode and (b) vector

mode.
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Both the actual particle motions and the vectorthefparticle motions were evaluated to
determine the start of particle movement. The na®te of repose for seven replications for

each test combination was calculated.

5.3.3 Data Analysis

Results were analyzed using the generalized limeatel (GLM) procedure of SAS
statistical software (version 9.2, SAS Institutes.] Cary, NC). Mean, standard deviation, and
percentage difference from expected input and phbt values were determined for the
coefficient of restitution, angle of repose, andklensity tests. The simulation results were
compared with the literature values based on thmicentage differences. Differences among
test combinations within the coefficient of rediibm, angle of repose, and bulk density tests
were compared using the Bonferroni Multiple Comgami Test in SAS at the 5% level of
significance. Bonferroni uses strict requirememtsrio rejecting the null hypotheses, which
minimizes Type | errors. Test combinations havimgusation results best correlating with the
literature values were chosen to simulate soybegasiscceeding simulation of grain

commingling.

5.4 Results and Discussion

In choosing the best particle model for soybeamslgbffs between the three criteria (i.e.,
bulk density, angle of repose, and computation were required. The particle model was also
revised by combining and refining input parametbed performed well in the initial tests.

In the accuracy tests, the input parameter wapdhecle coefficient of restitution and
the output calculated from the rebound height hadsame particle restitution values (Table
5.8). All test combinations with the base parti@stitution value of 0.6 had percent deviations
ranging from 0.68% to 1.77% and were not signifisadifferent (p > 0.05) from each other.
When the restitution coefficient was varied (ca8E$11 and 31111), the percent deviation from
the input value ranged from 0.25% to 7.56%. Th&% 2leviation was obtained from the test
combination with the highest particle restituticalue (0.9) and the 7.56% deviation was from
that with the lowest particle restitution (0.3).uBh only the artificially low value of the
restitution coefficient caused excessive accurasyas, and this low value was not pursued

further for the particle models.
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Table 5.8 Accuracy test using particle coefficienof restitution. @

Coefficient of Restitution

Expected
Combination No. Simulation Value Value % Diff
Restitution
1s_11111e=0.6 061 a (0.0064) 0.6 1.73
1s 21111e=0.3 032 b (0.0058) 0.3 7.56
1s_31111e=0.9 090 ¢ (0.0009) 0.9 0.25
Static Friction
1s 1111144=0.55) 061 a (0.0064) 0.6 1.73
1s 1211145=0.35) 0.61 ad (0.0041) 0.6 1.27
1s 1311145=0.75) 061 a (0.0060) 0.6 1.54
Rolling Friction
1s 111114,=0.1) 061 a (0.0064) 0.6 1.73
1s_112114,=0.05) 0.61 ad (0.0057) 0.6 1.40
1s_113114,=0.2) 0.61 ad (0.0038) 0.6 1.03
Size Distribution
1s_ 11111 (SDF=0) 061 a (0.0064) 0.6 1.73
1s 11121 (SDF=0.2) 0.61 ad (0.0046) 0.6 1.12
1s 11131 (SDF=0.4) 061 a (0.0061) 0.6 1.53
Shear Modulus
1s 11111G=41.7MPa 061 a (0.0064) 0.6 1.73
1s _11112G=13.8 MPa 060 d (0.0119) 0.6 0.68
1s 11113G=1.04 MPa 061 ad (0.0093) 0.6 1.04
Particle Model
1s 11111 061 a (0.0064) 0.6 1.73
2s 11111 061 a (0.0057) 0.6 1.50
3s 11111 0.61 ad (0.0070) 0.6 1.08
4s 11111 061 a (0.0060) 0.6 1.77

[ Mean values with the same lower case letters wihtolumn are not significantly different at the
5% level of significance in Bonferroni. Valuesgarentheses represent standard deviation (SD).

Particle shape (1s = 1-sphere; 2s = 2-sphere;3sphere; 4s = 4-sphere).

Coefficient of restitution (1 stands fer= 0.6; 2 fore = 0.3; 3 fore = 0.9).
Coefficient of static friction (1 foftgso-so)= 0.55 us(so-sy= 0.37; 2 fOlug(so-s0)= 0.35 us(so-sy= 0.23; 3
for sis(so-s0)= 0.75 uts(s0-sy= 0.50).

Coefficient of rolling friction (1 for, = 0.1; 2 foru, = 0.05; 3 for, = 0.2).

Particle size distribution (PSD) (1 for uniform piele size; 2 for normal PSD with standard deviatio
factor (SDF) = 0.2; 3 for normal PSD with SDF =)0.4
Shear modulus (1 stands 8r= 41.7 MPa, 2 foG = 13.8 MPa, 3 foG = 1.04 MPa).
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5.4.1 Bulk Density Test

Bulk density increased with the coefficient of regton but decreased with coefficients
of static and rolling friction (Table 5.9). Widers distributions increased bulk density as
observed from test combinations 11121 to 11131s Tiay be explained by the increasing
standard deviation factor (from 0.2 to 0.4) in paeticle size distribution, which increases the
smaller particles in the normal size distributidhese small particles were filling the void in
between large particles, thereby increasing thke dehsity.

Simulations involved fixed particle size within &ggarticle shape. Particle density and
mass were constant among particle shapes. Reboltsed that bulk density decreased as the
number of spheres in a particle shape increaseepékor the case of 1-sphere particle shape.
This can be explained by a 4-sphere particle shapepying a slightly higher volume than a 2-
sphere particle shape, thus, slightly decreasiedpthk density. Bulk densities from 2- to 4-
sphere particle shapes, however, were not significdifferent (p > 0.05) from each other. Bulk
densities of the 1- and 4-sphere particle shapes also not significantly different (p > 0.05).

In general, the simulations resulted in lower bdgksities than the published values. Test
combinations 31111, 12111, 11211, 11131, and 11driB-sphere particle shape and 11111 for
2-sphere particle shape gave bulk densities closte literature value of 720.72 kg®niTest
combination 31111 was significantly different (©©5) from all other test combinations. Test
combinations 12111, 11211, and 11113 were sigmifigalifferent (p < 0.05) from 11131 for
the 1-sphere particle shape, but did not differ (n05) from test combination 11111 for the 2-

sphere particle shape.

5.4.2 Bulk Angle of Repose Test

Static and rolling friction coefficients affect tlamgle of repose. In general, as the static
and rolling friction coefficients increased so the angle of repose in the simulation (Table 5.9).
This observation was similar to those of Zhou e{2002) and Walton (1994).

The greater the number of spheres in a particleemtite higher the angle of repose.
Walton and Braun (1993) and Walton (1994) foundeasing values of dynamic angle of repose
as spheres increased from mono to cubic (8-spHheiraulation results of static angle of repose,
however, did not exactly agree with those authfinsfings. This was likely due to the volume of
the particle models always being the same durimgisition so particles did not increase in size
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Table 5.9 Results of bulk density and bulk angle akepose tests for each test combinatidf.

Bulk Density, kg-m?*

Bulk Angle of Repose, deg.

Published Published
Combination No. Simulation Value Value % Diff Simulation Value Value % Diff
1st Iteration
Restitution
1s 11111e=0.6 669.00 a h (1.60) 720.72 -7.18 3150 ae (0.35) 31.0 1.61
1s 21111e=0.3 660.39 b (0.77) 720.72 -8.37 3231 a (0.82) 31.0 4.23
1s_31111e=0.9; 687.12 ¢ (0.93) 720.72 -4.66 37.17 b (0.47) 31.0 19.91
Static Friction
1s_111114,=0.55) 669.00 a h (1.60) 720.72 -7.18 3150 ae (0.35) 31.0 1.61
1s_1211144=0.35) 678.30dg (2.00) 720.72 -5.89 3150 ae (1.25) 31.0 1.62
1s_1311144=0.75) 665.67 a (3.03) 720.72 -7.64 37.35b (2.47) 31.0 20.49
Rolling Friction
1s_111114,=0.1) 669.00 a h (1.60) 720.72 -7.18 3150 ae (0.35) 31.0 1.61
1s_112114,=0.05) 680.08 d (0.33) 720.72 -5.64 3052 ce (0.50) 31.0 -1.54
1s_113114,=0.2) 656.61 b (0.72) 720.72 -8.89 35.28 d (0.98) 31.0 13.81
Size Distribution
1s_11111 (SDF=0) 669.00 a h (1.60) 720.72 -7.18 31.50 ae 0.35) 31.0 1.61
1s_11121 (SDF=0.2) 668.51 a h (0.28) 720.72 -7.24 29.30 ¢ 0.48) 31.0 -5.48
1s 11131 (SDF=0.4) 670.60 e h (2.89) 720.72 -6.95 32.64a 1.10) 31.0 5.31
Shear Modulus
1s_11111G=41.7MPa 669.00 a h (1.60) 720.72 -7.18 3150 ae (0.35) 31.0 1.61
1s 11112G=13.8 MPa 671.44efh (2.25) 720.72 -6.84 3145 ae (0.50) 31.0 1.45
1s 11113G=1.04 MPa 679.93d (0.28) 720.72 -5.66 32.75 a (0.66) 31.0 5.65
Particle Model
1s 11111 669.00 a h (1.60) 720.72 -7.18 3150 ae (0.35) 0 31. 1.61
2s 11111 675.55d g f (0.95) 720.72 -6.27 29.28 ¢ (0.29) 0 31. -5.56
3s_11111 673.89 efg (2.05) 720.72 -6.50 29.12 ¢ (0.55) 0 31. -6.06
4s_11111 67253 efh (0.59) 720.72 -6.69 2942 c (1.18) 0 31. -5.10

@ Mean values with the same lower case letters mihiolumn are not significantly different at tH fevel of
significance in Bonferroni. Values in parenthesgwsesent standard deviation (SD).
Particle shape (1s = 1-sphere; 2s = 2-sphere;Bsphere; 4s = 4-sphere).

Coefficient of restitution (1 stands fer= 0.6, 2 fore= 0.3, 3 fore = 0.9).

Coefficient of static friction (1 fOfis(so-so)= 0.55,s(s0-sn= 0.37; 2 fOlus(s0-s0)= 0.35 tts(s0-s= 0.23; 3 fOlUg(s0-50)=

0.75,/13(50_3»[)2 050)
Coefficient of rolling friction (1 fop, = 0.1, 2 forw, = 0.05, 3 fop, = 0.2).

Particle size distribution (PSD) (1 for uniform pele size, 2 for normal PSD with standard deviafiactor (SDF)

= 0.2, 3 for normal PSD with SDF = 0.4).

Shear modulus (1 stands 8r= 41.7 MPa, 2 foG = 13.8 MPa, 3 foG = 1.04 MPa).
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as the number of spheres in a particle model isedaunlike the previous authors observed. The
1-sphere particle shape showed the highest angépote, whereas the 3-sphere particle shape
gave the lowest angle. The 4-sphere particle shage higher angle of repose than the 2-sphere
shape, which agreed with the published trend oftoviad group.

Angle of repose increased for wider size distriuitfi.e., from PSD with SDF = 0.2 to
that with SDF = 0.4). This result for static anglreed with Zenz's (1957) experimental
findings for dynamic angle of repose.

For 1-sphere particle models, test combinationd1112111, 11211, 11131, and 11112
gave closer values to the published angle of ref@9 and were not significantly different (p >
0.05) from each other.

For multi-sphere particle models, results of teshbination 11111 for the 4-sphere
shape were closest to the published angles of eeftss test combination, however, did not

significantly differ (p > 0.05) from test combinati 11111 for 2- and 3-sphere shapes.

5.4.3 Best-Correlated Particle Models

In general, multi-sphere particle shapes did na¢ gromising results in the bulk
property tests. During initial testing (Table 5.€mbination 31111 with the highest particle
coefficient of restitution (0.9) resulted in thesést bulk density (687.12 kg3nto published
values (720.72 kg-1i). The angle of repose of the bulk materials frbis test combination
(37.17°), however, was considerably higher tharitemture value (31°). The high bulk density
and angle of repose may be explained by the higfficnt of restitution of the particle in the
parameter mix of that test combination. In a sedterdtion, modified testing was performed to
determine whether lowering the particle restitutjtm0.7 or 0.8) would result in a more
desirable bulk angle of repose, yet still maintaitk density close to the literature value. Bulk
density tests, including coefficients of restitatiof 0.7 (test combination 4111) and 0.8 (test
combination 5111), resulted in values of 671.77 @r@.45 kg-ni, respectively (Table 5.10).
These values, however, were lower than the bulkidemalues of test combinations 11211
(680.08 kg-1if) and 11113 (679.93 kg-fhfrom the initial testing (Table 5.9); thus, thegre
not tested for angle of repose. For bulk angleepbse, test combinations 11112 (31.45°) and
11211 (30.52°) yielded values closest to the pbblisone with percent deviations of 1.45% and
-1.54%, respectively.
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Table 5.10 Results of bulk density and bulk anglef@epose tests for possible best test

combination.
Bulk Density, kg-m® Bulk Angle of Repose, deg.
Expected Expected
Combination No. Simulation Value Value % Diff Simulation Value Value % Diff

2nd Iteration
1s_1223  (4s=0.35) 697.9( a (1.76 720.7 -3.17 28.5¢ a (0.58; 31.C -7.94
1s_11231 (us=0.55,G=41.7MPa) 682.37 b (1.50) 720.7 -5.32 31.54 b (0.53) 31.0 1.74
1s_11232 (1s=0.55,G=13.8MPa) 682.47 b (1.58) 720.7 -5.31 32.15bc (0.72) 31.0 3.70
1s_11233 (1¢s=0.55,G=1.04MPa) 685.09 b ¢ (5.65) 720.7 -4.94 31.90 b (0.68) 31.0 2.90
1s_14231 (us=0.58,G=41.7MPa) 680.74 b (1.64) 720.7 -5.55 33.14 cd (0.40) 31.0 6.90
1s_14232 (us=0.58,G=13.8MPa) 681.77 b (1.27) 720.7 -5.40 31.03 b (0.48) 31.0 0.11
1s_14233 (¢s=0.58,G=1.04MPa) 690.47 ¢ (0.60) 720.7 -4.20 33.45d (1.01) 31.0 7.90
1s_41111 (e=0.7) 671.77 d (1.36) 720.7 -6.79
1s 51111 (e=0.8 679.45 b (0.68) 720.7 -5.73
3rd Iteration

1s 12233 (us=0.35) 697.90 a (1.76) 720.7 -3.17 28.54 a (0.58) 31.0 -7.94

1s 17233 (1 s=0.40) 695.39 a (0.83) 720.7 -3.51 29.01 a (0.36) 31.0 -6.42

1s 16233 (u=0.45) 693.73 a (1.15) 720.7 -3.74 30.89 b (0.53) 31.0 -0.36

1s 15233 (us=0.50) 693.58 a (1.82) 720.7 -3.77 31.20 b (0.45) 31.0 0.66

1s 11233 (u=0.55) 685.09 b (5.65) 720.7 -4.94 31.90 b (0.68) 31.0 2.90

1s_14233 (us=0.58 690.47 ab (0.60) 720.7 -4.20 3345 ¢ (1.01) 31.0 7.90

[l Mean values with the same lower case letters withiolumn are not significantly different at tHé fevel of
significance in Bonferroni.

Values in parentheses represent standard aevi{&@D).

Particle shape (1s = 1-sphere).

Coefficient of restitution (1 stands fer= 0.6; 4 fore=0.7; 5 fore = 0.8).

Coefficient of static friction (1 foftsse-so)= 0.55 ts(so-sy= 0.37; 2 fOMs(so-s0)= 0.35 us(so-sy= 0.23; 4 fOls(so-50)
= 0.58,#5(30_502 0.39;5 fOI;us(so_so)Z 0.50,/15(50_502 0.34; 6 fOI;uS(SO_SO)Z 0.45,/15(50_502 0.30; 7 fOI;uS(SO_SO):
0.40,u5(s0-5y= 0.27).

Coefficient of rolling friction (1 for, = 0.1; 2 foru, = 0.05).

Particle size distribution (PSD) (1 for uniform piele size; 3 for normal PSD with SDF = 0.4).

Shear modulus (1 stands f8r= 41.7 MPa, 2 foG = 13.8 MPa, 3 foG = 1.04 MPa).
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With tradeoffs between bulk density and bulk arafleepose, test combination 11211
gave the best correlated coefficients of restitytsiatic friction, and rolling friction, which wer
0.6, 0.55 (for soybean-soybean; 0.37 for soybeasghstand 0.05, respectively (Table 5.9).
However, test combination 11211 did not include slistribution of the particles because it only
represented uniform or fixed particle sizes. Thiae,normal PSD with SDF of 0.4 was chosen
because test combination 11131 performed bettieibulk density and bulk angle of repose
tests than 11121. For particle shear moduluscteabination 11113 (G = 1.04 MPa) did better
in the bulk density test while test combination 121G = 13.8 MPa), did best in the angle of
repose test (Table 5.9). Both particle shear maslete included in the second iteration, together
with the highest shear modulus (G = 41.7 MPa) gtenine how these shear moduli performed
when combined with the other parameters (i.e.,fments of restitution, rolling and static
friction, and PSD). The second iteration also ideldithe second patrticle coefficient of static
friction of 0.35 (for soybean-soybean; 0.23 forlsegn-steel), which was in 12111 due to the test
combination’s bulk density being higher than thiat ©112.

In the second iteration, test combinations 122381933, with particle static friction of
0.35 and 0.58, respectively, produced the besesgdior bulk density. The bulk angles of repose
results, however, were poor for those combinat{@able 5.10). A third iteration was performed
using test combinations with particle static foctibetween 0.35 and 0.58. This iteration
determined which particle static friction would githe highest bulk density while maintaining
the best possible value for bulk angle of repose.

The third iteration revealed that the best paranmate was test combination 16233,
which included particle coefficients of restitutietatic friction for soybean-soybean (soybean-
steel) and rolling friction of 0.6, 0.45 (0.30),060.05, respectively; PSD with SDF of 0.4; and
particle shear modulus of 1.04 MPa (Table 5.10addition, test combination 16233 made the
computational time faster (Chung and Ooi, 2008; Retral., 2009) due to the low particle shear
modulus (G=1.04MPa).
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5.5 Summary

Material and interaction properties of various gsaand oilseeds relevant to discrete
element modeling (DEM) were reviewed. Material @xjgs were particle shape and size,
Poisson’s ratio, shear modulus, and density. lotena properties included coefficients of
restitution, static friction, and rolling frictioiRublished values were used to establish base
values for simulation modeling. Single- and mugihere soybean particle models, comprised of
one to four overlapping spheres, were compareddbas®EM simulations of the bulk
properties: bulk density and angle of repose.

A single-sphere particle model best simulated saghernels in the bulk property tests.
The best particle model included a particle cogdfit of restitution of 0.6, particle static frictio
of 0.45 for soybean-soybean contact (0.30 for sagksteel interaction), particle rolling friction
of 0.05, normal particle size distribution withtarsdard deviation factor of 0.4, and particle
shear modulus of 1.04 MPa. To optimize the simdlétgk properties, most parameters in this
particle model varied only a small amount from lase values obtained from the literature.
However, the particle shear modulus was set astifjclow since that helped speed up the
simulations without negatively impacting the simida of bulk properties. This particle model
will be used to simulate soybeans in grain handiing enhance the prediction of grain

commingling in bucket-elevator equipment.
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CHAPTER 6 - 3D and Quasi-2D DEM Modeling of Grain

Commingling in a Bucket Elevator Boot System

6.1 Introduction

Identity preservation programs are aimed at maiimgithe genetic and physical purity
of the grain. Segregation of grain with specificiatites has been increasing in the grain
industry in recent years and is anticipated toiooietgrowing. The introduction of genetically
modified (also called transgenic or biotech) crigpdeed, pharmaceutical, and industrial uses
into the U.S. grain handling system has showntti@tnfrastructure is often unable to identity-
preserve the grains to the desired level of pyhtgles et al., 2006). This was exemplified by the
incidents of Starlink corn (Bucchini and Goldmafp2) and GT200-containing canola seed
(Kilman and Carroll, 2002).

Grain commingling involves unintentional introdustiof other grains or impurities that
directly reduces the level of purity in grain eimgran elevator facility. There are three
approaches for addressing commingling during gnaimdling: (1) ignore it; (2) containerize the
identity-preserved grain or handle it only in deded facilities and transportation equipment; or
(3) segregate in non-dedicated facilities. The fing® are the most common and the latter
method has limited scientific data for evaluatitegaffectiveness. The latter method is the
subject of this study.

In addition to unintentional and natural threatgtain purity, intentional introduction of
contaminants is also possible. The Strategic Patiie Program Agroterrorism (SPPA)
Initiative listed grain elevator and storage fdi@b as sites that are critical nodes for assedsmen
because of vulnerability to terrorist attack witblbgical weapons (US FDA, 2006).

For both intentional and unintentional comminglipggvious research in commercial
elevator equipment (Ingles, et al., 2003; 2006ldsg2005) showed large variations between
and within facilities for commingling of grain. Tee large variations can greatly increase the
number of experiments necessary to make widelyiegdge inferences. However, the inference
space can also be greatly increased by using tieadrenodeling, generally known as

mechanistic modeling, to add extensive additionfdrimation from established laws of motion
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from physics. A mechanistic model of the particlevament in the bucket elevator leg could
enhance prediction capabilities on grain commirgglin

Both continuum models and the discrete element odefBEM) (Wightman et al., 1998)
have been used to model the motion of particlel asgrain in bucket elevator legs. Because of
its ability to track individual particles, the DEM a proven way to simulate discrete objects like
grain kernels and to predict their movement andraorgling in a bucket elevator equipment.
Simulations with DEM could involve two-dimensior(@D) (Fillot et al., 2004; Fazekas et al.,
2005; Sykut et al., 2008); three-dimensional (3Bart et al., 1988; Sudah et al., 2005; Goda and
Ebert, 2005; Takeuchi et al., 2008); or quasi-2@Wikguchi et al., 2000; Samadani and
Kudrolli, 2001; Li et al., 2005; Kamrin et al., ZDKetterhagen et al., 2008) modeling
depending on the object of interest. Quasi-2D mndelses 2D system but with added depth or
width usually equivalent to a given number of paetidiameters. It can also be referred to as
guasi-3D with reference to 3D system but with reaudepth or width.

The objectives of this study were to: (1) simulgtain commingling in a pilot-scale boot
using DEM models and evaluate the tradeoffs of agatpnal speed versus accuracy for 3D
and quasi-2D boot models, and (2) validate the hsag&ng soybeans as the test grain.

6.2 Simulation of Grain Commingling

6.2.1 Discrete Element Method

DEM is a numerical modeling technique that simddtee dynamic motion and
mechanical interaction of each particle using Nevg&econd Law of Motion and the force-
displacement law. It was first introduced by Cuh@®71) and Cundall and Strack (1979) to
model soil and rock mechanics. The calculationeyalolves explicit numerical scheme with
very small time step as discussed in detail by @lirzshd Strack (1979). This method has been
successfully applied to processes such as pamtislieg in a rotating cylinder (Wightman et al.,
1998), 3D, horizontal- and vertical-type screw ceyors (Shimizu and Cundall, 2001), filling
and discharge of a plane rectangular silo (Massdn\Martinez, 2000), and deformation in
agricultural and food particulate materials unddkltompressive loading (Raji and Favier,
2004a, b).
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In DEM modeling, particle interaction is treatedaadynamic process, which assumes
that equilibrium states develop whenever internedds in the system balance (Theuerkauf et al.,
2007). Contact forces and displacement of a stigsagicle assembly are found by tracking the
motion of individual particles. Motion results frogisturbances that propagate through the
assembly. Mechanical behavior of the system isrde=t by the motion of each particle and
force and moment acting at each contact. Newtoais af Motion gives the relationship
between the particle motion and forces acting ah @article. Translational and rotational
motions of particle are defined as (Remy et al., 2009):

m%i(ﬁu +F, J+mo (6.1)
J
|i% = (R xF, )+ 7, (6.2)

j
wherem, R, Vi, w;, andl; are the mass, radius, linear velocity, angulaocigf, and moment of

inertia of particlg; Fn”_ : Ftij , andr; are respectively, normal force, tangential force, aordjtie

acting on particlesandj at contact pointgj is the acceleration due to gravity; and the time.

Particles interact only at contact points with thmeotion independent of other particles.
Forces on the particles at contact points incluaigact force and viscous contact damping force
(Zhou et al., 2001). These forces have normal angdntial components. The soft-sphere
approach commonly used in DEM models allows pasitb overlap each other, giving realistic
contact areas.

The force-displacement law at the contact poine¢@esented by Hertz-Mindlin no-slip
contact model (Mindlin, 1949; Mindlin and Deresiew; 1953; Tsuji et al., 1992; Di Renzo and
Di Maio, 2004, 2005). This non-linear model featub®th the accuracy and simplicity derived
from combining Hertz’'s theory in the normal directiand Mindlin no-slip model in the
tangential direction (Tsuji et al., 1992; Remy le2809).

The normal forcek, is given as follows (Tsuji et al., 1992; Remy et 2009):
Fo =K 82 -8 (6.3)
wherekK, is the normal stiffness coefficier; is the normal overlap or displacemedtis the

normal velocity; and, is the normal damping coefficient. Normal stiffn@s&l normal damping
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coefficients are given, respectively, by (Tsujakt 1992; DEM Solutions, 2009; Remy et al.,
2009):

=gEDﬁ (6.4)

_ Ine
"= fer 2 "N (6.5)

whereE’ is the equivalent Young’s modull®, is the equivalent radiusy is the equivalent
mass, an@ as the coefficient of restitution. Equivalent pedjes R , m, andE’) during
collision of particles with different materials $uas particles andj are defined as (Di Renzo
and Di Maio, 2004; DEM Solutions, 2009):

-1

R = i+i] (6.6)
R R
_p2 1-v2)"

go=| 1TV, '] 6.7)
E E,

-1

mD: i+ij (68)

mm,

wherev is the Poisson’s ratio (Di Renzo and Di Maio, 20DEM Solutions, 2009). Similarly,
for a collision of a spheriewith a wallj, the same relations apply for Young’s modufiis

whereasR"=R andm”=m.

The tangential forcds;, is governed by the following equation (Tsuji bf 4992; Remy
et al., 2009):

F =-K,3 -7,80.° 6.9)
wherek; is the tangential stiffness coefficiertjs the tangential overlagj is the tangential

velocity; andy; is the tangential damping coefficient. Tangentidfreess and tangential damping
coefficients, are defined, respectively, as follqWsuiji et al., 1992; DEM Solutions, 2009;
Remy et al., 2009):

K, =8G"/RJ, (6.10)
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Ine
N = —7———
t JIn?e+ 7

whereG' is the equivalent shear modulus defined by (lzleR005):

-1
- 2—-V.
GD:(ZGV' + 'j (6.12)

i j

JMK, (6.11)

Gi andG; are shear moduli of particlesndj, respectively. The tangential overlap is calculate
by (Remy et al, 2009):

J =jvt dt (6.13)

rel

wherev,,, is the relative tangential velocity of collidingnicles and is defined by (Remy et al.,
2009):
vy = -v )B3+gR + R (6.14)

rel
wheres is the tangential decomposition of the unit vectmmnecting the center of the particle.
Additionally there is a tangential force limited 8pulomb frictionusFn, whereus is the
coefficient of static friction. When necessarylirg friction can be accounted for by applying a
torque to contacting surfaces. The rolling fricttonque,z;, is given by (DEM Solutions, 2009;

Remy et al., 2009):

I =~ F R (6.15)
wherey; is the coefficient of rolling frictionR, is the distance of the contact point from the
center of the mass, ang is the unit angular velocity vector of the objatthe contact point
(Tsuji et al., 1992; Di Renzo and Di Maio, 2004 tial., 2005; DEM Solutions, 2009; Remy et
al., 2009).

For dynamic processes, important factors to consitkethe propagation of elastic waves
across the particles, the time for load transf@mflone particle to adjacent contacting particles,
and the need not to transmit energy across a sybs faster than nature (Li et al., 2005). In
the non-linear contact model (e.g., Hertzian),dhical time increment or critical time step
cannot be calculated beforehand, unlike with thedr contact model in which the critical time
step is related to the ratio of contact stiffne@spadrticle density. Miller and Pursey (1955),
however, showed that Rayleigh waves or surface svageount for 67% of the radiated energy,

whereas dilational or pressure waves and dist@tionshear waves, respectively, are 7% and
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26% of the radiated energy. Thus, it is assumeidaihaf the energy is transferred by the
Rayleigh waves since the difference between thedspef the Rayleigh wave and the
distortional wave is small and the energy transfétry the dilational wave is negligible (Li et
al., 2005). Moreover, the average time of arriidhe Rayleigh wave at any contact is the same
irrespective of the location of the contact pokdr simplicity, the critical time step is based on
the average patrticle size and a fraction of thissed in the simulations (Li et al., 2005; DEM
Solutions, 2009). The critical time step is giventle following equation (Li et al., 2005; DEM
Solutions, 2009):

=R P (6.16)

B NG

where R is the average particle radiysis the particle density, arftican be approximated by (Li
et al., 2005):

[ =0.8766+ 0.163v (6.17)

Simulations were performed at 20% Rayleigh timpstes listed in Table 6.1.

6.2.2 Particle Model

The DEM modeling software used was EDEM 2.2 (DENuSons, Lebanon, N.H.). A
single-sphere particle model that best simulatgtiesan kernels was chosen (see Chapter 5),
which conform to known geometric properties of kedsras well as published experimental
values of particle and bulk densities, coefficievftsestitution and friction, and angle of repose.
From Chapter 5, the best particle model found fedjzting angle of repose and bulk density of
soybeans has a particle coefficient of restitutbf.6, particle static friction of 0.45 for
soybean-soybean contact (0.30 for soybean-steshiction), particle rolling friction of 0.05,
normal particle size distribution with standard idéwen factor of 0.4, and particle shear modulus
of 1.04 MPa. Table 6.1 lists the physical propsrbéthe soybeans and the surfaces used in the

simulation.
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Table 6.1 Input parameters for DEM modeling.

Variable Symbol Red Soybean Clear Soybean Steel Rubber
Particle coefficient of restitution e 0.60°% 0.60°% 0.60% 0.60°
Particle coefficient of static friction (soybean)on Ks 0.4c2 0.4c2 0.3c? 0.5C*
Particle coefficient of rolling friction Mr 0.05% 0.05% 0.05°% 0.05%
Particle size distribution PSD normal® normal®
Mean factor ~ MF 1.02 1.0°
Standard deviation factor SDF 0.4% 0.4%
Particle shear modulus, MPa G 1.042 1.042 70,000 > *© 1.00™°
Particle Poisson's ratio v 0.252 0.25° 0.30" % ¢ 0.45" ¢
Particle Young's modulus, MPa E 2.60° 2.602 182,000 *© 2.90"¢
Particle density, kg » 124%" 1247 ' 780( > ¢ © 910( ¢
Particle mass, g m 0.1597" 0.1389'
Particle radius, mm R 3.13¢ 2.9859
Number of particles N 5,000-35,000 800,000-1,365,000
Calculated Rayleigh time step, s tr 3.71E-01 3.54E-01
Simulation time step, s ts 7.08E-02 7.08E-02

2Boac et al., 2009

® DEM Solutions, 2009

¢ Boresi and Schmidt, 2003
d Ciesielski, 1999
°Baumeister et al., 1978

f Measured values

9 Calculated values



6.2.3 Three-Dimensional (3D) Modeling in Pilot-Se@Bucket Elevator Boot

A 3D model of a pilot-scale B3 bucket elevator (Elgiversal Industries, Inc., Cedar
Falls, lowa) was simulated to determine grain congtimg. The pilot-scale B3 leg is a back-
feeding bucket elevator with one hopper and a digghspout at the end of the elevator head.
The elevator boot is the enclosed base of an @eleg casing, where static grain, called
residual grain, accumulates after material loading.

Geometries of the pilot-scale B3 bucket elevatartlveere drawn in a computer-aided
design (CAD) software package (38lidWorks Corp., Concord, Mass.) and imported to
establish model geometries in EDEM. The materiabtfacket cups and enclosure of the B3 leg
was specified as steel and the belt was rubbedéTah). The input parameters for a single-
sphere particle model for the soybean kernel (Baaat., 2009) are listed in Table 6.1.

In the simulation, red soybean particles were rethéltst in the 3D pilot-scale B3 leg
geometries (Figure 6.1a). The leg was allowed toumntil the residual grain stabilized after a run
time of 11 s. After handling red soybeans, the nohsssidual grain was determined by
extracting the particle mass remaining in the lgsatimetry. With red soybean particles as the
residual grain in the 3D leg geometry, clear sopbeaticles were run next for 287 s or
approximately 5 min (Figure 6.1b). The total pdetimass of red and clear soybeans were
determined from each bucket cup leaving the conwhime. The instantaneous commingling
(Ci) from each cup was computed based on the followmgtion:
c=_"1 (6.18)

m +m

wherem is mass of red soybeans (kg) ands mass of clear soybeans (kg). Average

commingling per given load masS,j was computed as given by:

C :Z(mxtixq) (6.19)

* Y (muxt)

where m.is mass flow rate of soybeans (kb-andt; is sampling time interval (s). The

simulation data with one replication were calcullat®m three bucket cups, representing a
sample from the experiments. The mean sample massthie experiments was divided by the
computed mass of soybeans in a bucket cup (i.@nrecket cup fillingrfy)) to determine the

three bucket cups.

159



Tirne: 10 5

Academic

Time: 155

Academic

(b)

160




Figure 6.1 Initial 3D simulation during handling of (a) red and (b) clear soybeans.
The start time was also calculated based on thees@mated initial time simulating the
experiments. The time it took for the soybeansasdooped by bucket cups to the time they
were collected in the Gamet DT sampler was meadorbd 5.0 s. Simulation data time were
adjusted accordingly. The trends of instantaneadsaaerage commingling from simulation

were compared with experimental data.

6.2.4 Quasi-Two-Dimensional (Quasi-2D) Modeling Rilot-scale Bucket Elevator
Boot

To further reduce computational time and implemgoracomplexities, a quasi-2D
model for the pilot-scale B3 bucket elevator boaswumplemented. This made the boot
modeling simpler than its 3D counterpart by redgaimost geometry consideration to essentially
2D. The same geometries of the pilot-scale B3 huelevator boot drawn in a CAD software
(DS SolidWorks Corp., Concord, Mass.) were importedstablish model geometries in
simulation.

To model a quasi-2D pilot-scale boot, dimensioth@z-direction (i.e., width) of the
boot was reduced by using periodic boundaries d¢im foont and back walls. Periodic boundary
conditions enable any particle leaving the domaithat direction to instantly re-enter on the
opposite side (DEM Solutions, 2009), simulatingnité length in that direction, thereby
eliminating wall friction and reducing the totalmber of particles inside the control volume.

Four quasi-2D models were tested to determine wiésh simulates the initial 3D boot
model and the experimental data. The quasi-2D msdud widths of four to seven times the
diameter of red soybean particle (4d, 5d, 6d, Tdple 6.2). The reduction factdf, for each

guasi-2D model is defined as

g, = ke (=4,5,6,7) (6.20)

Wo2p

wherewy is the original width of the bucket cup awdzp is the width of the quasi-2D model
(i.e., 4d, 5d, 6d, or 7d). A single-sphere partioledel with the same material and interaction
properties of soybean used in the initial 3D maodet employed in the quasi-2D pilot-scale boot
simulations. The total number of particles created also reduced based on the reduction
factor.
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Red soybean patrticles were handled first in thesig2R pilot-scale leg until the residual
grain stabilized after a run time of 10 s (Figur2a). Red soybeans were left as residual grain in
the quasi-2D pilot-scale boot geometry and clegbsan particles were introduced next for 35 s
in the initial trials (Figure 6.2b). Instantane@ursl average commingling for one replication
were computed based on equations 6.18 and 6.1 ategely, and at start time where clear
soybeans was introduced in the model. The trentlseahstantaneous and average commingling
results from the four quasi-2D boot models were garad with those of the initial 3D boot
model. The quasi-2D model that best simulatedrtimi 3D model was chosen.

Table 6.2 Input parameters for the quasi-2D boot maels with reduced control volume.

Quasi-2D Boot Model

Variable Symbol 4d 5d 6d 7d
Particle diameter, mm d 6.26 6.26 6.26 6.26
Width of bucket cup of B3 leg, mm W, 95.25 95.25 95.25 95.25
Width of the quasi-2D model, mm W2 25.04 31.30 37.56 43.82
Reduction factor, dimensionless ¢n 3.80 3.04 2.54 2.17
Original mass flowrate, k¢* m 0.9¢ 0.9¢ 0.9¢ 0.9t
Reduced mass flowrate, k* m, 0.2t 0.31 0.37 0.44
Original particle rate, particle:* Ny
red soybeans 5,931 5,931 5,931 5,931
clear soybeans 6,819 6,819 6,819 6,819
Reduced particle rate, particle® n,
red soybeans 1,559 1,949 2,339 2,729
clear soybeal 1,79: 2,241 2,68¢ 3,137

6.3 Pilot-Scale Boot Experiment

6.3.1 Grain Materials

Two types of soybeans were used for the grain camgling tests in the pilot-scale B3
leg. Test material 1 was red colored soybeans elér-hilum from a 2008 crop variety
KS4702. Five bags of these red soybeans were asedifrom Kansas State University (KSU)
Agronomy Farm on January 30, 2009. Each bag hadanmass of 25.7 kg (standard deviation
(SD) = 0.14 kg). Test material 2 was clear or uoed soybeans with brown- and black-hilum

from 2008 crop. The clear soybeans were purchasedd local elevator on December 4, 2008,
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Figure 6.2 Quasi-2D simulation during handling of &) red and (b) clear soybeans.
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and were cleaned through a fanning mill at KSU Agray Farm on December 5, 2008. After
cleaning, the clear soybeans were then transfanridde grain tote bags with a mean mass of
563.9 kg (SD = 84.07 kg) for each bag.

Representative samples from both test materiale w@tected using a grain probe
(USDA GIPSA, 1995) and graded (USDA GIPSA, 2004itdl moisture content, test weight,
foreign materials, splits, damaged kernels, 100@ddeneight, particle density, and purity based
on the amount of soybean of different color mixedhe whole lot were measured. The initial
guality and characteristics of red and clear sogbeaie shown in Table 6.3.

Table 6.3 Initial quality and characteristics of sybeans before transferd?

Impurity ™ Damaged Kernels  Foreign Material Splits
Soybeans Grade (%) (%) (%) (%)
Red  US.No. 1 0 0337a (0131) 0030a (0.013) L1l4da (9.167
Clear  U.S.No. 1 0 1207 b (0.486) 0.013b (0.008)  0.329 b O@®).1

Mass of 1000

Test Weight Moisture Content Kernels Particle Density
Soybeans (kg-m) (% wet basis) Q) (g-cm)
Red 700.72 a (3.21) 9.75a (0.23) 138.90 a (4.46) 1.244 a 3p.00
Clear 728.75 b (1.48) 10.09 b (0.34) 159.73 b (5.15) 1.247 1904

&l Mean values with the same lower case letters mihiolumn are not significantly different at tHé fevel of
significance in Bonferroni. Values in parenibeepresent standard deviation (SD).
T |mpurity = red soybeans in clear, or clear soybeamed

6.3.2 Test Facility

Five tests were performed in the pilot-scale B3detielevator leg (Universal Industries,
Inc., Cedar Falls, lowa) at the USDA-ARS, CGAHR,Mattan, Kansas. The B3 leg is a back-
feeding bucket elevator with one hopper and a digghspout at the end of the elevator head
(Figure 6.3). The metal covers of the right hamtt§RHS) and boot openings were replaced by
plexi-glass to allow visual observation of the babaof the grain inside the boot. The B3 leg
has a handling capacity of 6 t-at 75% bucket filling (manufacturer’s data). listresearch, the
B3 leg was operated at a mean soybean mass flevof&t41 t-i (range: 3.20 to 3.65 t'

which is 41.2% of the leg’s full-cup capacity aratresponding to the same percent of capacity
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Figure 6.3 Pilot-scale B3 bucket elevator leg.
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for the full-scale CGAHR research elevator at agrage grain mass flow rate of 47 t{ingles
et al., 2003).

6.3.3 Test Procedure

Figure 6.4 shows a schematic diagram of the gtaw dluring each grain transfer. The
grain transfers simulated the receiving operatibtwo consecutive grain types without
additional (separate) cleaning of equipment betwgmrations. Two types of soybeans of

different color and hilum were used to easily idgrgrain commingling between grain loads.

6.3.3.1 Before the Transfers

Prior to each test, the B3 leg was allowed to slelén by letting the leg to run on empty
for 10 min to self-clean. Compressed air was ubsaligh the RHS opening of the leg (Figure
6.3) to clean the bucket cups while it is runni@gain residuals and impurities were vacuumed
from the boot and other parts of the B3 leg. Betaeh transfer operation, the ambient and grain
temperatures and ambient relative humidity wereswesl using a mercury thermometer and
psychrometer (model 3312-40, Cole-Parmer Instrur@entVernon Hills, 1ll.), respectively.
The stop of the hopper’s slide gate was checkedighténed for proper position giving a

specific opening (width = 32.54 mm).

6.3.3.2 Transfer of First Grain — Red Soybeans

The first soybean lot handled in the B3 leg wasréliesoybeans. One bag of red
soybeans was poured into the hopper of the le2%ALLplastic container was placed at the end
of the spout connected to the head of the B3 lemtch the red soybeans after being handled.

The B3 leg was switched on and the slide gate wased to run the red soybeans. After
the transfer of red soybeans, the B3 leg was atlfaweontinuously run for 5 min for self-
cleaning. Then, the B3 leg was switched off.

After the red soybean handling, the residual gna&ilghts were measured in the left hand
side (LHS) (i.e., from the top of the LHS openinglie grain) and in the RHS (i.e., from the
boot floor to the height of the grain) of the Bg.l& he mean residual grain heights of red
soybeans in the LHS and RHS from five tests we@11®(standard deviation, SD = 2.78) mm
and 95.66 (SD = 0.91) mm, respectively.
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The end of the spout connected to the head wasféraad from the plastic container to
the Gamet diverter-type (DT) sampler (Seedburo gent Co., Chicago, lll.) to collect grain
samples from the next soybean flow. The Gamet Diipser was placed on top of a plastic
hopper (1.07 x 1.37 x 1.59 m) that collected tleat of the flow.

Split-core AC current sensors (0-20 Amp model CTVokset HOBO, Bourne, Mass.)
plugged directly into a 4-channel external inpuiadagger (model HOBO H8) was attached to
the control panel of the Gamet DT sampler. Thelkctmt a laptop computer (model Sony Vaio
PCG-Z505R, Sony Electronics, Inc., New York, N.Wgs synchronized with the HOBO time.

6.3.3.3 Transfer of Second Grain — Clear Soybeans

The second soybean lot handled on the B3 leg veasléfar soybeans. The clear soybean
lot in a tote bag was weighed on a platform scatk digital weight indicator (1Q Plus 310A,
Rice Lake Weighing System, Inc., Rice Lake, Wis&fjer weighing, the tote bag was placed
directly over the hopper of the B3 leg. The pratecguard of the tote bag was put in place. The
tote bag was opened by reaching under the protegtiard and letting the soybeans fill the
hopper of the B3 leg. The tube at the bottom ottthe bag was choked preventing overflow.
The height of the tote bag was then adjusted totaiai the flow of clear soybeans at a
consistent level.

The B3 leg was switched on. The slide gate of thygolkr was opened to the same
opening width each time using the stop on the gjate. The control panel of the Gamet DT
sampler was turned on. The stopwatch was startet wie clear soybeans entered the boot. The
real time for this start as displayed by the laptlmek (in seconds) was recorded. The RPM of
the boot pulley shaft was measured with a digéehbmeter (model 1726, AMETEK, Largo,
Fla.).

6.3.4 Grain Sampling, Sorting, and Analysis

The grain samples were diverted from the flow by @amet DT sampler every 15 s for
the first 2 min, every 30 s for the next 3 min, avery 60 s for the rest of the handling time. The
stopwatch was stopped when the last normal buekescooping was seen through the plexi-
glass cover. The real time for this stop was reetaks displayed by the laptop clock. The total

handling time from the stopwatch was also recorded.
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After the clear soybean handling, the B3 leg wasaadd to self-clean for another 5 min.
The residual grain heights were measured in the &RERHS. The mean residual grain heights
of clear soybeans in the LHS and RHS from fivestegtre 127.0 (SD = 0) mm and 96.09 (SD =
1.38) mm, respectively. The mean residual graibwes vacuumed from the boot and weighed
from the five tests was 2.48 (SD = 0.02) kg.

The test simulating the receiving operation of temsecutive grain types (red and clear
soybeans) with only self-cleaning between operatiwas replicated five times. The grain
samples collected by the Gamet DT sampler wereheeigThe red soybeans were manually
sorted from the clear soybeans.

The mass of grain in a bucket cup or mean buckefiing (m) in g-cup* was

computed based on the following equation:

m, =% (6.21)

C

where m, is the mean mass flow rate of soybeans it &df is the measured bucket cup rate in

cup-§ defined by:

=% (6.22)
S

wherey, is the boot belt speed in rit-ands; is the bucket cup spacing in m-gufrhe boot belt
speed was computed as:

v, =2, N, (6.23)
wherery, is the radius of the boot pulley (and the belktkhess) in m andl, is the boot pulley
rpm.

From the experiments, the mean mass flow ratedglbesans (n,) was measured as 3.41

t-h* (0.95 kg-8). The mean boot pulley rpriNg) and radius of the boot pulley including belt
thickness I(y) were 203.7 rpm and 0.0535 m, respectively. Thasges gave a boot belt speed
(Vp) of 1.141 m-3. The bucket cup spacing.) and frequencyf{) were 0.08255 m-cipand
13.82 cups’ respectively, resulting in mean bucket cup fijlim) of 68.54 g-cup. These

data were verified in the initial 3D pilot-scaledianodel simulations.
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6.3.5 Data Analysis

Grain commingling of red and clear soybeans wasilsited in 3D and quasi-2D pilot-
scale B3 boot models. Experiments on grain comnmgghvolving red and clear soybeans were
conducted with five replications. Instantaneous gwngling was defined as the amount of red
soybeans in the collected samples and computed lo&isequation 6.18. Average commingling
was the amount of red soybeans mixed with the soybs that accumulated at a given time and
computed based on equation 6.19. Since the clgheans used were sieved and cleaned before
the experiments, the calculated values of averageringling do not need to be adjusted based
on initial purity of the clear soybean load. Stated analysis was performed using the General
Linear Model (GLM) procedure of SAS statisticalteadre (ver. 9.2, SAS Institute, Inc., Cary,
N.C.). Basic descriptive statistics (i.e., mean stahdard deviation) were determined for the
parameters evaluated. Predicted results were cempath the mean, and lower and upper

limits of the 95% confidence interval of the expeental data.
6.5 Results and Discussion

6.5.1 Grain Commingling in 3D Boot Model

6.5.1.1 Instantaneous Commingling

Experimental instantaneous commingling started28% during the first 5 s, decreased
to 0.85% after 21 s, went to 0.02% after 3.2 ming eeached 0% after 6.7 min (Figure 6.5).
Instantaneous commingling from the 3D simulatioread well with experimental data after the
first 7 s (Figure 6.6). During the first 7 s, siratibn data from this initial 3D simulation were
higher than experimental data.

Instantaneous commingling data from the 3D simaitatvere computed from three
bucket cups, representing the mass of soybeanseisampling in the experiments. One
advantage of the simulation was that it can prezbotmingling from individual bucket cups,
which may be difficult to obtain through experimgrfEigure 6.7 shows the instantaneous
commingling computed from individual bucket cup$ieh was compared with the smoothing
effect from the data based on three bucket cups.
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Figure 6.7 Instantaneous commingling from one- anthree-bucket cup initial 3D

simulation.

6.5.1.2 Average Commingling

Figure 6.8 also shows an over prediction of comtmiggor this initial 3D model as in
the instantaneous commingling data. The values@fage commingling (in discrete time) in
this graph was computed based on the same disonetgeriods as in the experiments,
neglecting the simulation values in between thoserete times even if those values can be
computed from the simulation. The average commmggticcentuated the high predicted values
further as the over predictions accumulated.

Mean experimental data from five tests showeddkatage commingling started at
4.25% during the first 5 s, decreased to 2.52% 2ftes, went to 0.89% after 1.7 min, and
reached 0.41% after 4.3 min. Simulation data slaate’.37% during the first 5 s, decreased to
4.61% after 21 s, went to 1.66% after 1.7 min aathed 1.02% after 4.3 min. Experimental
data decreased at a rate of 41%, 79%, and 90%themnitial value at times 21 s, 1.7 min, and
4.3 min, respectively. Simulation data had slowssrdasing rate of 38%, 78%, and 86% from

the initial value at the same given times, respebtj which caused the average commingling to
lag behind.
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Figure 6.8 Average commingling from the initial 3Dsimulation compared at the same

discrete time with experiments.

6.5.2 Quasi-2D Boot Model

The best quasi-2D model was chosen based on avelagehat best represented the 3D
model. Quasi-2D model with 4d reduced control vadusiid not perform well in the simulation
due to instability of the system in the reduced domFigure 6.9 shows that quasi-2D with 6d
reduced control volume closely mimicked the ini8&8l model. The average commingling in this
plot was computed based on complete simulation fiered as opposed to discrete time periods
similar to the experiment. The quasi-2D (6d) boodel was chosen as a faster alternative to the
initial 3D boot model in predicting grain commirgj.

In the initial 3D model, it was evident that thegicted average grain commingling was
high. Further simulation tests were conducted torove the quasi-2D (6d) boot model to more
closely simulate the experimental data.

Vibration of the boot geometry with frequency ofl3Z and amplitude of 0.4 mm was
introduced into the quasi-2d (6d) model duringdhset of the clear soybeans. Preliminary 3D
simulations using published vibration frequency anplitude values (Jones and Block, 1996;

Ge et al., 2000) showed that this combination deest results in terms of residual grain layout.
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Figure 6.10 shows the instantaneous commingling fitee quasi-2D (6d_vib0) and
initial 3D simulations. The two models was compiangth experimental data using average
commingling computed based on discrete time persadgdar to that in the experiments (Figure
6.11). Introduction of vibration during the onséttear soybeans enabled the quasi-2D
(6d_vib0) model to do a slightly better job of piohg commingling than the initial 3D boot
model. Vibration increased the bucket cup uptal@mvéler, as higher amount of red soybeans
was picked up in the quasi-2D (6d_vib0) model timatie initial 3D model, the amount of clear
soybeans picked up was also higher, leading tbtyfidpwer average commingling in discrete
time than in the initial 3D simulation. Vibratiohauld have the same effect on 3D models as it

was in the quasi-2D, but it was not attempted.
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Figure 6.9 Average commingling from four quasi-2D mdels with reduced control volume.
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The difficulty of matching the initial time in thexperiments to that in the simulations
was an important issue for the accuracy in timpretlicted commingling. The time of initial
particle uptake in the experiments was carefuihetl with a stopwatch and then carefully
matched to the initial uptake of particles in tirawdations.

Refining of the physics of the quasi-2D (6d_vibGdal was performed. One possible
improvement in the model was the accounting forsiidden surge of particles from the hopper
when the slide gate was opened in the actual erpetithat stirs up more particles initially than
is being simulated in the model.

The sudden surge of particles during the openirth@Etlide gate was investigated using
the quasi-2D (6d_vib0_gate) model with one repiaatinstead of simulating the open slide
gate as were in previous simulations, a close@ gjate was modeled and the hopper was filled
first with clear soybeans before opening the djjdie (Figure 6.12a). When the gate was opened,
a sudden surge of particles was observed (Figa&b.

Accounting for the particle surge (i.e., quasi-&Ad (vibO_gate) model) better predicted
grain commingling than did the quasi-2D (6d_vibGdual (Figure 6.13). The average
commingling in discrete times from this model wésser to that in the experiments than the
previous ones (Figure 6.14).

The sudden surge of clear soybean particles pusleeed soybeans from the LHS
towards the RHS. The action increased the bucketiptake of the red soybeans (Figure 6.15).
This led to two processes eventually resultingesslgrain commingling: (1) a high amount of
red soybeans was picked up early in the simulamahless was left for commingling later; and
(2) as high amounts of red soybeans was picketigper amounts of clear soybeans went with
them in the same cup due to the repositioning ®pidrticles from the surge. It is assumed that
the effect of particle surge flow on the grain comgfing that occurred in the quasi-2D model

would also be demonstrated in the 3D model.

176



Time: 11.255

‘et

EDEMAcademic

(@)
Time: 11415 =t
<
! i
.
| o
& .‘;

SEDEMAcademic

(b)
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(b) with surge flow.
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Figure 6.13 Instantaneous commingling from Quasi-2[@6d_vib0_gate) model accounting

for particle surge.
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Another possible improvement in the model was #uiction of the large gap between
the bucket cups and the boot wall. In the actupkerent, the belt of the bucket elevator leg is
not rigid and sways away from the boot pulley mgkime gap between the bucket cups and the
boot wall smaller. The smaller gap between buckps@nd boot wall may contribute to a higher
bucket cup uptake and grain commingling in the @atxperiment.

In the simulation, the belt is rigid thus makingstgap wider, enabling some soybeans to
slip back to towards the boot bottom without thek®i cup collecting them. This gap, together
with the sudden surge of particles after the gijde was open, was considered in the following
simulation (quasi-2D_6d_vib0_gate_gap) with ondicapion. The original gap in the
simulation with rigid belt was reduced to halfsige (14.75 mm), which was the measured gap
while the bucket cups were moving in the experinf@at29 — 22.23 mm). Figure 6.16 shows the
quasi-2D (6d_vib0_gate) model with reduced gap betwbucket cups and boot wall as
compared with the original gap.

Accounting for the particle surge and reducingghp between bucket cups and boot
wall better predicted commingling than not inclglthem as in the case of the quasi-2D
(6d_vib0) model (Figure 6.17). Including both sufigev and reduced gap (i.e., the quasi-2D
(6d_vib0_gate_gap) model) was better in predichigg values of initial commingling than just
accounting for surge flow alone (i.e., the quasi{BD vib0_gate) model) as shown by the
average commingling based on the complete simulaitie (Figure 6.18). The inclusion of
particle surge flow and reduced gap predicted heest value of average commingling in
discrete time with experimental data (Figure 6.19).

Further improvements in the model might be achidwegdredicting the effect of
different vibration motions in the residual graim$s and height and investigating different
particle properties (i.e., soybean material anérattion properties as well as its particle size
distribution) in the system. It is expected tha $ame improvements seen in the quasi-2D model
by accounting for the initial particle surge andueing the gap between the buckets and wall
would also occur in the 3D model with these changasthat has not been attempted.

In general, the quasi-2D (6d) models reduced simuaun time by 29% compared to
the 3D model of the pilot-scale boot. It is posteththat a higher reduction in time will be
achieved in the full-scale boot using a quasi-2@) (Godel.
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for particle surge and gap reduction.
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Figure 6.18 Average commingling from Quasi-2D (6d_ik0), Quasi-2D (6d_vib0_gate) with
and without reduced gap, and the initial 3D models.

182



8.0

o O Quasi-2D (6d_vib0_gate_gap)
7.0 © Quasi-2D (6d_vib0_gate)
6.0 A Quasi-2D (6d_vib0)
s o o 3D Simulation
j=))
£g 50 — Lower Limit - Experiment
£F
Eg A — Upper Limit - Experiment
83 407
o0
8= \ o A
g 3.0
2

) \\O e
"
2.0
\% 2 n|
1.0 © ° o

0.0 T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100 110 120 130 M40
Time (s)
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gap, and the initial 3D simulations compared at thesame discrete time with experiment.
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6.6 Summary

Unwanted grain commingling impedes new quality-bag&in handling systems and has
proven to be an expensive and time consuming isssieidy experimentally. To provide a more
economical method to study the problem, grain camgimg in a pilot-scale bucket elevator
boot was modeled in three-dimensional (3D) and igmas-dimensional (quasi-2D) discrete
element method (DEM) simulations. Experiments airgcommingling were performed to
validate the 3D DEM model on a pilot-scale boot.

Experimental data showed that mean instantanecumaugling started at 4.25% during
the first 5 s, decreased to 0.85% after 21 s, weft02% after 3.2 min, and reached 0% after 6.7
min. Results from DEM modeling with the initial 3blot-scale boot model generally agreed
with experimental data after the first 7 s. In ¢laulation, instantaneous commingling reached
4% later than in the experiments and graduallyebeszd later than in the experiment.

Comparison of predicted average commingling of fpuasi-2D boot models with
reduced control volumes (i.e., 4d, 5d, 6d, andshdwed the quasi-2D (6d) model provided the
best match to the 3D model. Introduction of vilwatduring the onset of clear soybeans
improved the prediction capability of the quasi-@d) model.

The physics of the quasi-2D (6d) model was refingéccounting for the sudden surge
of particles during the entrance and reducing Hyelgetween the bucket cups and the boot wall.
Inclusion of the particle surge flow and reduceg batter predicted commingling than did the
models without those refinements includedrther improvements in the model might be
achieved by predicting the effect of different @bon motions in the residual grain mass and
height and investigating different particle propest However, the average commingling in
discrete time of the quasi-2D (6d_vib0_gate gapjlehshows that there is little room for
additional improvement. This study showed thatrgcmimmingling in a bucket elevator boot
system can be simulated in 3D and quasi-2D DEM tsaated gave results that generally agreed
with experimental data. The quasi-2D (6d) modetsiced simulation run time by 29%
compared to the 3D model of the pilot-scale bdads postulated that a higher reduction in time
will be achieved in the full-scale boot using agjt2D (6d) model. Results of this study will be
used to accurately predict impurity levels and iowergrain handling, which can help farmers
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and grain handlers reduce costs during transpdreaport of grains and make the U.S. grain

more competitive in the world market.

6.7 References

Baumeister, T., E. A. Avallone, and T. Baumeisterli978.Marks’ Standard Handbook for
Mechanical Engineers8” ed. New York: McGraw-Hill Book Co.

Boac, J. M., M. E. Casada, R. G. Maghirang, aril Harner, Ill. 2009. Material and interaction
properties of selected grains and oilseeds for hragldiscrete particles. ASABE Paper
No. 097166. St. Joseph, Mich.: ASABE.

Boresi, A. P. and R. J. Schmidt. 20@3lvanced Mechanics of MateriaB" ed. New York:
Wiley and Sons.

Bucchini, L. and L. R. Goldman. 2002. Starlink caoarrisk analysisEnvironmental Health
Perspectived410(1): 5-12.

Ciesielski, A. 1999An Introduction to Rubber Technoladynited Kingdon: Rapra Technology,
Ltd.

Cundall, P. A. 1971. A computer model for simulgtprogressive large-scale movements in
blocky rock systems. IRroceedings of the Symposium of the Internationale®y of
Rock Mechanigsvol. 1, Paper No. II-8: 132-150. Nancy, Francegetnational Society of

Rock Mechanics.

Cundall, P. A., and O. D. L. Strack. 1979. A diseneumerical model for granular assembilies.
Geotechniqu&9(1):47-65.

DEM Solutions. 2009EDEM 2.1.2 User Guidd.ebanon, N.H.: DEM Solutions (USA), Inc.
138p.

Di Renzo, A., and F. P. Di Maio. 2004. Comparisboantact-force models for the simulation
of collisions in DEM-based granular flow cod&hemical Engineering Scien&8(3):
525-541.

185



Di Renzo, A., and F. P. Di Maio. 2005. An improvategral non-linear model for the contact of
particles in distinct element simulatiof@hemical Engineering Sciené@(5): 1303-
1312.

Fazekas, S., J. Kertesz, and D. E. Wolf. 2005né#ind avalanches of magnetized particles.
Physical Review E£1(6): 0613031-0613039.

Fillot, N., I. lordanoff, and Y. Berthier. 2004. granular dynamic model for the degradation of
material.Transactions of the ASME, Journal of Triboldf®6(3): 606-614.

Ge, T., Q. Zhang, and M. G. Britton. 2000. Predgtgrain consolidation caused by vertical
vibration. Transactions of the ASAMEB(6): 1747-1753.

Goda, T. J., and F. Ebert. 2005. Three-dimensidisatete element simulations in hoppers and
silos.Powder Technolog$58(1-3): 58-68.

Hart, R., P. A. Cundall, and J. Lemos. 1988. Foatioih of a three-dimensional distinct element
method, part Il: mechanical calculations for motsn interaction of a system composed
of many polyhedral blocks$nternational Journal of Rock Mechanics and Mining
Sciences and Geomechanics Abstrag(s):117-125.

Ingles, M. E. A. 2005. Identity preservation of igran elevators. Unpublished PhD dissertation.
Manhattan, Kansas: Kansas State University DepattofeBiological and Agricultural
Engineering.

Ingles, M. E. A., M. E. Casada, and R. G. Maghir&@3. Handling effects on commingling

and residual grain in an elevatdransactions of the ASAE6(6): 1625-1631.

Ingles, M. E. A., M. E. Casada, R. G. MaghirangJ.THerrman, and J. P. Harner, Ill. 2006.
Effects of grain-receiving system on comminglingaigountry elevatoApplied
Engineering in Agricultur@2(5): 713-721.

Jones, C. J. C., and J. R. Block. 1996. Prediaifaground vibration from freight traindournal
of Sound and Vibratiof93(1): 205-213.

Kamrin, K., C. H. Rycroft, and M. Z. Bazant. 200he stochastic flow rule: a multi-scale model
for granular plasticityModelling and Simulation in Materials Science anthieering
15(4): 449-464.

186



Kawaguchi, T., M. Sakamoto, T. Tanaka, and Y. T2400. Quasi-three-dimensional numerical

simulation of spouted beds in cylind®owder Technolog$09(1-3): 3-12.

Ketterhagen, W. R., J. S. Curtis, C. R. Wassgred,Ba C. Hancock. 2008. Modeling granular
segregation in flow from quasi-three-dimensionadge-shaped hoppeRowder
Technologyl79(3): 126-143.

Kilman, S., and J. Carroll. 2002. Monsanto saypsmmay contain genetically-modified canola
seed.The Wall Street JournaRvailable at: http://www.connectotel.com/
gmfood/monsanto.html. Accessed 15 May 2008.

Li, Y., Y. Xu, and C. Thornton. 2005. A comparisoihdiscrete element simulations and
experiments for ‘sandpiles’ composed of spherieatiples.Powder Technolog$60(3):
219-228.

Masson, S., and J. Martinez. 2000. Effect of plerticechanical properties on silo flow and

stresses from distinct element simulatiddewder Technolog$09:164-178.

Miller, G. F., and H. Pursey. 1955. On the pantital energy between elastic waves in a semi-
infinite solid. Proceedings of the Royal Society of London Seridégathematical and
Physical Science233(1192): 55-69.

Mindlin, R. 1949. Compliance of elastic bodies ontact.Journal of Applied Mechanickb:
259-268.

Mindlin, R. D., and H. Deresiewicz. 1953. Elastoheres in contact under varying oblique
forces.Transactions of ASME, Series E. Journal of ApplWethanics20: 327-344.

Raji, A. O., and J. F. Favier. 2004a. Model for tleformation in agricultural and food
particulate materials under bulk compressive logdising discrete element method, part

I: theory, model development and validatidournal of Food Engineerin§4:359-371.

Raji, A. O., and J. F. Favier. 2004b. Model for tieformation in agricultural and food
particulate materials under bulk compressive logdising discrete element method, part

Il: compression of oilseeddournal of Food Engineerin§4:373-380.

Remy, B., J. G. Khinast, and B. J. Glasser. 20@8crBte element simulation of free-flowing
grains in a four-bladed mixeAIChE Journal55(8): 2035-2048.

187



Samadani, A., and A. Kudrolli. 2001. Angle of rep@d segregation in cohesive granular
matter.Physical Review B4(5): 513011-513019.

Shimizu, Y., and P. A. Cundall. 2001. Three-dimenai DEM simulations of bulk handling by
screw conveyorslournal of Engineering Mechanid®7(9):864-872.

Sudah, O. S., P. E. Arratia, A. Alexander, and. Muzzio. 2005. Simulation and experiments of
mixing and segregation in a tote blendkrurnal of American Institute of Chemical
Engineers1(3): 836-844.

Sykut, J., M. Molenda, and J. Horabik. 2008. DEWuation of the packing structure and wall
load in a 2-dimensional sil&ranular Matter10(4): 273-278.

Takeuchi, S., S. Wang, and M. Rhodes. 2008. Dis@ktment method simulation of three-
dimensional conical-based spouted bé&usvder Technolog$84(2): 141-150.

Theuerkauf, J., S. Dhodapkar, and K. Jacob. 20@ddling granular flow using discrete
element method — from theory to practiGhemical Engineering14(4): 39-46.

Tsuji, Y., T. Tanaka, and T. Ishida. 1992. Lagramgiumerical simulation of plug flow of
cohesionless particles in a horizontal pipewder Technology1(3): 239-250.

US FDA. 2006. Strategic Partnership Program Agroteam (SPPA) Initiative. First Year Status
Report. September 2005 - June 2006. Silver Sphitay, U.S. Food and Drug
Administration. Available at: http://www.cfsan.fg@v/~dms/agroter5.html. Accessed 15
May 2007.

USDA GIPSA. 1995Grain Inspection Handbook, Book I, Grain Samplidgashington, D.C.:
USDA Grain Inspection, Packers, and Stockyards Adstration, Federal Grain Inspection

Service.

USDA GIPSA. 2004Grain Inspection Handbook, Book I, Grain GradingoPedures
Washington, D.C.: USDA Grain Inspection, Packens| &tockyards Administration,

Federal Grain Inspection Service.

Wightman, C., M. Moakher, F. J. Muzzio, and O. Raltn. 1998. Simulation of flow and
mixing of particles in a rotating and rocking cyler.Journal of American Institute of
Chemical Engineerd4(6): 1266-1276.

188



Zhou, Y. C., B. H. Xu, A. B. Yu, and P. Zulli. 200dlumerical investigation of the angle of
repose of monosized spherBsiysical Review E: Statistical Physics, Plasmasijds,
and Related Interdisciplinary Topi€!(2): 0213011-0213018.

189



CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Experiments were conducted at the research eleghtbe USDA-ARS Center for Grain

and Animal Health Research to characterize theityuatlgrain and feed during bucket elevator

handling to meet customer demand for high quahty safe products. The following conclusions

were drawn from the research:

Repeated handling did not significantly affect tugability index of the feed pellets,
which ranged from 92.0% to 93.4%, nor that of gfteliorn, which ranged from 99.6%
to 99.8%.

The feed pellets had significantly greater break@g83% per transfer) than the shelled
corn (0.382% per transfer).

The average mass of dust removed per transfer Wa&8% of the mass of pellets, which
was not significantly different from that of shelleorn (0.061%).

The mass of particulate matter <125 was less for feed pellets (50% of pellet dust)
than for shelled corn (66% of corn dust).

The mean mass of dust <12 of the pellets (0.337 kg-of pellet mass) was
significantly less (p < 0.05) than that of sheltedin (0.403 kgt of corn mass),
indicating that these pellets produced less dusiterrange of 10 to 12&m during
handling than did shelled corn.

Shelled corn produced significantly smaller dustiples, and a greater proportion of
small particles, than wheat. The geometric meameiar (GMD) of shelled corn dust
ranged from 10.0 to 14 4m; the geometric standard deviation (GSD) rangechf2.27
to 2.77. For wheat, GMD ranged from 10.5 to 19 and GSD ranged from 2.60 to
2.99. The percentage of PM-2.5, PM-4, and PM-1@gsnrd during the transfer
operation were 7.46%, 9.99%, and 28.9%, respeygtieéltotal shelled corn dust and
5.15%, 9.65%, and 33.6%, respectively, of total atlurist.

Handling shelled corn produced more than twice ashtotal generated dust than
handling wheat (185 ¢-tof corn handled vs. 64.6 §-of wheat handled).
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For both wheat and shelled corn, at an average oai rate of 54.4 t-, the size
distribution of dust from the upper and lower dwsitewed similar trends among grain
lots and repeated transfers but differed betweeriviio grain types and also between the
two ducts.

The corn and wheat differed significantly in thestlsize distribution and the rate of total
dust generated and there were significant diffexeretween the lower and upper ducts,
confirming the necessity of sampling from both duct

With discrete element method, a single-spheregiamnodel best simulated soybean
kernels in the bulk property tests. The best partitodel included a particle coefficient
of restitution of 0.6, particle static friction 6f45 for soybean-soybean contact (0.30 for
soybean-steel interaction), particle rolling fractiof 0.05, normal particle size
distribution with a standard deviation factor of,0and particle shear modulus of 1.04
MPa.

Experimental data on soybeans in a pilot-scale bbotved that mean instantaneous
commingling started at 4.25% during the first 8egreased to 0.85% after 21 s, went to
0.02% after 3.2 min, and reached 0% after 6.7 min.

Predicted results from the 3D boot model genedireed with experimental data after
the first 7 s. Instantaneous commingling reachedat@é than in the experiments and
also gradually decreased later than in the exp&time

Comparison of predicted average commingling of fquesi-2D boot models with
reduced control volumes (i.e., 4d, 5d, 6d, andshdwed the quasi-2D (6d) model
provided the best match to the 3D model.

Introduction of vibration motion during the onsétctear soybeans improved the
prediction capability of the quasi-2D (6d) modalrther refinements of the physics of
the quasi-2D (6d) model by accounting for the sadslerge of particles during the
entrance and reducing the gap between the buchgstand the boot wall better predicted
commingling than did the models without those rexfirents.

This study showed that grain commingling in a bu@tevator boot system can be
simulated in 3D and quasi-2D DEM models and gasalte that generally agreed with
experimental data. The quasi-2D (6d) models redsordlation run time by 29%

compared to the 3D model of the pilot-scale boesss of this study can be used to
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predict impurity levels in grain handling, whichrchelp farmers and grain handlers
reduce costs during transport and export of gramtsmake the U.S. grain more

competitive in the world market.

7.2 Recommendations for Further Study
The following are recommended for future studies:

1. Measure and compare dust emitted in grain elevatithsand without pneumatic dust
control system;

2. Predict the effect of different vibration motiomsthe residual grain mass and height;
Investigate different particle properties (i.e.ylsean material and interaction properties
as well as its patrticle size distribution);

4. Develop particle models for other major grains aitseeds as well as infested grains and
insects in stored grains;

5. Model grain commingling in various bucket elevatoot geometries and other bucket
elevator equipment; and

6. Apply simulation results to design better elevdttoot systems
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Appendix A - Supporting Data

Data for Chapter 3

Table A.1 Material flow rate of feed pellets from epeated handling.

Initial Mass on

Bin Before Mass of  Mass of Dust, Material Flow

Transfer Bins Time, min Transfer, kg Samples, kg kg Rate, t-H'

0 truck hopper to bin 22579.¢ 10.€ 11.:

1 bin 8 to bin : 23.7 22557.% 5.1 14.Z 57.2

2 bin 2 to bin ¢ 19.7 22538.« 4.8 16.2 68.€

3 bin 8 to bin : 20.¢ 22517« 51 15.2 64.7

4 bin 2 to bin ¢ 21.1 22496.¢ 5.7 15.¢ 64.C

5 bin 8 to bin : 20.C 22475.: 5.6 15.1 67.4

6 bin 2 to bin ¢ 221 22454« 5.7 18.¢ 59.t

7 bin 8 to bin : 21z 22430.( 6.2 11.€ 63.4

8 bin 2 to bin ¢ 25.5 22412.; 5.8 17.€ 52.7

Mean 21.8 22495.8 6.1 15.1 62.2
SD 2.0 57.7 1.8 2.5 54

Table A.2 Initial mass of feed pellet samples fromepeated handling.

Initial Mass, g

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 795.0 479.6 655.6 596.5 229.4 645.6 768.2 619.5 502.8
2 590.2 571.7 655.1 605.7 549.3 670.1 568.6 666.1 519.0
3 607.5 565.6 488.9 660.1 775.9 702.4 776.8 717.9 599.7
4 612.7 586.1 764.3 660.6 776.8 704.8 816.5 693.3 589.7
5 591.5 589.1 701.1 677.9 777.7 761.3 556.0 732.0 607.9
6 575.6 542.9 726.1 609.3 770.8 742.6 532.1 739.9 646.3
7 575.6 837.6 697.7 528.9 727.9 552.4 691.1 576.4
8 588.6 637.9 604.4 680.4 542.9 640.9 550.8
9 533.6 680.4 611.6 691.5 595.2
10 630.0
11
12

Mean 628.8 559.2 689.8 643.2 632.6 704.4 636.1 688.0 581.8

SD 82. 35.7 109.2 36.¢ 181.¢ 38.7 116.1 40.2 45.¢

Table A.3 Feed pellet length before durability test

No. of Pellets per 20-1 No. of Pellets Mean Pellet

Transfer Sample per gram Length, mm
11 56 2.8 11.8
1-2 62 3.1 11.2
1-3 85 4.3 9.0
2-1 74 3.7 9.0
2-2 62 3.1 11.0
2-3 65 3.3 10.7
Mean 67.3 3.4 10.5

SD 10.E 0.5 1.2
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Table A.4 Test weight of feed pellets from selectddansfers.

Test Weight, kg-ni®

Sample No. Transfer 0 Transfer 4 Transfer 8
1 653.8 661.0 658.9
2 633.2 670.5 664.1
3 638.4 663.4 684.7
4 658.9 669.6 684.7
5 674.4 658.6 710.4
6 633.2 662.3 695.0
7 638.4 684.7
8 628.1 669.2
9 628.1 689.8
10 700.1

Mean 642.9 664.2 684.2
SD 16.C 4.8 16.2

Table A.5 Moisture content (%) of feed pellet samps from repeated handling.

Moisture Content, %

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 10.4 10.4 10.0 10.0 10.0 10.4 10.4 10.4 9.6
2 10.4 10.4 10.0 10.0 10.8 10.4 10.4 10.4 9.7
3 10.0 10.0 104 10.0 10.4 104 10.8 10.4 9.7
4 10.4 10.4 10.4 10.0 10.4 10.8 10.8 10.4 9.8
5 10.8 10.0 10.0 13.6 10.8 10.4 10.4 10.4 9.5
6 10.8 10.0 10.0 7.6 9.6 10.4 104 10.4 9.6
7 10.4 10.4 10.4 10.4 10.8 10.8 10.4 9.4
8 10.4 10.8 10.8 10.4 10.4 10.8 9.5
9 10.4 10.4 10.8 10.8 9.4
10
11
12

Mean 10.5 10.3 10.2 10.3 104 10.5 10.6 10.5 9.6
SD 0.3 0.2 0.2 1.6 0.4 0.2 0.2 0.2 0.2

Table A.6 Percentage of whole and broken feed petéefrom sieving through 5.60-mm sieve.

Whole Pellet (> 5.60 mm), Broken Pellet (<5.60 mm),

Change in %

Transfers % % Breakage
0 82.47 17.53
1 75.05 24.95 7.42
2 67.76 32.24 7.29
3 67.22 32.78 0.543
4 54.32 45.68 12.90
5 55.32 44.68 -0.992
6 55.36 44.64 -0.048
7 49.78 50.22 5.58
8 51.80 48.20 -2.02
Mean 62.12 37.88 3.83
SD 11.46 11.46 5.26
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Table A.7 Pellet durability index (PDI) of feed pedlet samples from selected transfers.

Durability Index, %

Sample No. Transfer 0 Transfer 1 Transfer 4 Transfer 7
1 92.42 92.09 93.28 96.24
2 92.46 92.22 93.20 91.82
3 94.92 90.09 93.16 92.39
4 93.24 93.78 93.60 93.28
5 91.41
6 92.08
Mean 92.8 92.0 93.3 93.4
SC 1.22 1.51 0.2C 1.97

Table A.8 Apparent geometric mean diameter (GMD), gometric standard deviation (GSD), and apparent

geometric standard deviation of the particle diametr by mass (GSDw) of feed pellets from repeated

handling.

Transfer Apparent GMD, mm GSD Apparent GSDw, mm
0 5.621 1.691 3.092
1 5.011 1.880 3.376
2 4.547 2.004 3.420
3 4.542 1.990 3.380
4 3.709 2.191 3.217
5 3.904 2.098 3.164
6 3.871 2.119 3.188
7 3.603 2.145 3.024
8 3.807 2.087 3.061

Mean 4.291 2.023 3.213
SD 0.68¢ 0.15¢ 0.147

Table A.9 Total collected dust from repeated handlig of feed pellets.

Total Tailing Dust, Total Collected Dust, kg/t

Transfer kg Pellets Handled, t of pellets

1 14.2 22.6 0.629

2 16.2 225 0.718

3 15.3 225 0.681

4 15.9 225 0.706

5 15.1 225 0.674

6 18.8 225 0.838

7 11.6 22.4 0.516

8 17.8 22.4 0.793

Mean 15.6 22.5 0.694
SD 2.2 0.1 0.09¢
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Table A.10 Percentage of feed pellet dust <1gf from repeated handling.

Percentage of Feed Pellet Dust <1@f, %

Sample No. Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 43.225 48.103 49.083 47.703 48.264 47.625 45.833 48.495
2 45.981 47.951 49.048 48.043 48.411 51.571 45.562 51.765
3 46.076 47.395 48.969 46.526 48.099 51.055 46.104 51.419
4 51.815 47.826 49.573 46.093 48.633 48.172 46.958 49.638
5 51.855 47.348 48.744 46.348 47.702 45.743 45.928 51.843
6 51.051 48.017 47.770 46.932 48.559 48.380 45.185 51.436
7 51.867 47.045 48.751 45.912 47.892 49.436 45.638 53.341
8 52.385 47.463 48.341 45.562 48.366 51.701 45.518 53.447
9 51.686 46.409 48.556 46.484 48.559 50.224 46.071 49.585
Mean 49.549 47.506 48.759 46.623 48.276 49.323 45.866 51.219
SD 3.455 0.545 0.511 0.814 0.321 2.014 0.503 1.689

Table A.11 Mass of feed pellet dust <12fn from repeated handling.

Mass of Feed Pellet Dust_<136n, kg

Sample No. Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8

1 6.137 7.789 7.525 7.573 7.312 8.965 5.301 8.623

2 6.528 7.765 7.520 7.627 7.334 9.708 5.270 9.204

3 6.542 7.675 7.508 7.386 7.287 9.611 5.333 9.143

4 7.356 7.745 7.600 7.318 7.368 9.068 5.431 8.826

5 7.362 7.667 7.473 7.358 7.227 8.611 5.312 9.218

6 7.248 7.776 7.324 7.451 7.357 9.107 5.226 9.146

7 7.364 7.618 7.474 7.289 7.256 9.306 5.279 9.485

8 7.437 7.686 7.411 7.233 7.327 9.732 5.265 9.503

9 7.338 7.515 7.444 7.380 7.357 9.454 5.329 8.817
Mean 7.035 7.693 7.476 7.402 7.314 9.285 5.305 9.107
SD 0.490 0.088 0.078 0.129 0.049 0.379 0.058 0.300

Table A.12 Collected feed pellet dust <12&n from repeated handling.

Collected Dust <12fm, kg-f1 of pellets handled

Sample No. Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8

1 0.272 0.346 0.334 0.337 0.325 0.399 0.236 0.385

2 0.289 0.345 0.334 0.339 0.326 0.432 0.235 0.411

3 0.290 0.341 0.333 0.328 0.324 0.428 0.238 0.408

4 0.326 0.344 0.338 0.325 0.328 0.404 0.242 0.394

5 0.326 0.340 0.332 0.327 0.322 0.383 0.237 0.411

6 0.321 0.345 0.325 0.331 0.327 0.406 0.233 0.408

7 0.326 0.338 0.332 0.324 0.323 0.414 0.235 0.423

8 0.330 0.341 0.329 0.322 0.326 0.433 0.235 0.424

9 0.325 0.333 0.331 0.328 0.327 0.421 0.238 0.393
Mean 0.312 0.341 0.332 0.329 0.325 0.413 0.237 0.406
SD 0.022 0.004 0.003 0.006 0.002 0.017 0.003 0.013

Table A.13 Material flow rate of corn from repeatedhandling.

Initial Mass on

Bin Before Mass of Mass of Dust, Material Flow
Transfer Bins Time, min  Transfer, kg Samples, kg kg Rate, t-h'
0 to bin 9 25306.7 8.0
1 bin 9 to bin 2 29.2 25298.7 7.7 134 52.0
2 bin 2 to bin ¢ 25.1 25277." 6.€ 20.€ 60.£
3 bin 9 to bin 2 28.8 25250.4 7.1 15.0 52.7
4 bin 2 to bin 9 24.2 25228.4 6.6 17.9 62.5
5 bin 9 to bin : 28.C 25203.¢ 7.4 13.2 54.1
6 bin 2 to bin 9 23.2 25183.3 6.6 16.8 65.1
7 bin 9 to bin 2 27.8 25159.9 7.2 13.6 54.2
8 bin 2 to bin 9 29.4 25139.2 7.1 13.4 51.4
Mean 26.9 25227.6 7.1 15.5 56.6
SD 2.4 60.5 0. 2.7 3
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Table A.14 Initial mass of corn samples from repea&id handling.

Initial Mass, g

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 731.4 553.0 738.0 641.6 730.7 679.6 757.4 662.7 630.6
2 633.3 638.8 7225 666.5 741.9 691.4 794.4 633.9 690.7
3 741.1 640.3 737.1 642.4 749.6 593.9 776.5 696.8 660.2
4 633.3 602.9 684.9 627.3 784.8 652.3 798.6 706.4 711.1
5 671.0 653.8 705.8 624.6 692.9 700.8 651.0 703.0 610.6
6 630.8 666.4 703.8 644.3 755.6 647.4 668.1 628.6 660.1
7 617.0 635.3 748.0 632.1 707.1 643.9 726.8 647.2 600.6
8 615.9 584.9 677.2 680.1 712.3 685.6 711.1 653.1 638.2
9 623.2 691.8 740.8 665.4 720.2 670.2 732.9 614.5 652.7
10 714.1 695.7 626.5 693.9 602.4 620.6
11 656.6 680.9 618.5 704.9 614.6 599.6
12 707.9 614.3
Mean 664.6 638.2 717.6 642.7 732.8 669.4 735.2 651.2 643.2
SD 46.9( 43.6¢€ 25.71 20.02 28.3¢ 32.9( 52.4] 37.2( 36.0¢

Table A.15 Test weight of corn samples from repeatiehandling.

Test Weight, kg-nm®

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 752.12 746.97 735.65 746.97 754.70 759.33 744.40 762.93 1.314
2 759.33 744.40 742.86 756.24 750.58 745.43 752.12 748,52 2.645
3 760.36 751.09 746.46 751.09 745.43 748.52 758.82 750.58 3.894
4 750.58 750.58 748.52 751.09 748.52 745.43 742.86 749.55 1.374
5 751.09 761.90 749.55 746.46 750.58 743.89 740.28 744.40 0.585
6 744.40 757.79 734.62 749.55 742.34 752.64 742.34 742.86 8.004
7 749.55 758.82 748.00 745.43 743.89 748.52 741.31 742.34 1.3%74
8 751.09 736.16 748.52 745.43 748.52 742.86 754.70 744.40 0.585
9 750.58 742.86 751.09 745.43 748.52 744.40 760.87 750.58 2.374
10 751.09 742.86 742.86 751.09 748.52 751.09
11 746.97 742.86 749.55 743.89 744.40 752.64
12 752.12 729.99
Mean 751.61 747.19 745.03 748.19 748.12 747.82 748.63 P48.1 746.88
SD 4.44 9.4C 6.0€ 3.7€ 3.7¢ 4.9€ 8.04 5.8C 4.8t

Table A.16 Broken corn and foreign material (BCFM)of corn samples from repeated handling.

Broken Corn and Foreign Material (BCFM), %

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 2.72 2.80 4.18 2.88 5.44 4.18 4.20 6.82 3.87
2 2.61 3.33 4.04 5.37 3.78 5.08 4.61 6.20 473
3 2.99 4.02 5.50 5.71 4.52 5.14 3.88 7.43 4.08
4 2.83 3.07 6.69 4.13 4.06 5.64 7.28 5.84 4.28
5 3.46 3.86 4.60 5.97 4.22 4.95 4.68 5.89 5.57
6 2.79 4.69 3.95 5.39 3.03 4.43 4.02 5.89 6.14
7 3.08 11.74 6.45 5.76 5.38 5.33 4.48 6.40 6.22
8 3.78 5.39 4.97 4.92 5.64 5.12 6.77 5.94 4.98
9 3.14 4.65 6.09 5.64 7.05 4.74 7.25 4.81 7.91
10 3.55 5.28 5.40 7.91 6.52 9.42
11 3.37 4.38 4.91 457 7.14 10.80
12 3.22 4.95
Mean 3.13 4.85 5.16 5.10 4.79 5.19 5.24 6.26 6.18
SD 0.3¢ 2.3 1.0€ 0.9C 1.21 1.0C 1.4z 0.72 2.2¢
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Table A.17 Moisture content (%) of corn samples frm repeated handling.

Moisture Content, %

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 12.7 12.9 12.7 12.8 12.8 12.8 12.3 12.1 12.2
2 12.6 12.6 12.7 12.8 12.8 12.8 12.3 121 12.2
3 12.6 12.8 12.6 12.6 12.8 12.8 12.2 12.0 12.4
4 12.7 12.8 12.6 12.7 12.8 13.0 12.0 121 12.3
5 12.7 125 12.7 12.8 12.8 12.9 121 12.0 12.3
6 12.7 12.9 12.7 12.8 12.8 12.8 121 12.1 12.3
7 12.7 12.7 12.7 12.8 12.9 12.9 12.2 12.2 12.2
8 12.6 12.9 12.7 12.8 12.9 12.8 12.2 12.2 12.3
9 12.6 12.8 12.7 12.8 12.8 12.8 121 12.3 12.4
10 12.7 12.7 12.8 12.8 12.3 12.3
11 12.6 12.6 12.8 12.7 12.2 12.2
12 12.7 12.7

Mean 12.6 12.7 12.7 12.8 12.8 12.8 12.2 12.2 12.3

SD 0.04¢ 0.12¢ 0.04( 0.05¢ 0.04C 0.06¢ 0.10¢ 0.107 0.061

Table A.18 Percentage of broken corn that passedrbugh 4.76-mm (12/64-in.) round-hole sieve.

Broken Corn (< 4.76-mm), %

Sample No. Transfer O Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 2.72 2.80 4.18 2.88 5.44 4.18 4.20 6.82 3.87
2 2.61 3.33 4.04 5.37 3.78 5.08 4.61 6.20 4.73
3 2.99 4.02 5.50 5.71 4.52 5.14 3.88 7.43 4.08
4 2.83 3.07 6.69 4.13 4.06 5.64 7.28 5.84 4.28
5 3.46 3.86 4.60 5.97 4.22 4.95 4.68 5.89 5.57
6 2.79 4.69 3.95 5.39 3.03 4.43 4.02 5.89 6.14
7 3.08 11.74 6.45 5.76 5.38 5.33 4.48 6.40 6.22
8 3.78 5.39 4.97 4.92 5.64 5.12 6.77 5.94 4.98
9 3.14 4.65 6.09 5.64 7.05 4.74 7.25 4.81 7.91
10 3.55 5.28 5.40 7.91 6.52 9.42
11 3.37 4.38 491 4.57 7.14 10.80
12 3.22 4.95
Mean 3.13 4.85 5.16 5.10 4.79 5.19 5.24 6.26 6.18
SD 0.3€ 2.3¢ 1.0€ 0.9C 1.21 1.0C 1.4:2 0.72 2.2¢

Table A.19 Percentage of whole corn on top of the?-mm (12/64-in.) round-hole sieve.

Whole Corn (> 4.76-mm), %

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 97.28 97.20 95.82 97.12 94.56 95.82 95.80 93.18 96.13
2 97.39 96.67 95.96 94.63 96.22 94.92 95.39 93.80 95.27
3 97.01 95.98 94.50 94.29 95.48 94.86 96.12 92.57 95.92
4 97.17 96.93 93.31 95.87 95.94 94.36 92.72 94.16 95.72
5 96.54 96.14 95.40 94.03 95.78 95.05 95.32 94.11 94.43
6 97.21 95.31 96.05 94.61 96.97 95.57 95.98 94.11 93.86
7 96.92 88.26 93.55 94.24 94.62 94.67 95.52 93.60 93.78
8 96.22 94.61 95.03 95.08 94.36 94.88 93.23 94.06 95.02
9 96.86 95.35 93.91 94.36 92.95 95.26 92.75 95.19 92.09
10 96.45 94.72 94.60 92.09 93.48 90.58
11 96.63 95.62 95.09 95.43 92.86 89.20
12 96.78 95.05

Mean 96.87 95.15 94.84 94.90 95.21 94.81 94.76 93.74 93.82

SD 0.3¢ 2.3 1.0¢€ 0.9C 1.21 1.0C 1.4: 0.7z 2.2¢
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Table A.20 Percentage of whole and broken corn.

Whole Corn
(> 4.76-mm), Broken Corn Change in %
Transfers % (<4.76-mm), % Breakage
0 96.87 3.13
1 95.15 4.85 1.72
2 94.84 5.16 0.315
3 94.90 5.10 -0.066
4 95.21 4.79 -0.308
5 94.81 5.19 0.401
6 94.76 5.24 0.051
7 93.74 6.26 1.02
8 93.82 6.18 -0.079
Mean 94.90 5.10 0.382
SD 0.91 0.91 0.67¢

Table A.21 Durability index of corn samples from skected transfers.

Durability Index, %

Sample No. Transfer 0 Transfer 1 Transfer 4 Transfer 7
99.72 99.62 99.58 99.52
99.80 99.68 99.76 99.62
99.70 99.64 99.64 99.50
99.82 99.80 99.60 99.62
Mean 99.8 99.7 99.6 99.6
0.05¢ 0.08( 0.07¢ 0.06¢

Table A.22 Apparent geometric mean diameter (GMD) bcorn samples from repeated handling.

Apparent GMD, mm

Sample No. Transfer O Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 6.97 6.82 6.59 6.84 6.62 6.99 6.79 6.71 6.67
2 6.95 6.96 6.74 6.64 6.71 6.25 6.76 6.37 6.64
3 6.99 6.83 6.87 6.58 6.75 6.74 6.82 6.35 6.74
4 6.93 6.88 6.68 6.88 6.68 6.68 6.63 6.72 6.73
5 6.80 6.92 6.61 6.86 6.80 6.60 6.52 6.60 6.63
6 6.87 6.86 6.87 6.55 6.65 6.69 6.76 6.74 6.64
7 6.95 6.21 6.88 6.77 6.66 6.73 6.46 6.63 6.64
8 6.81 6.64 6.82 6.54 6.81 6.53 6.75 6.70 6.43
9 6.88 6.69 6.74 6.76 6.58 6.55 6.63 6.61 6.35
10 6.93 6.44 6.44 6.45 6.53 6.43
11 6.90 6.61 6.56 6.59 6.48 6.29
12 6.98 6.48

Mean 6.91 6.69 6.75 6.67 6.70 6.62 6.68 6.58 6.56
SD 0.0€ 0.22 0.11 0.1t 0.0€ 0.1¢ 0.1 0.1< 0.1€
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Table A.23 Geometric standard deviation (GSD) of am samples from repeated handling.

GSD
Sample No. Transfer O Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 1.26 1.31 1.33 1.33 1.32 1.32 1.31 1.37 1.37
2 1.26 1.30 1.30 1.44 1.32 1.57 1.28 1.53 1.32
3 1.24 1.27 1.25 1.45 1.28 1.34 1.30 1.48 1.28
4 1.26 1.34 1.31 1.31 1.30 1.35 1.33 1.33 1.31
5 1.30 1.28 1.35 1.35 1.32 1.41 1.38 1.37 1.33
6 1.30 1.32 1.28 141 1.35 1.33 1.29 1.32 1.35
7 1.29 1.58 1.27 1.32 1.34 1.34 1.40 1.32 1.33
8 1.34 1.34 1.31 1.37 1.31 1.36 1.34 1.30 141
9 1.31 1.35 1.35 1.31 1.38 1.38 1.42 1.35 1.45
10 1.27 1.38 1.40 1.37 1.34 1.43
11 1.29 1.34 1.33 1.34 1.40 1.48
12 1.29 1.41
Mean 1.28 1.35 1.31 1.37 1.32 1.38 1.34 1.37 1.37
SD 0.0 0.0¢€ 0.0z 0.0% 0.02 0.07 0.0% 0.07 0.0€

Table A.24 Apparent geometric standard deviation (&Dw) of corn samples from repeated handling.

Apparent GSD, mm

Sample No. Transfer 0 Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 1.61 1.84 1.90 1.97 1.85 1.96 1.86 2.15 2.14
2 1.62 1.82 1.80 2.48 191 2.94 171 2.78 1.88
3 151 1.62 1.57 2.50 1.70 2.01 1.81 2.55 1.68
4 1.60 2.02 1.85 1.90 1.78 2.06 1.93 1.96 1.83
5 1.80 1.75 1.99 2.07 1.89 2.31 2.15 2.09 1.89
6 1.83 1.94 1.72 2.28 2.01 1.95 1.73 1.88 2.01
7 1.77 2.96 1.67 1.88 1.98 2.00 2.20 1.89 1.92
8 2.01 1.95 1.87 2.08 1.84 2.06 1.99 1.78 2.23
9 1.88 2.02 2.05 1.87 2.13 2.16 2.37 2.02 241
10 1.67 211 2.23 2.08 1.94 2.34
11 1.75 1.96 1.91 1.98 2.24 2.54
12 1.78 2.26

Mean 1.74 2.02 1.83 2.11 1.90 2.14 1.97 2.12 2.08
SD 0.14 0.3 0.1% 0.2 0.1z 0.2¢ 0.28 0.3C 0.27

Table A.25 Total collected dust from repeated hanitig of corn.

Total Tailing Dust, Total Collected Dust, kg-’r1
Transfer kg Corn Handled, t of corn handled

1 134 25.3 0.529

2 20.6 25.3 0.816

3 15.0 25.3 0.593

4 17.9 25.2 0.710

5 13.2 25.2 0.522

6 16.8 25.2 0.666

7 13.6 25.2 0.541

8 13.4 25.1 0.532
Mean 15.5 25.2 0.614

SD 2.7 0.1 0.10¢
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Table A.26 Percentage of corn dust <128n from repeated handling.

Percent Corn Dust <12fm, %

Sample No.  Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 73.626 59.703 67.994 65.466 78.326 68.024 72.042 56.239
2 77.264 57.860 62.322 65.274 71177 62.290 67.476 60.210
3 68.939 60.331 68.007 60.993 71.962 71.670 62.477 59.557
4 69.960 60.603 69.932 63.728 74.406 67.904 65.213 57.358
5 66.267 57.414 63.350 65.109 77.045 68.436 71.220 54.716
6 78.093 59.279 68.803 64.693 74.503 66.576 69.130 50.846
7 66.097 53.659 60.436 64.972 76.560 61.905 70.211 59.853
8 68.168 58.941 71.145 61.657 75.304 69.003 64.226 60.952
9 68.391 58.308 70.059 60.627 76.023 75.554 73.699 63.193
Mean 70.756 58.455 66.894 63.613 75.034 67.929 68.411 88.10
SD 4.507 2.09¢ 3.85( 1.97( 2.32¢ 4.23¢ 3.81¢ 3.73¢

Table A.27 Mass of corn dust <12fm from repeated handling.

Mass of Corn Dust <12fm, kg

Sample No.  Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 9.852 12.322 10.178 11.729 10.303 11.416 9.803 7.525
2 10.339 11.941 9.329 11.695 9.363 10.454 9.182 8.057
3 9.225 12.451 10.180 10.928 9.466 12.028 8.502 7.969
4 9.361 12.508 10.468 11.418 9.787 11.396 8.874 7.675
5 8.867 11.849 9.483 11.666 10.135 11.486 9.691 7.322
6 10.450 12.234 10.299 11.591 9.800 11.173 9.407 6.804
7 8.844 11.074 9.046 11.641 10.071 10.389 9.554 8.009
8 9.122 12.165 10.649 11.047 9.906 11.581 8.740 8.156
9 9.151 12.034 10.487 10.863 10.000 12.680 10.029 8.456
Mean 9.468 12.064 10.013 11.398 9.870 11.400 9.309 7.775
SD 0.603 0.432 0.576 0.353 0.306 0.711 0.520 0.500

Table A.28 Collected corn dust <12pm during repeated handling.

Collected Dust <12fm, kg-t* of corn handled

Sample No.  Transfer 1 Transfer 2 Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8
1 0.389 0.487 0.403 0.465 0.409 0.453 0.390 0.299
2 0.409 0.472 0.369 0.464 0.371 0.415 0.365 0.320
3 0.365 0.493 0.403 0.433 0.376 0.478 0.338 0.317
4 0.370 0.495 0.415 0.453 0.388 0.453 0.353 0.305
5 0.350 0.469 0.376 0.462 0.402 0.456 0.385 0.291
6 0.413 0.484 0.408 0.459 0.389 0.444 0.374 0.271
7 0.350 0.438 0.358 0.461 0.400 0.413 0.380 0.319
8 0.361 0.481 0.422 0.438 0.393 0.460 0.347 0.324
9 0.362 0.476 0.415 0.431 0.397 0.504 0.399 0.336
Mean 0.374 0.477 0.397 0.452 0.392 0.453 0.370 0.309
SD 0.024 0.017 0.023 0.014 0.012 0.028 0.021 0.020
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Data for Chapter 4

Table A.29 Material flow rate of wheat during handing.®®

Initial Mass on Bin ~ Mass of ~ Material Flow

Transfer Grain Lot Time, min Before Transfer, kg  Dust, kg Rate, t-H

1 38.2 28217.7 25 44.3

1 2 36.0 28217.7 15 47.0

1 3 315 28638.8 2.5 54.6

1 4 30.2 28638.8 11 56.9

2 1 30.0 28217.7 3.6 56.4

2 2 30.3 28217.7 2.2 55.9

2 3 30.3 27796.5 0.6 55.1

2 4 35.7 28217.7 1.9 47.4
Mean 32.8 28270.3 2.0 52.2
SD 3.3 269.9 0.9 5.1

8l Material mass was measured using in-line weighiae.

Table A.30 Mass concentration of wheat dust colleetl from lower duct (set A).

Mass Concentration, mgm™

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Mean SD

1 1 169.( 44.¢ 37.t 83.€ 74.1

1 2 24.1 32.¢ 39.€ 32.¢ 7.¢

1 3 25.1 61.€ 56.7 47.¢ 19.¢

1 4 49.2 70.€ 55.c 58.4 11.1

2 1 171.2 79.2 64.5 104.¢ 57.€

2 2 33t 68.C 42.2 47.¢ 18.C

2 3 44.3 47.8 39.2 43.8 43

2 4 37.1 31.2 394 35.¢€ 4.2

Table A.31 Mass concentration of wheat dust colleetl from upper duct (set B).
Mass Concentration, mgm"
Transfer Grain Lot Sample 1 Sample 2 Sample 3 Mean SD

1 1 145.6 108.7 92.2 115.5 27.3
1 2 50.2 97.0 67.4 715 23.7
1 3 85.9 109.4 115.0 103.5 15.4
1 4 99.4 108.9 100.4 102.9 5.2
2 1 2335 139.1 152.4 175.0 51.1
2 2 88.9 146.5 129.4 121.6 29.6
2 3 102.2 109.4 137.4 116.4 18.6
2 4 98.0 116.9 108.7 107.8 9.5
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Table A.32 Mass flow rate of wheat dust — lower dudset A).

Dust Mass Flowrate, gs*

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Mean SD
1 1 1.09 0.28 0.24 0.54 0.48
1 2 0.16 0.21 0.26 0.21 0.05
1 3 0.1€ 0.4C 0.3¢€ 0.31 0.1:
1 4 0.32 0.46 0.36 0.38 0.07
2 1 1.1C 0.51 0.41 0.67 0.37
2 2 0.22 0.44 0.27 0.31 0.12
2 3 0.28 0.31 0.25 0.28 0.03
2 4 0.24 0.2C 0.2t 0.28 0.0¢

Table A.33 Mass flow rate of wheat dust — from uppeduct (set B).
Dust Mass Flowrate, gs™

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Mean SD
1 1 0.73 0.54 0.46 0.58 0.14
1 2 0.25 0.49 0.34 0.36 0.12
1 3 0.43 0.55 0.58 0.52 0.08
1 4 0.50 0.54 0.50 0.51 0.03
2 1 1.17 0.70 0.76 0.88 0.26
2 2 0.44 0.73 0.65 0.61 0.15
2 3 0.51 0.55 0.69 0.58 0.09
2 4 0.49 0.58 0.54 0.54 0.05

Table A.34 Geometric mean diameter (GMD) of wheat ast collected from lower duct (set A).

Geometric Mean Diameter,um

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Mean SD
1 1 10.7 10.8 13.6 13.6 14.6 14.0 12.9 1.7
1 2 12.2 12.7 13.2 13.1 154 15.C 13.€ 1.3
1 3 14.3 15.0 14.2 14.1 14.2 14.4 14.4 0.3
1 4 14.2 14.9 14.1 14.5 18.4 18.3 15.7 2.0
2 1 11.9 12.1 13.8 13.7 15.6 16.2 13.9 1.8
2 2 17.2 17.¢ 13.4 13.2 15.¢ 15.€ 15.5 1.9
2 3 15.9 15.6 16.7 15.4 15.0 17.3 16.0 0.8
2 4 15.8 15.6 219 17.9 15.1 14.8 16.9 2.7

Table A.35 Geometric mean diameter (GMD) of wheat ast collected from upper duct (set B).
Geometric Mean Diameter,um

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Blant Mean SD
1 1 17.1 17.3 114 11.2 8.7 10.3 12.7 3.6
1 2 12.3 12.9 11.5 11.5 8.4 8.3 8.3 10.5 2.0
1 3 13.1 13.2 16.4 14.7 10.0 9.6 12.8 2.6
1 4 13.2 13.2 12.2 12.0 10.1 9.6 11.7 1.6
2 1 13.1 13.4 14.3 14.8 10.6 10.8 12.8 1.8
2 2 13.0 14.0 10.7 10.9 11.0 11.4 11.8 1.4
2 3 13.2 13.0 12.7 12.5 11.5 11.9 12.5 0.7
2 4 14.7 15.0 13.0 12.8 13.0 13.6 13.7 0.9
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Table A.36 Geometric standard deviation (GSD) of wat dust collected from lower duct (set A).

Geometric Standard Deviation

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 KNea SD
1 1 243 2.44 2.79 2.93 3.05 2.92 2.76 0.26
1 2 245 2.50 2.90 2.86 2.90 2.83 2.74 0.21
1 3 2.85 2.98 2.86 2.84 2.76 2.79 2.84 0.08
1 4 2.73 2.86 2.75 2.82 3.01 3.05 2.87 0.13
2 1 2.61 2.6t 2.81 2.81 2.8¢ 3.0C 2.7¢ 0.14
2 2 3.0¢ 3.0¢ 2.8C 2.7¢ 2.9€ 2.94 2.92 0.1z
2 3 2.9¢ 2.94 3.1z 2.9C 2.82 3.1E 2.9¢ 0.1:
2 4 2.91 2.87 3.57 2.9¢ 2.8 2.74 2.9¢ 0.3C

Table A.37 Geometric standard deviation (GSD) of wiat dust collected from upper duct (set B).

Geometric Standard Deviation

Transfer Grain Lot Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Blant Mean SD
1 1 3.00 3.07 2.67 2.65 2.29 2.83 2.75 0.28
1 2 2.82 2.97 2.85 2.85 2.23 2.22 222 2.60 0.35
1 3 3.0¢ 3.07 3.37 3.0¢ 2.62 2.5C 2.94 0.3z
1 4 2.9¢ 3.0C 2.7¢€ 2.7¢ 2.5¢ 2.3¢ 2.7¢ 0.2¢
2 1 3.21 3.2¢ 3.0¢ 3.2z 2.5¢€ 2.58 2.9¢ 0.3:
2 2 3.0¢ 3.31 2.67 2.7z 2.5¢ 2.62 2.8¢ 0.2¢
2 3 2.92 2.84 2.86 2.82 2.64 2.72 2.80 0.10
2 4 3.00 3.07 2.84 2.78 2.71 2.80 2.86 0.14
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Figure A.1 Mean cumulative and mean differential vtume percentages for the particle size distributiorof
wheat dust collected from the lower duct (set A) ding Transfers 1 and 2 (T1, T2) on Grain Lots 1 to4 (GL1
to GL4).
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Figure A.2 Mean cumulative and mean differential vtume percentages for the particle size distributiorof
wheat dust collected from the upper duct (set B) ding Transfers 1 and 2 (T1, T2) on Grain Lots 1 to4 (GL1
to GL4).

Table A.38 Percentage of particulate matter of théotal wheat dust (% PM) from the lower duct (set A).

Transfer GrainLot % PM25 %PM4.0 % PM10

1 1 6.25 9.51 29.7
1 2 4.75 8.51 30.0
1 3 4,54 8.13 29.2
1 4 4.14 7.37 26.6
2 1 5.91 8.71 27.2
2 2 4.38 7.64 27.6
2 3 4.05 7.32 26.9
2 4 3.82 6.79 255

Mean 4,73 8.00 27.8

SD 0.8¢ 0.8¢ 1.€
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Table A.39 Percentage of particulate matter of théotal wheat dust (% PM) from the upper duct (set B)

Transfer GrainLot % PM25 %PM40 %PMI10

1 1 6.18 10.7 35.2
1 2 5.84 12.2 43.6
1 3 5.27 10.6 37.3
1 4 511 10.7 39.0
2 1 6.02 10.9 35.4
2 2 5.56 113 38.8
2 3 4.95 10.2 36.1
2 4 4.46 9.0 32.8

Mean 5.42 10.7 37.3

SD 0.5¢ 0.6 3.2

Table A.40 Material flow rate of corn during handling.®

Initial Mass on

Bin Before Mass of Mass of Dust, Material Flow

Transfer Bins Time, min  Transfer, kg Samples, kg kg Rate, t-H"

0 to bin 9 25306.7 8.0

1 bin 9 to bin : 29.2 25298.° 7.7 134 52.C

2 bin 2 to bin ¢ 25.1 25277. 6.€ 20.€ 60.5

3 bin 9 to bin 2 28.8 25250.4 7.1 15.0 52.7

4 bin 2 to bin 9 24.2 25228.4 6.6 17.9 62.5

5 bin 9 to bin 2 28.0 25203.9 7.4 13.2 54.1

6 bin 2 to bin ¢ 23.2 25183.1 6.€ 16.€ 65.1

7 bin 9 to bin 2 27.8 25159.9 7.2 13.6 54.2

8 bin 2 to bin 9 29.4 25139.2 7.1 13.4 51.4

Mean 26.9 25227.6 7.1 15.5 56.6
SD 2.4 60.5 0.5 2.7 5.3

] Material mass was measured while in the truckrdpreceiving operation.

Table A.41 Mass concentration of corn dust collectefrom lower duct (set A).

Mass Concentration, mgm'3

Transfer Sample 1 Sample 2 Sample 3 Mean SD
1 131.0 1129 226.1 156.7 60.8
2 145.9 1475 217.3 170.2 40.8
3 143.9 150.6 125.3 139.9 13.1
4 129.6 176.7 149.8 152.0 23.6
5 168.2 172.0 135.5 158.6 20.1
6 140.2 178.2 148.2 155.6 20.0
7 180.6 194.1 177.3 184.0 8.9
8 137.8 170.2 183.3 163.8 23.4
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Table A.42 Mass concentration of corn dust collectefrom upper duct (set B).

Mass Concentration, mgm'3

Transfer Sample 1 Sample 2 Sample 3 Mean SD
1 275.7 282.2 445.9 334.6 96.4
2 390.0 380.9 383.5 384.8 4.7
3 260.0 321.3 441.9 341.0 92.5
4 243.1 348.0 354.1 315.1 62.4
5 270.6 309.6 361.9 314.0 45.8
6 318.7 373.7 418.0 370.1 49.7
7 527.8 481.7 482.2 497.2 26.5
8 389.1 491.1 472.8 451.0 54.4

Table A.43 Mass flow rate of corn dust — from loweduct (set A).
Dust Mass Flowrate, gs*

Transfer Sample 1 Sample 2 Sample 3 Mean SD
1 0.84 0.73 1.45 1.01 0.39
2 0.94 0.95 1.40 1.09 0.26
3 0.93 0.97 0.81 0.90 0.08
4 0.83 1.14 0.96 0.98 0.15
5 1.08 1.11 0.87 1.02 0.13
6 0.90 1.15 0.95 1.00 0.13
7 1.16 1.25 1.14 1.18 0.06
8 0.89 1.09 1.18 1.05 0.15

Table A.44 Mass flow rate of corn dust — from uppeduct (set B).
Dust Mass Flowrate, gs”

Transfer Sample 1 Sample 2 Sample 3 Mean SD
1 1.38 141 2.23 1.67 0.48
2 1.95 1.90 1.92 1.92 0.02
3 1.30 161 2.21 1.71 0.46
4 1.22 1.74 1.77 1.58 0.31
5 1.35 1.55 1.81 1.57 0.23
6 1.59 1.87 2.09 1.85 0.25
7 2.64 2.41 241 2.49 0.13
8 1.95 2.46 2.36 2.25 0.27

Table A.45 Geometric mean diameter (GMD) of corn dst collected from lower duct (set A).

Geometric Mean Diameter,um

Transfer Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 BlenT Sample 8 Mean SD
1 24.0 155 15.6 11.9 11.8 10.8 111 14.4 4.7
2 115 11.9 11.2 115 11.9 11.9 12.8 13.9 12.1 0.9
3 11.4 11.4 115 123 12.4 12.3 11.9 0.5
4 10.2 10.3 11.6 11.7 11.8 11.6 11.2 0.7
5 11.5 11.8 11.3 11.6 12.8 12.5 119 0.6
6 115 11.6 11.9 12.0 11.6 115 11.7 0.2
7 13.8 148 11.6 11.6 111 111 12.3 1.6
8

10.4

10.3

10.9

10.9

12.1

12.3

11.3

11.4

11.2

0.7
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Table A.46 Geometric mean diameter (GMD) of corn dst collected from upper duct (set B).

Geometric Mean Diameter,um

Transfer Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Blent Mean SD
1 10.3 10.1 104 10.5 104 10.4 10.3 0.2
2 11.0 10.9 10.1 10.2 10.9 10.7 10.6 0.4
3 10.0 10.6 11.0 10.8 11.0 10.7 10.7 0.4
4 10.0 10.0 10.6 10.4 10.4 10.8 10.4 0.3
5 10.3 10.5 11.3 11.4 11.6 11.7 11.1 0.6
6 11.0 11.2 10.7 10.9 10.8 111 11.1 11.0 0.2
7 10.7 10.4 10.3 10.2 9.7 9.4 10.1 0.5
8 9.3 9.6 10.1 10.0 10.7 10.4 10.0 0.5

Table A.47 Geometric standard deviation (GSD) of am dust collected from lower duct (set A).

Geometric Standard Deviation

Transfer Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 plenT Sample 8 Mean SD
1 4.45 2.78 2.79 2.35 2.34 231 2.34 2.77 0.77
2 2.37 2.39 2.35 2.37 2.40 241 2.70 3.14 2.52 0.27
3 2.37 2.36 2.36 2.38 2.38 2.38 2.37 0.01
4 2.26 2.27 2.33 2.34 2.33 2.32 231 0.04
5 2.35 2.36 231 2.33 2.42 2.37 2.36 0.04
6 2.35 2.35 2.34 2.35 2.33 2.33 2.35 0.01
7 2.55 2.87 2.39 2.40 2.35 2.35 2.48 0.20
8 2.26 2.25 2.27 2.26 2.48 2.51 2.33 2.33 2.33 0.10

Table A.48 Geometric standard deviation (GSD) of aa dust collected from upper duct (set B).

Geometric Standard Deviation

Transfer Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Blan Mean SD
1 2.23 2.26 2.37 2.38 243 243 2.35 0.08
2 2.32 231 2.39 2.40 2.30 2.30 2.34 0.05
3 243 2.33 2.33 231 2.33 243 2.36 0.05
4 2.28 2.27 2.31 2.28 241 231 2.31 0.05
5 2.28 2.30 2.32 2.34 2.33 2.33 231 0.02
6 2.30 2.32 242 2.29 2.28 2.34 2.34 2.33 0.05
7 2.34 2.30 2.29 2.28 2.32 2.38 2.32 0.04
8 2.30 2.24 2.25 2.25 2.29 2.27 2.27 0.02
100 r 8.0
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90 T~ —&—Mean Cumulative - Transfer 4 1.0
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Figure A.3 Mean cumulative and mean differential veume percentages for the particle size distributiorof

corn dust collected from the lower duct (set A) dung Transfers 1 to 8.
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Figure A.4 Mean cumulative and mean differential veume percentages for the particle size distributiorof

corn dust collected from the upper duct (set B) duing Transfers 1 to 8.

Table A.49 Percentage of particulate matter of théotal corn dust (% PM) from the lower duct (set A).

Transfer %PM25 %PM4.0 % PM10

1 6.810 9.083 24.164

2 7.376 9.641 26.162

3 7.281 9.670 24.971

4 7.193 9.742 27.334

5 7.025 9.400 24.630

6 7.042 9.415 25.590

7 7.733 9.896 23.320

8 7.252 9.717 28.060

Mean 7.214 9.571 25.529
SD 0.27¢ 0.257 1.601
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Table A.50 Percentage of particulate matter of théotal corn dust (% PM) from the upper duct (set B).

Transfer %PM25 %PM40 %PMI10

1 7.68 10.1 32.1
2 7.52 10.2 30.1
3 7.72 10.2 29.9
4 7.56 10.3 31.8
5 7.25 9.8 27.9
6 7.29 9.9 28.8
7 7.98 10.7 32.6
8 7.72 10.5 33.3
Mean 7.59 10.2 30.8
SD 0.24 .2 1.6

Table A.51 Particle densities of wheat and corn dis.

Particle Density, g-cn

Sample Wheat Dust Corn Dust
1 1.46 1.52
2 1.47 1.49
3 1.50 1.50
4 1.52
5 151
Mean 1.48 1.51
SD 0.022 0.01¢
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Data for Chapter 5

Table A.52 Published physical properties of soybearwithout moisture content.

Parameters Published value
Length (mm)) 7.3°
Width (mm), w 6.1°
Thickness (mm)h 5.5°
Equivalent Diameter (mmji 6.05F
Seed Mass (mgjn 149.0° 100.0 - 200.0°F
Seed Volume (mﬁ), Y,
Seed Density (kg-, o, 1180.0"
Bulk Density (kg-1#¥), pp 77276
Poisson Ratioy 0.08° 0.4F
Elastic Modulus (MPa): 100.0°
Shear Modulus (MPal5 = E / (2 + 2V) 35.71F
Restitution
Coefficient,e generic 0.7 05F
with self (or grain) 055" ¢ 0.267°
Static Friction  with steel 0.37¢
Coefficient,u s
with transparent perspex 073
with glass 0.328
Static Angle of  for filling or piling 16.0% ¢
Repose (deg)
for emptying or funneling 29.0%°¢

" Henderson and Perry (1976)

B Mohsenin (1986)

€ Stahl (1950)

P Vu-Quoc et al. (2000)

E McLelland and Miller (2001)

F Raji and Favier (2004a, 2004b)

¢ ASABE Standards (2006a) - D241.4
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Table A.53 Published physical properties of corn vtih moisture content.

Moisture Content (% wb)

Parameters 6.7 7.3 75 9.9 10.0 10.6 12.2 125 13.0 13.9 14.4 15.0 16.2 17.5 19.5 20.0 231 250
Length (mm)] 16.4° 9.47 12.6°
Width (mm), w 20.3° 8.2" 8.3°%
Thickness (mm)h 12.8° 5.1F° 45F
Equivalent Diameter (mm 8.0°
Seed Mass (mgjn 349.7° 295.0"  348.8° 349.7°
Seed Volume (m#), V 274.0%
Seed Density (kg-), p 1290° 1396.5" 1273F 1300° 1270°
Bulk Density (kg-rit), pp 747.7° 742 +3%  810.0% 728 + 3F 698 + 3" 672+ 2F 663 + 2"
Poisson Ratioy 0.32,0.20 + 0.0PF 0.20 +0.01° 0.4%"  0.20+0.02 0.19 +0.02° 0.20 +0.02°
Elastic Modulus (MPa)E 26.2+3.2" 19.3+2.7" 2030 " 15.9 +0.9" 15.5+2.6" 12.3+1.4"
Shear Modulus (MPa),
G=E/(2+2V) 9.50-12.35 6.86 - 9.247 7250%"  6.15-7.12" 5.33-7.74 4.47-5.81°
Static Friction with sheet metal 0.2° 0.24%° 0.232-0.278 0.25%°  0.249-0.290 0.34%°P 0.238 - 0.248 0.251-0.266 0.254 - 0.284
Coefficient,
< with steel 0.53"° 0.246 - 0.294 0.249-0.26 0.47*° 0.242-0.267 048*° 0235-0.26§ 059*° 0253-0.303 0.76*°
Static Angle of for emptying or
Repose (deg) funneling 23504 33.8+0.7 30.6 0.3 342405 31.9+06
Angle of Internal Friction (deg) 26.7+0.6" 31.7+05" 32.0+1.4" 33.4+0.8" 33.6+1.5

A Lorenzen (1957)

B Brubaker and Pos (1965)

€ Shelef and Mohsenin (1969)

P Mohsenin (1986)

E Nelson (2002)

F Molenda and Horabik (2005)

& ASABE Standards (2006a) - D241.4
H ASAE Standards (2006b) - S368.4



Table A.54 Published physical properties of corn vifiout moisture content.

Parameters

Published value

Length (mm)|

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmyl
Seed Mass (mgn

Seed Volume (mf), V

Seed Density (kg-1h), p
Bulk Density (kg-1it), p b
Poisson Ratioy

Elastic Modulus (MPa):
Shear Modulus (MPa}; = E/ (2 + 2v)

Restitution with acrviic
Coefficient,e y

with self (or grain)
Static Friction with steel
Coefficient,u ¢

with acrylic

with aluminum

Static Angle of for filling or piling

Repose (de
P (deg) for emptying or funneling

12.07
8.0F
4.0F

285F

1280'
721¢EH
0.4¢'
1660'
592.86'

0.59'

0.52P
0.37"°P
0.34'

16.0%°
27.0%°

10.1'
9.1'
6.7

0.518
0.45%

250.0 - 300.1

1041 - 2320°
371.43 - 828,58

0.476 - 0.59F

0.226 - 0.27F

A Stahl (1950)

® Henderson and Perry (1976)

€ Mohsenin (1986)

P Hoseney and Faubion (1992)

E Watson (2003)

F Chung et al (2004)

¢ ASABE Standards (2006a) - D241.4
H Chung and Ooi (2008)
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Table A.55 Published physical properties of wheat ith moisture content.

Moisture Content (% wb)

Parameters 6.2 7.3 75 7.8 8.0 8.3 8.6 8.8 9.8 10.0 10.9 11.0 11.2 115 11.8
Length (mm)) 6.4° 6.9° 6.6,5.7° 6.7° 6.4° 5.8° 7.3° 6.7" 6.9° 5.6°
Width (mm), w 3.0° 3.8° 3.3,3.1° 3.2° 3.1° 26"° 3.0° 3.2" 28"% 3.2°%
Thickness (mm)h 3.0° 35° 3.0,3.3" 3.1° 3.0° 24°% 2.8° 2.9" 28"% 29"%
Equivalent Diameter (mmj 4.0° 41° 3.8,3.6° 3.9° 3.6° 4.0°
Seed Mass (mgjn 48.2° 51.0° 41.7,35.2° 45.0° 33.7° 26.0°F 47.3° 40.5° 36.8° 35.7F
Seed Volume (mf), V 18.5F 26.1F 26.4F
Seed Density (kg'if), o, 1420° 1430° 1430, 1420° 1420° 1410°  1409F 1410° 1290, 1300, 132§ 1407° 1411F 1345°
Bulk Density (kg-ri¥), p 805.5"° 813.4° 794.1, 823.2 799.2° 796.7° 772F 801.8° 773+ 3F 788°F 756 ¢
Poisson Ratioy 0.22+0.01° 0.42%"
Elastic Modulus (MPa)E 22.4+4.6 1544°
Shear Modulus (MPaJ5 = E / (2 + 2v) 7.24-11.16 543.66°
Static Friction  with sheet metal 0.23-0.327 0.10%°
Coefficient,

s with steel 037 0.249 -0.287 0.39%°

Static Angle of
Repose (deg) for emptying or funneling 24.3+0.5
Angle of Internal Friction (deg) 25.7+0.3

A Lorenzen (1957)

B Brubaker and Pos (1965)
€ Arnold and Roberts (1969)
P Mohsenin (1986)

E Nelson (2002)

F Molenda and Horabik (200

& ASABE Standards (2006a) - D241.4

5)

H ASAE Standards (2006b) - S368.4
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Table A.55 Published physical properties of wheat ith moisture content. (cont.)

Moisture Content (% wb)

Parameters 12.1 12.5 13.0 138 14.1 15.0 157 16.9 17.1 175 19.3 20.0
Length (mm)] 55° 6.4° 5.9°

Width (mm), w 29F 34°F 28F

Thickness (mm)h 26F 29F 26F

Equivalent Diameter (mmyl

Seed Mass (mgjn 29.2° 39.7° 27.7%

Seed Volume (mf), V 21.0% 28.6° 20.2°

Seed Density (kg-%), p, 1388°F 1385° 1373

Bulk Density (kg-rif), p 763° 765 + 37 694 + 4F 722 705 + 4 713 +5°
Poisson Ratioy 0.42, 0.18+0.02°"" 0.42%" 0.20 £ 0.03 0.20 +0.01° 0.19 +0.01°
Elastic Modulus (MPa)E 1413 - 2372, 22.2+4%F 2834° 19.3+25" 17.2+3.6" 11.1+1.1°
Shear Modulus (MPa = E / (2 + 2v) 497.54 - 835.21, 7.42 - 11.47° 997.89°¢ 6.83-9.32 5.62-8.74 4.17-517
Static Friction with sheet metal 0.26 - 0.34" 0.14%° 0.27,0.26 - 0.3% °F 0.33%° 0.35-0.42 0.34-0.44
Coefficient s with steel 0.248 - 0.269° 0.43"° 0.280-0.335 0.44"°  0313-038f  055°  0.335-0.414
Static Angle of

Repose (deg) for emptying or funneling 29.0 +0.7° 33.3+06 37.6+05 35.4+0.4"7
Angle of Internal Friction (deg) 26.2+0.47 27.0+05 33.0+1.0° 355+ 0.5

A Lorenzen (1957)

B Brubaker and Pos (1965)
€ Arnold and Roberts (1969)
P Mohsenin (1986)

E Nelson (2002)

F Molenda and Horabik (2005)
& ASABE Standards (2006a) - D241.4
H ASAE Standards (2006b) - S368.4



Table A.56 Published physical properties of wheat ithout moisture content.

Parameters

Published value

Length (mm)/|

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmy .
Seed Mass (mgin

Seed Volume (mfh, V

Seed Density (kg-/), p
Bulk Density (kg-i%), p1,

37.0F

772 D,F.H

Static Friction Coefficient, with self (or grain)

Us )
with steel

0.47F

0.41ME

Static Angle of Repose (ded?r filling or piling
for emptying or funneling

16.0¢E
27.0%E

31.0 - 38.0°

0.53%¢E

0.37¢F

0.37-0.477F

A Airy (1898)

B Jamieson (1903)

€ Stahl (1950)

P Henderson and Perry (1976)

£ Mohsenin (1986)

F Hoseney and Faubion (1992)

¢ McLelland and Miller (2001)

H ASABE Standards (2006a) - D241.4

Table A.57 Published physical properties of grainaghum with moisture content.

Moisture Content (% wb)

Parameters 9.2 9.5 9.9 11.2

Length (mm)| 43" 45°
Width (mm), w 41" 4158
Thickness (mm)h 2.8° 3.4°8
Equivalent Diameter (mmji 35"

Seed Mass (mgjn 28.8"% 33.2°
Seed Volume (mf), V 24.7"8
Seed Density (kg-1h), o, 1320"  1220° 1260° 13445
Bulk Density (kg-1i¥), p, 774.3% 775.08

A Mohsenin (1986)
® Nelson (2002)
© ASABE Standards (2006a) - D241.4

216



Table A.58 Published physical properties of grainarghum without moisture content.

Parameters

Published value

Length (mm)}

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmjl
Seed Mass (mgin

Bulk Density (kg-rf?), Db

Static Friction with self (or grain)

Coefficient,u s with steel

for filling or pilin
Static Angle of gorpiing

Repose (deg) for emptying or funneling

643.5, 720.72
0.68"¢
0.37"°¢
20"¢
33”¢

28.0°
733°

721F

A Stahl (1950)

B Henderson and Perry (1976)

€ Mohsenin (1986)

P Hoseney and Faubion (1992)

E ASABE Standards (2006a) - D241.4

Table A.59 Published physical properties of rice whout moisture content.

Parameters

Published value

Length (mm)/

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmji .
Seed Mass (mgm

Seed Volume (mﬁ), \%

Seed Density (kg-ﬁ), Po
Bulk Density (kg-n'f), Db

27.0°

579 BE

Static Friction
Coefficient,u ¢ with steel

with self (or grain)

0.73"°¢
0.484¢

for filling or piling

Static Angle of

Repose (deg) for emptying or funneling

20"~ C

36 "€

579°

" Rough rice or paddy

A Stahl (1950)

® Henderson and Perry (1976)
€ Mohsenin (1986)

P Hoseney and Faubion (1992)

£ ASABE Standards (2006a) - D241.4
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Table A.60 Published physical properties of rice wh moisture content.

Moisture Content (% wb)

Parameters 8.6 8.8 9.2 11.5 11.9 12.0 12.4 14.0 15.4 15.7
Length (mm)] 7.6 9.8“ 8.0° 74,65 ° 56,53 " 78 " 89 °
Width (mm), w 3.6°€ 25°¢ 3.2°¢ 2.17°P 2570 29™P 2.37P
Thickness (mm)h 25°¢ 2.1°¢ 2.3°¢ 1.77° 1.8,1.77° 207°P 2.07°P
Equivalent Diameter (mmji, 35°¢ 3.3°¢ 34°

Seed Mass (mgjn 29.1° 25.0°¢ 26.9€ 20.9,18.97° 21.5,175°° 24.97° 23.67°°
Seed Volume (mf), V 14.6,12.7°° 14.9.12.07° 18P 177P
Seed Density (kg-th, p, 1360° 1390¢  1360° 1432, 1460°° 1110.0°F 1434, 14627°  1120°F 1382™P  1388™P
Bulk Density (kg-rif), p,, 573.5° 593.8¢ 573.2° 716, 7737 ° 802, 8517°° 641" P 6607 P
Static Friction with self (or grain) 0.73,0.68 "¢

Coefficient,us .
with sheet metal

0.40 - 0.41, 0.45* €

" Rough rice or paddy
” Long grain

™ Medium grain

A Kramer (1944)

B Stahl (1950)

€ Mohsenin (1986)

P Nelson (2002)

E ASABE Standards (2006a) - D241.4
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Table A.61 Published physical properties of barleyvith moisture content.

Moisture Content (% wb)

Parameters 7.5 7.6 7.9 8.2 9.7 9.8 10.0 10.3 10.4 10.7 10.8
Length (mm)/ 10.9, 10.6" 10.0° 10.0, 10.6" 105" 8.4°
Width (mm), w 3.8,35° 36° 3.2,3.3° 35°¢ 36°
Thickness (mm)h 3.0,2.9" 2.9°¢ 2.5,26" 26° 2.8°
Equivalent Diameter (mmi o 4.2,40° 40°¢ 3.8,3.7° 40°¢
Seed Mass (mgjn 53.9, 48.0° 48.9° 38.5, 36.4° 455° 45.2°F
Seed Volume (mﬁ), \Y
Seed Density (kg-t, p, 1400, 1420° 1400° 1380° 1380° 1260.0°  1210° 1346° 11307 13307 1240
Bulk Density (kg-rit), p 1, 620.0, 653.6° 628.4°  567.2,588.6 589.4 686 + 3°
Poisson Ratioy 0.19 +0.01°
Elastic Modulus (MPa)E 14.2 +1.6°
Shear Modulus (MPal; = E / (2 + 2v) 5.25 - 6.69°
Static Friction with sheet metal 0.225-0.25F 0.28%¢
Coefficientys with steel 0.47¢ 0.226 - 0.25F 0.47¢
Static Angle of for emptying or
Repose (deg) funneling 26.8+0.7
Angle of Internal Friction (deg) 27.8+0.4°

A Lorenzen (1957)

B Brubaker and Pos (1965)

€ Mohsenin (1986)

P Nelson (2002)

E Molenda and Horabik (2005)

F ASABE Standards (2006a) - D241.4
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Table A.61 Published physical properties of barleyith moisture content. (cont.)

Moisture Content (% wb)

Parameters 112 12.3 125 13.3 143 15.0 16.4 16.6 175 19.5 20.0
Length (mm)) 9.5,7.9°

Width (mm), w 3.1,29°

Thickness (mm)h 2.4,2.2°

Equivalent Diameter (mmyl ¢

Seed Mass (mgjn 25.1,26.6°

Seed Volume (mf), V 25.9,19.7°

Seed Density (kg-, p 1356, 1352

Bulk Density (kg-1), p o 566, 615" 689 + 2F 680 +5° 675 +4° 667 + 3°
Poisson Ratioy 0.16 +0.01° 0.15 +0.01° 0.17 +0.01° 0.19 +0.01°
Elastic Modulus (MPa)E 14.0 +1.8° 13.8+1.1" 12.3+0.8" 10.4 + 2.4°
Shear Modulus (MPalz = E / (2 + 2v) 5.21-6.87° 5.47 - 6.54" 4.87 -5.65" 3.33-5.42°
Static Friction with sheet metal 0.1%¢  0.233-0.269 02%¢ 0246-027F  0.34%° 0.240 - 0.325° 0.273-0.35F
Coefficientx» with steel 0.239 -0.280° 04%¢ 0.232 - 0.25¢ 0.38"¢ 0238-027F 0.39%° 0.245-0.27F
Static Angle of for emptying or

Repose (deg) funneling 28.9+0.7° 29.5+0.7° 30.5+0.8° 32.1+0.8"
Angle of Internal Friction (deg) 28.5+0.5° 31.2+0.3F 30.6 + 1.0° 33.2+0.5°

A Lorenzen (1957)

B Brubaker and Pos (1965)

€ Mohsenin (1986)

P Nelson (2002)

E Molenda and Horabik (2005)

F ASABE Standards (2006a) - D241.4



Table A.62 Published physical properties of barleyithout moisture content.

Parameters

Published value

Length (mm))

Width (mm), w

Thickness (mm)h

Equivalent Diameter (mmjl

Seed Mass (mgjn

Seed Volume (m#), V

Seed Density (kg-), p

Bulk Density (kg-r), p, 616°

Static Friction with self (or grain) 0.51"°
Coefficient,us with steel 0.38°

for filling or pilin
Static Angle of Repose g orpiing

(deg) for emptying or funneling

605.0F
0.53%°
0.38 - 0.40*°
16 %P

288 P

618"

A Airy (1898)

B Stahl (1950)

€ Henderson and Perry (1976)

P Mohsenin (1986)

£ Hoseney and Faubion (1992)

F ASABE Standards (2006a) - D241.4

Table A.63 Published physical properties of oats wWiout moisture content.

Parameters

Published value

Length (mm)|]

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmyl
Seed Mass (mgn

Seed Volume (mf), V

Seed Density (kg-1M), p
Bulk Density (kg-ri¥), pp

Static Friction Coefficienty ¢ with self (or grain)

with steel

Static Angle of Repose (deg) for filling or piling

for emptying or funneling

32.0°

438°
053¢
0.41M¢

412°F

0.62%°¢

0.45%°¢
18%°¢
328¢

A Airy (1898)

B Stahl (1950)

€ Mohsenin (1986)

P Hoseney and Faubion (1992)

£ ASABE Standards (2006a) — D241.4
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Table A.64 Published physical properties of oats whi moisture content.

Moisture Content (% wb)

Parameters 8.5 8.6 8.8 9.4 9.7 9.8 10.0 10.3 10.6 10.7
Length (mm)) 14.9° 11.4, 13.0° 11.0, 14.2° 11.5° 10.2° 10.9“
Width (mm), w 3.1° 2.7,2.9° 2.8,2.9° 3.1° 2.8¢ 2.8°¢
Thickness (mm)h 2458 2.1,2.2° 2.3,2.4° 2.6° 2.2°¢ 2.1°
Equivalent Diameter (mm, 3.8° 3.5,3.6° 3.6°
Seed Mass (Mg 39.5° 305, 33.7° 33.9,32.9° 35.6° 28.1°¢ 34.8¢
Seed Volume (mf), V 21.4° 26.8°
Seed Density (kg-h), o, 1380° 1360, 1380° 1370, 1350° 1060 950  1050F 1397° 990F 1314° 1295°¢
Bulk Density (kg-1#¥), p, 472.01° 513, 485° 502, 360° 557 + 2P 454° 419°¢
Poisson Ratioy 0.18 +0.01°
Elastic Modulus (MPa)E 17.8 +2.8°
Shear Modulus (MPaj = E / (2 + 2v) 6.30 - 8.80°
Static Friction ~ with sheet metal 0.237-0.27P 0.22%8
Coefficient,u ¢ .

with steel 0.237 - 0.26&
Static Angle of for emptying or
Repose (deg) funneling 28.4+0.8°
Angle of Internal Friction (deg) 22.1+1.1°

A Brubaker and Pos (1965)

® Mohsenin (1986)

€ Nelson (2002)

P Molenda and Horabik (2005)

E ASABE Standards (2006a) - D241.4
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Table A.64 Published physical properties of oats wh moisture content. (cont.)

Moisture Content (% wb)

Parameters 12.5 15.0 16.0 17.3 17.5 20.0
Length (mm)|
Width (mm), w
Thickness (mm)h
Equivalent Diameter (mmjyl
Seed Mass (mgn
Seed Volume (mf), V
Seed Density (kg-/), p
Bulk Density (kg-r), p 1, 574 +2° 547 + 2° 528 + 2° 527 +2°
Poisson Ratioy 0.20 + 0.01° 0.17 £ 0.01° 0.17 £0.01° 0.15 + 0.01°
Elastic Modulus (MPa)E 16.0 + 3.2° 13.2+3.1° 10.7 + 2.4° 10.4 +1.9°
Shear Modulus (MPas = E / (2 + 2v) 5.29 - 8.07° 4.28-7.03° 3.52-5.65" 3.66 - 5.39°
Static Friction with sheet metal 0.236 - 0.262 0.231-0.260° 0.41%® 0.32%% 0.230-0.265 0.229-0.269
Coefficient . with steel 0.245 - 0.257 0.235 - 0.264 0.235-0.267 0.233-0.276
Static Angle of for emptying or
Repose (deg)  funneling 28.7 +1.0° 31.3+0.5" 32.8+0.5" 34.7+04°
Angle of Internal Friction (deg) 22.4+0.9° 24.0 +0.5° 23.9=+1.0° 26.4+1.7°

A Brubaker and Pos (1965)

B Mohsenin (1986)

€ Nelson (2002)

P Molenda and Horabik (2005)

E ASABE Standards (2006a) - D241.4



Table A.65 Published physical properties of sunfloar seed and kernel with moisture content.

Moisture Content (% whb)

Parameters 5.8 7.6 8.7 3.9-16.7

Length (mm)) 957,837 " 10.7°° 14.47°

Width (mm), w 51%41"A 528 8.1"®8

Thickness (mm)h 3.3%, 24" A 3.1°8 467"

Equivalent Diameter (mmy 5.4%,437A

Seed Mass (mgjn 497, 34" A 59.5°8 115.87°8

Seed Volume (mf), V 58.2"B 105.478

Seed Density (kg-), p 1023°B 109978 706 - 765", 1050 - 125(" A
Bulk Density (kg-rit), p1, 3868 3397B 434 - 462", 574 - 62 A

Static Friction

Coefficient,u ¢ with sheet metal

Static Angle of Repose

(deg) for emptying or funneling

0.40 - 0.58, 0.43-0.81" A

34-41%,27-38"4

" il type

” Non-oil type

* Sunflower seed (unhulled)
** Sunflower kernel (dehulled)
A Gupta and Das (1997)

B Nelson (2002)

Table A.66 Published physical properties of sunfloer seed and kernel without moisture content.

Parameters

Published value

Length (mm)|

Width (mm), w

Thickness (mm)h
Equivalent Diameter (mmyl .
Seed Mass (mgn

Seed Volume (mf), V

Seed Density (kg-h), p
Bulk Density (kg-it), p b

*

126°8

361.2" 412.0°°

3097°¢

" Oil type

” Non-oil type

A Shroyer et al. (1996)

® McLelland and Miller (2001)

© ASABE Standards (2006a) - D241.4
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Table A.67 Published physical properties of canol&ith moisture content.

Moisture Content (% wb)

Parameters 45 6.0 6.2 6.5 6.7 7.0 9.0 11.6 12.0 14.0 16.0 19.3
Length (mm)] 2.07 +0.016° 1.8° 16° 2.19+0.014 2.29 +0.015"
Width (mm), w 1.7° 1.4°
Thickness (mm)h 1.7°
Equivalent Diameter (mmyi . 1.84 +0.016° 20" 1.90 +0.01° 1.99 + 0.010°
Seed Mass (mgjn 40+0.1° 35° 29° 5.8+0.1° 6.5+0.1°
Seed Volume (m#), V 3.96 +0.085° 278 5.04 +0.075° 5.15 + 0.075°
Seed Density (kg-H), o 1131° 1111%  1150°F 1100%
Bulk Density (kg-nt), pp, 645 +5° 671° 661 +2° 655 + 3° 644 + 2°
Poisson Ratioy 0.24 +0.03° 0.4% 0.17 £0.02° 0.16 +0.01° 0.10 0.01°
Elastic Modulus (MPa) 9.0+0.6° 29.2,50.1 8.7 +0.8° 7.1+0.6° 6.6 +0.9°
Shear Modulus (MPa = E / (2 + 2v) 3.31-3.97° 10.43, 17.9¢" 3.32-4.13 2.78-3.35° 257 - 3.44°
Static Friction with sheet metal 0.27 0.220-0.245° 0.211 - 0.24%5 0.29¢  0.217-0.24% 0.215 - 0.240° 0.32¢
Coefficient,us

with steel 0.234-0.279 0.254 - 0.279 0.287 - 0.30° 0.264 - 0.292
Static Angle of
Repose (deg)  for emptying or funneling 253+0.8 232409 25.5+0.9° 245+0.9° 29.1+0.7°
Angle of Internal Friction (deg) 24.7+05° 30.6 +0.4° 31.7+0.7° 34.8+0.7° 33.2+0.9°

A Bilanski et al. (1994)
® Nelson (2002)
€ Calisir et al. (2005)

P Molenda and Horabik (2005)
£ ASABE Standards (2006a) - D241.4



Table A.68 Published physical properties of canol&vithout moisture content.

Parameters

Published value

Length (mm)]

Width (mm), w

Thickness (mm)h

Equivalent Diameter (mmy .

Seed Mass (mgin

Seed Density (kg-if),

Bulk Density (kg-1i1), p,

Poisson Ratioy

Elastic Modulus (MPak

Shear Modulus (MPaJ; = E / (2 + 2v)

Restitution Coefficiente generic

Static Friction Coefficient, , With self (or grain)

with transparent perspex

Static Angle of Repose (deg) for emptying or funmgli

3.0-40"
1053°

669°
0.4°
30.0°
10.7°

0.58
0.38

A McLelland and Miller (2001)

® Raji and Favier (2004a, 2004b)

€ Boyles et al. (2006)

P ASABE Standards (2006a) - D241.4
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Table A.69 Data of single-kernel mass from 10 soyée lots used for standard deviation factor (SDF) foparticle size distribution.

Single Kernel Mass, mg

Kernel No. 9A411INRR 9A385NRS KS-5005sp KS-3406RR KS-4607 KS-4702sp ixe(100-Ib) Mixed (7080-Ib) KS-5002N (4RL9542) KS@Bsp (4RL4976)
1 114.793 147.106 214.333 146.56 185.204 163.043 144.944 7.393 87.279 125.523
2 110.892 120.015 277.781 204.984 179.311 147.652 149.107 19.763 141.636 228.693
3 121.208 107.583 201.882 209.601 192.675 175.428 100.361 20.322 128.418 171.566
4 135.559 120.988 262.118 154.869 177.065 155.677 154.166 59.149 164.166 186.928
5 88.924 131.581 219.58 207.796 127.627 127.864 84.899 6067. 125.772 147.688
6 96.088 115.751 228.968 154.479 206.418 109.313 124.754 9.298 146.586 172.652
7 105.021 114.783 199.664 174.381 181.207 189.872 111.467 06.0@9 151.955 199.252
8 103.863 155.458 212.368 114.126 182.118 159.905 142.335 41.286 171.776 184.242
9 69.085 119.821 273.844 161.121 200.492 161.182 108.978 0.226 140.504 169.584
10 82.966 105.862 240.351 163.219 166.211 194.052 120.803 21.932 113.276 156.975
11 131.86 93.083 274.591 129.845 167.546 136.476 158.821 6.028 146.569 158.421
12 86.636 141.964 236.971 200.771 169.245 180.529 128.747 89.019 117.902 141.065
13 63.203 155.114 198.074 174.328 148.756 151.993 133.988 32.212 130.389 170.814
14 104.507 76.285 188.374 139.56 134.017 123.568 123.256 5.19% 152.67 171.899
15 132.351 112.822 176.878 159.957 177.807 206.33 136.73 6.217 105.043 104.116
16 90.77 137.224 267.713 153.297 142.818 145.004 150.573 7.491 143.923 175.889
17 123.314 125.889 241.004 124.65 178.317 188.295 168.022 42.436 162.64 198.681
18 139.952 124.971 222.929 187.329 111.802 126.394 120.242 170.949 168.473 203.825
19 109.783 119.365 209.122 124.729 186.944 146.242 118.363 167.079 136.006 153.413
20 155.207 94.351 206.137 152.387 138.46 146.736 159.791 7.11B 102.278 160.516
21 118.521 111.463 260.022 123.605 79.455 189.534 147.418 22.349 138.317 232.946
22 87.69 152.314 237.486 178.91 128.563 161.934 88.532 2822. 132.622 112.779
23 110.83 157.41 209.906 172.951 190.769 185.039 148.113 8.5a82 75.197 168.512
24 147.419 141.534 193.477 128.635 137.28 152.855 188.814 35.769 138.05 151.645
25 101.503 137.463 244.272 95.708 135.558 136.36 81.795 6365 189.707 132.006
26 129.602 77.817 287.763 146.749 198.502 177.993 125.782 46.5493 141.311 202.837
27 118.61 125.253 241.846 154.998 178.408 185.682 112.077 19.584 149.383 217.599
28 116.444 137.128 238.119 117.47 236.376 229.006 166.882 56.291 147.111 151.657
29 128.245 137.99 257.734 136.888 175.134 156.754 127.667 78.502 113.708 172.114
30 141.564 141.506 195.573 121.678 165.229 147.238 151.285 141.522 144.113 167.634
31 91.15 145.078 237.614 143.201 205.471 140.385 135.778 9.38B 96.502 226.115
32 116.128 110.009 188.477 165.132 185.586 172.129 141.949 110.574 68.294 117.639
33 94.964 115.164 199.159 179.872 162.174 146.009 159.244 26.899 116.686 162.531
34 94.336 168.557 172.203 131.877 144.017 146.363 138.99 2.28B 120.648 150.882
35 124.903 93.115 150.751 155.451 180.702 180.089 172.405 44.437 106.545 107.772
36 124.289 82.3 129.028 80.38 143.751 116.072 95.226 194.48 75.085 169.182
37 131.558 138.168 185.944 171.521 138.388 142.548 141.397 172.309 143.368 146.339
38 121.468 155.73 250.393 178.856 137.085 148.061 180.261 71.59 115.333 174.241
39 104.815 183.176 196.806 116.527 145.066 175.043 171.788 119.781 125.095 196.714
40 123.314 152.371 138.119 156.528 140.138 190.322 98.315 48.637 106.002 172.912
41 110.364 123.508 258.744 131.075 160.342 139.853 143.148 90.346 141.889 125.366
42 113.481 104.014 225.207 105.051 150.789 145.078 128.269 87.793 103.939 134.145
43 81.201 156.183 245.082 180.761 164.476 166.361 99.453 8.228 59.017 112.646
44 151.59 113.424 231.081 166.807 111.418 101.692 112.789 47.548 123.275 134.025
45 108.182 108.918 270.369 113.189 137.458 137.314 141.036 183.588 108.835 136.412
46 123.294 145,515 257.269 172.426 134.744 103.6 113.677 6.109 73.259 166.255
47 106.622 157.706 232.749 202.219 141.785 115.774 177.609 119.197 89.664 92.881
48 128.668 120.16 274.946 187.516 135.944 118.289 135.702 64.997 126.533 137.127
49 107.67 100.127 202.588 92.058 104.479 120.304 143.571 5.519 61.52 113.882
50 118.225 113.856 225.256 104.675 103.472 99.99 112.144 4.168 105.017 171.512
51 97.928 100.68 170.187 117.823 88.518 91.858 128.154 124.43 96.06
52 77.138 88.231 101.494 154.076 151.816 149.185 161.799
53 129.506 135.986 69.417 114.173 126.593 117.106 93.708
54 75.19 140.534 136.213 125.817 133.216
55 72.824 90.973 108.515 117.589 133.311
56 88.47 147.447




Table A.70 Coefficient of restitution from test conbination 11111 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 150.61 55.89 0.61
2 151.13 56.61 0.61
3 151.41 58.64 0.62
4 154.58 59.64 0.62
5 159.28 58.14 0.60
6 151.90 55.90 0.61
7 153.82 59.45 0.62
8 151.62 55.57 0.61
9 157.90 58.60 0.61
10 155.61 56.86 0.60
11 155.87 57.10 0.61
12 151.68 55.59 0.61
13 159.91 61.40 0.62
14 157.18 57.41 0.60
15 154.28 56.78 0.61
16 157.34 57.89 0.61
17 157.11 59.37 0.61
18 159.97 58.84 0.61
19 157.83 57.60 0.60
20 155.91 57.92 0.61
21 157.80 57.82 0.61
22 152.28 58.88 0.62
23 154.43 57.81 0.61
24 156.68 60.34 0.62
25 154.30 56.74 0.61
26 153.45 56.26 0.61
27 154.74 57.90 0.61
28 153.69 56.39 0.61
29 156.48 60.26 0.62
30 154.04 56.48 0.61
31 153.08 56.55 0.61
32 153.01 56.03 0.61
33 150.70 55.35 0.61
34 155.38 58.00 0.61
35 158.29 60.88 0.62
36 154.25 57.04 0.61
37 154.41 56.74 0.61
38 154.66 59.67 0.62
39 151.29 55.48 0.61
40 158.00 58.10 0.61
41 157.01 60.47 0.62
42 155.85 57.66 0.61
43 157.51 57.96 0.61
44 154.96 57.31 0.61
45 156.09 60.12 0.62
46 160.16 58.40 0.60
47 154.36 57.04 0.61
48 159.18 61.16 0.62
49 154.48 56.68 0.61
5C 152.4¢ 55.8¢ 0.61
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Table A.71 Coefficient of restitution from test conbination 21111 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Retsitution Coefficient
1 150.61 55.89 0.61
2 151.13 56.61 0.61
3 151.41 58.64 0.62
4 154.58 59.64 0.62
5 159.28 58.14 0.60
6 151.90 55.90 0.61
7 153.82 59.45 0.62
8 151.62 55.57 0.61
9 157.90 58.60 0.61
10 155.61 56.86 0.60
11 155.87 57.10 0.61
12 151.68 55.59 0.61
13 159.91 61.40 0.62
14 157.18 57.41 0.60
15 154.28 56.78 0.61
16 157.34 57.89 0.61
17 157.11 59.37 0.61
18 159.97 58.84 0.61
19 157.83 57.60 0.60
20 155.91 57.92 0.61
21 157.80 57.82 0.61
22 152.28 58.88 0.62
23 154.43 57.81 0.61
24 156.68 60.34 0.62
25 154.30 56.74 0.61
26 153.45 56.26 0.61
27 154.74 57.90 0.61
28 153.69 56.39 0.61
29 156.48 60.26 0.62
30 154.04 56.48 0.61
31 153.08 56.55 0.61
32 153.01 56.03 0.61
33 150.70 55.35 0.61
34 155.38 58.00 0.61
35 158.29 60.88 0.62
36 154.25 57.04 0.61
37 154.41 56.74 0.61
38 154.66 59.67 0.62
39 151.29 55.48 0.61
40 158.00 58.10 0.61
41 157.01 60.47 0.62
42 155.85 57.66 0.61
43 157.51 57.96 0.61
44 154.96 57.31 0.61
45 156.09 60.12 0.62
46 160.16 58.40 0.60
47 154.36 57.04 0.61
48 159.18 61.16 0.62
49 154.48 56.68 0.61
50 152.4¢ 55.8¢ 0.61
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Table A.72 Coefficient of restitution from test conbination 31111 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 158.54 128.91 0.90
2 160.02 130.38 0.90
3 160.72 130.63 0.90
4 159.80 129.97 0.90
5 153.71 125.13 0.90
6 155.62 126.63 0.90
7 155.43 126.46 0.90
8 157.84 128.47 0.90
9 155.21 126.28 0.90
10 159.64 130.00 0.90
11 158.25 129.08 0.90
12 152.98 124.73 0.90
13 152.33 124.07 0.90
14 155.72 126.81 0.90
15 157.96 128.45 0.90
16 152.24 124.17 0.90
17 155.25 126.64 0.90
18 158.68 129.27 0.90
19 154.10 125.40 0.90
20 153.69 125.34 0.90
21 152.71 124.49 0.90
22 156.11 127.08 0.90
23 158.92 129.35 0.90
24 151.69 122.91 0.90
25 160.56 130.57 0.90
26 152.80 124.64 0.90
27 155.08 126.23 0.90
28 156.67 127.43 0.90
29 157.92 127.91 0.90
30 154.11 125.73 0.90
31 159.63 129.93 0.90
32 155.03 126.33 0.90
33 151.26 123.39 0.90
34 160.84 131.21 0.90
35 158.68 129.44 0.90
36 151.48 123.32 0.90
37 153.91 124.63 0.90
38 152.29 124.07 0.90
39 154.61 125.17 0.90
40 157.27 128.24 0.90
41 159.50 130.08 0.90
42 159.38 129.92 0.90
43 157.60 128.39 0.90
44 158.59 129.02 0.90
45 157.75 128.29 0.90
46 156.41 127.54 0.90
47 156.06 126.95 0.90
48 155.20 126.47 0.90
49 156.78 127.75 0.90
50 151.1¢ 123.1¢ 0.9C
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Table A.73 Coefficient of restitution from test conbination 12111 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 150.61 55.89 0.61
2 151.13 56.61 0.61
3 151.41 58.64 0.62
4 154.58 59.64 0.62
5 159.28 58.14 0.60
6 151.90 55.90 0.61
7 153.82 59.45 0.62
8 151.62 55.57 0.61
9 157.90 58.60 0.61
10 155.61 56.86 0.60
11 155.87 57.10 0.61
12 151.68 55.59 0.61
13 159.91 61.40 0.62
14 157.18 57.41 0.60
15 154.28 56.78 0.61
16 157.34 57.89 0.61
17 157.11 59.37 0.61
18 159.97 58.84 0.61
19 157.83 57.60 0.60
20 155.91 57.92 0.61
21 157.80 57.82 0.61
22 152.28 58.88 0.62
23 154.43 57.81 0.61
24 156.68 60.34 0.62
25 154.30 56.74 0.61
26 153.45 56.26 0.61
27 154.74 57.90 0.61
28 153.69 56.39 0.61
29 156.48 60.26 0.62
30 154.04 56.48 0.61
31 153.08 56.55 0.61
32 153.01 56.03 0.61
33 150.70 55.35 0.61
34 155.38 58.00 0.61
35 158.29 60.88 0.62
36 154.25 57.04 0.61
37 154.41 56.74 0.61
38 154.66 59.67 0.62
39 151.29 55.48 0.61
40 158.00 58.10 0.61
41 157.01 60.47 0.62
42 155.85 57.66 0.61
43 157.51 57.96 0.61
44 154.96 57.31 0.61
45 156.09 60.12 0.62
46 160.16 58.40 0.60
47 154.36 57.04 0.61
48 159.18 61.16 0.62
49 154.48 56.68 0.61
50 152.4¢ 55.8¢ 0.61

231



Table A.74 Coefficient of restitution from test conbination 13111 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 155.69 60.01 0.62
2 153.75 56.29 0.61
3 152.59 56.36 0.61
4 160.05 58.55 0.60
5 159.86 59.72 0.61
6 157.61 60.72 0.62
7 152.72 55.94 0.61
8 160.35 59.01 0.61
9 150.77 55.51 0.61
10 152.91 56.00 0.61
11 156.99 57.87 0.61
12 160.23 58.36 0.60
13 150.55 55.84 0.61
14 159.35 59.85 0.61
15 155.61 59.98 0.62
16 152.89 56.03 0.61
17 154.03 59.53 0.62
18 152.50 56.20 0.61
19 152.77 55.94 0.61
20 158.01 58.92 0.61
21 158.55 57.81 0.60
22 152.65 59.04 0.62
23 156.04 57.48 0.61
24 158.78 58.16 0.61
25 152.86 56.28 0.61
26 152.65 56.54 0.61
27 153.29 56.27 0.61
28 151.29 55.52 0.61
29 155.91 57.50 0.61
30 155.59 57.37 0.61
31 155.02 56.73 0.60
32 157.95 57.84 0.61
33 154.19 57.99 0.61
34 153.26 56.16 0.61
35 155.97 56.97 0.60
36 155.38 59.99 0.62
37 159.38 59.02 0.61
38 158.09 57.66 0.60
39 154.37 56.69 0.61
40 159.94 58.42 0.60
41 158.52 57.80 0.60
42 156.60 60.29 0.62
43 154.37 57.09 0.61
44 151.64 58.71 0.62
45 151.40 55.75 0.61
46 158.77 58.28 0.61
47 158.71 58.40 0.61
48 157.19 60.51 0.62
49 157.76 57.56 0.60
50 151.55 56.17 0.61
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Table A.75 Coefficient of restitution from test conbination 11211 for 1-sphere particle model.

Particle No. Initial Height, mm Rebound Height, mm Resitution Coefficient
1 153.91 56.48 0.61
2 153.68 59.19 0.62
3 160.61 58.74 0.60
4 153.55 56.61 0.61
5 156.65 58.13 0.61
6 155.43 56.69 0.60
7 159.58 57.98 0.60
8 157.89 58.03 0.61
9 159.16 57.94 0.60
10 158.57 58.79 0.61
11 152.12 55.61 0.60
12 151.82 55.66 0.61
13 154.12 56.34 0.60
14 155.92 56.80 0.60
15 156.07 56.96 0.60
16 154.17 56.86 0.61
17 155.68 59.25 0.62
18 152.28 55.90 0.61
19 153.37 56.04 0.60
20 156.54 57.53 0.61
21 158.78 60.94 0.62
22 154.75 56.47 0.60
23 154.12 56.50 0.61
24 160.28 61.41 0.62
25 152.64 56.30 0.61
26 151.59 55.41 0.60
27 158.87 60.88 0.62
28 151.67 55.46 0.60
29 153.71 57.12 0.61
30 152.67 56.42 0.61
31 157.40 57.57 0.60
32 156.18 60.02 0.62
33 151.80 55.86 0.61
34 151.96 58.67 0.62
35 158.91 59.05 0.61
36 155.71 59.92 0.62
37 157.46 57.30 0.60
38 154.34 56.29 0.60
39 155.92 57.35 0.61
40 157.24 57.40 0.60
41 154.67 56.42 0.60
42 151.15 58.38 0.62
43 151.03 56.13 0.61
44 155.71 57.08 0.61
45 157.77 58.75 0.61
46 159.68 58.77 0.61
47 152.60 55.81 0.60
48 153.33 56.56 0.61
49 154.88 57.04 0.61
5C 158.4¢ 58.3¢ 0.61
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Table A.76 Coefficient of restitution from test conbination 11311 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 155.63 58.07 0.61
2 155.76 56.80 0.60
3 154.69 57.22 0.61
4 160.04 58.17 0.60
5 160.20 58.18 0.60
6 160.37 58.29 0.60
7 155.77 57.91 0.61
8 153.83 56.15 0.60
9 152.02 55.59 0.60
10 154.64 57.27 0.61
11 156.46 57.26 0.60
12 157.07 57.40 0.60
13 159.67 58.01 0.60
14 153.22 56.25 0.61
15 156.45 57.66 0.61
16 152.82 55.84 0.60
17 158.26 57.68 0.60
18 155.81 56.91 0.60
19 158.49 57.73 0.60
20 160.37 58.25 0.60
21 155.89 56.87 0.60
22 159.39 59.05 0.61
23 160.65 58.59 0.60
24 154.92 57.29 0.61
25 160.68 59.00 0.61
26 159.29 58.12 0.60
27 154.64 56.83 0.61
28 160.25 58.72 0.61
29 156.18 57.33 0.61
30 155.46 57.17 0.61
31 159.18 58.52 0.61
32 154.14 57.01 0.61
33 158.64 57.85 0.60
34 158.27 59.88 0.62
35 152.24 56.08 0.61
36 151.16 55.55 0.61
37 151.61 55.59 0.61
38 157.66 57.91 0.61
39 160.35 58.24 0.60
40 158.57 58.44 0.61
41 158.41 57.63 0.60
42 157.68 57.49 0.60
43 153.42 56.14 0.60
44 153.47 56.07 0.60
45 156.68 60.18 0.62
46 152.37 55.74 0.60
47 158.38 58.05 0.61
48 159.29 58.04 0.60
49 158.27 58.67 0.61
5C 151.9( 58.61 0.6z
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Table A.77 Coefficient of restitution from test conbination 11121 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 159.73 57.36 0.60
2 151.15 56.19 0.61
3 151.54 55.20 0.60
4 155.72 56.97 0.60
5 156.14 56.41 0.60
6 159.84 58.66 0.61
7 160.59 58.24 0.60
8 152.49 56.35 0.61
9 156.50 57.67 0.61
10 155.18 58.58 0.61
11 160.92 58.38 0.60
12 155.71 57.02 0.61
13 151.09 55.03 0.60
14 157.29 58.56 0.61
15 158.20 57.04 0.60
16 154.87 57.56 0.61
17 158.05 58.27 0.61
18 153.34 56.66 0.61
19 153.99 58.03 0.61
20 153.96 56.90 0.61
21 157.24 56.75 0.60
22 154.30 58.78 0.62
23 157.02 58.18 0.61
24 153.53 56.12 0.60
25 153.52 56.39 0.61
26 153.40 57.72 0.61
27 154.76 58.39 0.61
28 154.65 56.77 0.61
29 152.30 56.32 0.61
30 158.46 57.09 0.60
31 158.14 57.90 0.61
32 152.62 55.79 0.60
33 154.91 57.33 0.61
34 154.96 57.87 0.61
35 157.53 59.20 0.61
36 160.06 57.59 0.60
37 151.31 55.24 0.60
38 157.66 56.72 0.60
39 153.61 56.53 0.61
40 156.23 57.27 0.61
41 152.64 56.33 0.61
42 154.11 56.02 0.60
43 158.87 59.14 0.61
44 155.51 58.83 0.62
45 160.43 59.36 0.61
46 159.26 58.74 0.61
47 156.28 56.66 0.60
48 159.29 60.43 0.62
49 153.77 55.77 0.60
50 159.7¢ 58.2( 0.6C
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Table A.78 Coefficient of restitution from test conbination 11131 for 1-sphere particle model.

Particle No. Initial Height, mm Rebound Height, mm Resitution Coefficient
1 159.68 59.43 0.61
2 159.78 61.26 0.62
3 154.44 55.83 0.60
4 153.90 56.32 0.60
5 160.93 58.95 0.61
6 152.53 56.48 0.61
7 160.53 58.35 0.60
8 153.17 56.52 0.61
9 158.13 59.19 0.61
10 152.22 57.70 0.62
11 157.14 58.54 0.61
12 153.60 54.57 0.60
13 153.21 57.59 0.61
14 160.58 59.46 0.61
15 160.23 60.74 0.62
16 157.91 57.80 0.61
17 157.46 59.56 0.61
18 158.22 56.97 0.60
19 155.13 57.74 0.61
20 160.60 57.45 0.60
21 160.89 59.08 0.61
22 151.39 56.93 0.61
23 159.04 59.49 0.61
24 153.80 55.36 0.60
25 160.93 60.76 0.61
26 157.71 56.97 0.60
27 160.11 59.48 0.61
28 156.39 58.54 0.61
29 158.91 57.30 0.60
30 160.07 58.92 0.61
31 155.80 57.37 0.61
32 158.50 60.06 0.62
33 157.73 58.86 0.61
34 153.43 56.40 0.61
35 153.54 58.30 0.62
36 151.36 57.97 0.62
37 158.34 57.46 0.60
38 154.35 58.28 0.61
39 151.98 57.39 0.61
40 157.19 59.47 0.62
41 151.35 57.56 0.62
42 156.63 56.15 0.60
43 159.28 59.35 0.61
44 157.57 59.25 0.61
45 156.63 58.41 0.61
46 158.32 60.20 0.62
47 158.40 57.93 0.60
48 158.34 58.87 0.61
49 158.41 60.75 0.62
50 160.7: 58.8( 0.6C
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Table A.79 Coefficient of restitution from test conbination 11112 for 1-sphere particle model.

Particle No. Initial Height, mm Rebound Height, mm Resitution Coefficient
1 159.22 60.00 0.61
2 160.47 60.38 0.61
3 158.87 55.22 0.59
4 159.16 55.64 0.59
5 159.61 55.71 0.59
6 152.11 57.80 0.62
7 156.17 59.02 0.61
8 155.88 55.70 0.60
9 155.69 54.09 0.59
10 156.16 59.17 0.62
11 158.13 59.69 0.61
12 154.86 54.84 0.60
13 158.26 59.67 0.61
14 159.58 60.43 0.62
15 151.21 57.46 0.62
16 158.05 56.83 0.60
17 160.65 60.48 0.61
18 151.59 52.62 0.59
19 156.08 58.98 0.61
20 156.40 56.98 0.60
21 155.39 58.76 0.61
22 151.41 52.48 0.59
23 152.49 54.17 0.60
24 157.79 55.31 0.59
25 151.11 57.87 0.62
26 155.40 58.76 0.61
27 152.42 57.84 0.62
28 151.08 57.47 0.62
29 151.61 57.54 0.62
30 153.52 53.23 0.59
31 152.75 53.23 0.59
32 152.48 52.86 0.59
33 157.05 54.67 0.59
34 156.51 55.73 0.60
35 157.22 59.38 0.61
36 155.13 55.60 0.60
37 160.72 55.45 0.59
38 160.65 60.53 0.61
39 151.50 53.44 0.59
40 154.72 58.54 0.62
41 153.17 58.37 0.62
42 158.55 55.94 0.59
43 157.77 59.68 0.62
44 157.83 54.67 0.59
45 154.07 58.99 0.62
46 153.74 53.30 0.59
47 156.58 59.30 0.62
48 155.03 58.64 0.62
49 152.88 55.07 0.60
50 151.04 52.4: 0.5¢
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Table A.80 Coefficient of restitution from test conbination 11113 for 1-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 155.44 59.28 0.62
2 160.26 55.09 0.59
3 156.54 58.12 0.61
4 153.96 58.69 0.62
5 157.22 58.93 0.61
6 156.60 55.20 0.59
7 156.37 57.82 0.61
8 156.27 59.53 0.62
9 152.97 52.92 0.59
10 160.78 60.13 0.61
11 158.18 57.95 0.61
12 160.75 54.27 0.58
13 151.09 55.59 0.61
14 156.62 58.21 0.61
15 153.15 57.19 0.61
16 153.80 58.10 0.61
17 151.28 56.17 0.61
18 159.19 58.40 0.61
19 156.56 58.65 0.61
20 160.61 61.14 0.62
21 155.76 52.72 0.58
22 153.70 56.35 0.61
23 151.69 56.45 0.61
24 155.85 57.08 0.61
25 153.24 56.70 0.61
26 152.56 56.12 0.61
27 152.85 56.22 0.61
28 157.48 57.53 0.60
29 155.88 57.96 0.61
30 151.50 51.84 0.58
31 159.10 60.08 0.61
32 160.47 58.93 0.61
33 152.37 55.95 0.61
34 156.60 59.66 0.62
35 151.28 56.20 0.61
36 153.03 56.13 0.61
37 156.75 53.35 0.58
38 157.85 57.92 0.61
39 157.64 57.64 0.60
40 157.78 58.44 0.61
41 156.54 58.05 0.61
42 156.28 58.54 0.61
43 153.20 56.18 0.61
44 151.94 56.56 0.61
45 159.87 58.96 0.61
46 158.95 59.01 0.61
47 159.21 58.93 0.61
48 158.94 59.41 0.61
49 153.15 57.58 0.61
50 157.5¢ 58.4¢ 0.61
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Table A.81 Coefficient of restitution from test conbination 11111 for 2-sphere particle model.

Particle No. Initial Height, mm Rebound Height, mm Resitution Coefficient
1 154.04 55.96 0.60
2 153.12 57.93 0.62
3 159.14 57.72 0.60
4 158.47 57.76 0.60
5 152.36 55.67 0.60
6 160.51 58.05 0.60
7 151.58 57.47 0.62
8 154.91 58.63 0.62
9 152.11 55.26 0.60
10 154.70 56.36 0.60
11 152.89 56.22 0.61
12 154.16 55.95 0.60
13 154.35 56.09 0.60
14 158.94 59.79 0.61
15 156.50 59.03 0.61
16 157.87 59.44 0.61
17 157.81 59.42 0.61
18 153.63 58.13 0.62
19 154.35 58.33 0.61
20 159.16 59.93 0.61
21 155.14 57.08 0.61
22 155.41 58.65 0.61
23 160.77 60.40 0.61
24 151.04 55.03 0.60
25 158.52 57.94 0.60
26 160.40 60.46 0.61
27 155.42 56.41 0.60
28 160.53 60.61 0.61
29 156.34 56.94 0.60
30 153.25 57.98 0.62
31 159.93 60.14 0.61
32 151.63 57.48 0.62
33 153.74 58.14 0.61
34 151.08 55.23 0.60
35 151.54 55.27 0.60
36 157.82 57.30 0.60
37 156.53 59.01 0.61
38 154.21 55.95 0.60
39 160.69 60.45 0.61
40 155.81 56.51 0.60
41 160.30 58.10 0.60
42 152.11 55.28 0.60
43 157.81 58.98 0.61
44 159.78 57.95 0.60
45 152.07 57.80 0.62
46 152.29 57.63 0.62
47 152.92 55.67 0.60
48 152.62 57.87 0.62
49 159.21 59.87 0.61
50 159.5: 60.0¢ 0.61
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Table A.82 Coefficient of restitution from test conbination 11111 for 3-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 156.64 56.83 0.60
2 158.59 59.80 0.61
3 159.58 60.12 0.61
4 152.59 55.34 0.60
5 158.08 58.13 0.61
6 156.94 57.82 0.61
7 153.22 55.53 0.60
8 154.35 56.01 0.60
9 152.29 57.87 0.62
10 159.16 57.99 0.60
11 157.74 57.78 0.61
12 155.96 58.96 0.61
13 154.29 55.86 0.60
14 160.76 58.54 0.60
15 152.78 57.97 0.62
16 158.49 59.85 0.61
17 152.32 55.93 0.61
18 156.24 57.77 0.61
19 160.31 58.04 0.60
20 157.19 57.36 0.60
21 152.60 57.89 0.62
22 158.06 55.33 0.59
23 158.62 57.45 0.60
24 158.53 57.49 0.60
25 159.02 60.07 0.61
26 154.53 58.46 0.62
27 157.64 57.22 0.60
28 154.08 52.41 0.58
29 153.28 55.69 0.60
30 160.07 58.22 0.60
31 152.15 57.70 0.62
32 152.95 55.44 0.60
33 151.20 56.03 0.61
34 157.38 59.39 0.61
35 156.25 56.56 0.60
36 158.99 59.96 0.61
37 156.29 56.55 0.60
38 155.91 56.59 0.60
39 158.17 57.43 0.60
40 155.65 58.87 0.61
41 155.69 56.36 0.60
42 156.99 56.86 0.60
43 157.02 59.27 0.61
44 159.15 58.10 0.60
45 157.14 56.79 0.60
46 153.64 56.33 0.61
47 160.53 57.91 0.60
48 158.98 58.20 0.61
49 154.84 58.64 0.62
50 151.9¢ 57.6¢ 0.6z
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Table A.83 Coefficient of restitution from test conbination 11111 for 4-sphere particle model.

Particle No. Initial Height, mm  Rebound Height, mm Resitution Coefficient
1 158.48 57.62 0.60
2 157.70 59.82 0.62
3 159.72 58.57 0.61
4 157.35 57.34 0.60
5 158.54 60.12 0.62
6 156.28 59.43 0.62
7 157.35 59.72 0.62
8 159.75 60.51 0.62
9 160.46 60.73 0.62
10 160.26 60.87 0.62
11 159.86 58.10 0.60
12 154.26 56.28 0.60
13 152.95 58.27 0.62
14 153.70 56.00 0.60
15 158.12 60.14 0.62
16 156.54 57.77 0.61
17 156.71 57.88 0.61
18 155.53 56.58 0.60
19 158.29 58.05 0.61
20 153.55 56.40 0.61
21 158.28 60.18 0.62
22 156.34 56.84 0.60
23 159.85 60.54 0.62
24 158.01 60.03 0.62
25 160.86 60.86 0.62
26 159.62 60.45 0.62
27 158.04 57.62 0.60
28 160.43 58.36 0.60
29 159.18 57.79 0.60
30 153.44 57.05 0.61
31 160.05 58.08 0.60
32 152.87 56.60 0.61
33 155.84 57.96 0.61
34 155.18 56.56 0.60
35 160.43 58.29 0.60
36 156.44 59.48 0.62
37 154.20 58.69 0.62
38 151.03 57.81 0.62
39 152.77 56.50 0.61
40 153.74 58.61 0.62
41 160.17 60.62 0.62
42 159.81 60.51 0.62
43 154.11 56.39 0.60
44 151.19 57.71 0.62
45 151.33 55.25 0.60
46 154.44 56.24 0.60
47 158.74 60.16 0.62
48 160.03 60.58 0.62
49 152.06 58.09 0.62
5C 160.1: 60.7¢ 0.62
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Table A.84 Bulk density results from all test comhiations.

Test Combination Run No. Total Mass, kg Bulk Density, kg:m™
1 0.737 668.03
1s 11111 2 0.740 670.84
3 0.737 668.12
1 0.729 660.69
1s 21111 2 0.730 660.96
3 0.728 659.51
1 0.759 687.51
1s_31111 2 0.757 686.06
3 0.759 687.78
1 0.746 676.18
1s_12111 2 0.749 678.54
3 0.751 680.17
1 0.732 663.41
1s 13111 2 0.739 669.12
3 0.733 664.50
1 0.751 680.44
1s 11211 2 0.751 679.99
3 0.750 679.81
1 0.724 655.89
1s_11311 2 0.725 656.61
3 0.726 657.34
1 0.738 668.57
1s_11121 2 0.738 668.21
3 0.738 668.75
1 0.737 667.30
1s 11131 2 0.743 672.74
3 0.741 671.74
1 0.743 673.28
1s 11112 2 0.738 668.94
3 0.742 672.11
1 0.751 679.99
1s_11113 2 0.751 680.17
3 0.750 679.63
1 0.746 676.00
2s_11111 2 0.746 676.18
3 0.744 674.46
1 0.744 673.74
3s_11111 2 0.745 675.01
3 0.743 672.92
1 0.742 671.93
4s_ 11111 2 0.742 672.56
3 0.743 673.10
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Table A.84 Bulk density results from all test combiations. (cont.)

Test Combination Run No. Total Mass, kg Bulk Density, kg:m™
1 0.740 670.38
1s 41111 2 0.743 673.10
3 0.742 671.83
1 0.751 680.17
1s 51111 2 0.749 678.81
3 0.750 679.35
1 0.755 683.88
1s_11231 2 0.753 682.34
3 0.752 680.90
1 0.751 680.71
1s_11232 2 0.755 683.79
3 0.754 682.89
1 0.763 691.50
1s 11233 2 0.751 680.80
3 0.754 682.98
1 0.773 699.92
1s 12233 2 0.769 696.75
3 0.769 697.02
1 0.750 679.54
1s_14231 2 0.753 682.62
3 0.751 680.08
1 0.751 680.35
1s_14232 2 0.754 682.80
3 0.753 682.16
1 0.763 690.86
1s 14233 2 0.762 690.77
3 0.761 689.77
1 0.765 692.76
1s 15233 2 0.768 695.66
3 0.764 692.31
1 0.764 692.40
1s_16233 2 0.767 694.49
3 0.766 694.30
1 0.767 695.21
1s_17233 2 0.767 694.67
3 0.769 696.30

243



Table A.85 Angle of repose results from all test eobinations.

Start Time of Particle Angle of

Test Combination  Run No. Falling, s Repose, deg
1 0.355 31.95
2 0.347 31.23
3 0.356 32.04
1s 11111 4 0.350 31.50
5 0.347 31.23
6 0.347 31.23
7 0.348 31.32
1 0.342 30.78
2 0.352 31.68
3 0.368 33.12
1s 21111 4 0.362 32.58
5 0.365 32.85
6 0.365 32.85
7 0.359 32.31
1 0.404 36.36
2 0.418 37.62
3 0.416 37.44
1s 31111 4 0.415 37.35
5 0.418 37.62
6 0.410 36.90
7 0.410 36.90
1 0.361 32.49
2 0.359 32.31
3 0.331 29.79
1s 12111 4 0.347 31.23
5 0.368 33.12
6 0.334 30.06
7 0.350 31.50
1 0.390 35.10
2 0.440 39.60
3 0.405 36.45
1s 13111 4 0.420 37.80
5 0.405 36.45
6 0.425 38.25
7 0.420 37.80
1 0.343 30.87
2 0.346 31.14
3 0.334 30.06
1s 11211 4 0.335 30.15
5 0.335 30.15
6 0.335 30.15
7 0.346 31.14
1 0.379 34.11
2 0.389 35.01
3 0.386 34.74
1s 11311 4 0.404 36.36
5 0.397 35.73
6 0.382 34.38
7 0.407 36.63
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Table A.85 Angle of repose results from all test enbinations. (cont.)

Start Time of Particle Angle of

Test Combination  Run No. Falling, s Repose, deg
1 0.316 28.44
2 0.328 29.52
3 0.323 29.07
1s_11121 4 0.327 29.43
5 0.330 29.70
6 0.332 29.88
7 0.323 29.07
1 0.347 31.23
2 0.361 32.49
3 0.361 32.49
1s_11131 4 0.379 34.11
5 0.379 34.11
6 0.353 31.77
7 0.359 32.31
1 0.354 31.86
2 0.354 31.82
3 0.340 30.56
1s_11112 4 0.346 31.14
5 0.351 31.59
6 0.355 31.92
7 0.347 31.26
1 0.369 33.21
2 0.356 32.04
3 0.352 31.68
1s_11113 4 0.371 33.39
5 0.369 33.21
6 0.363 32.66
7 0.367 33.05
1 0.323 29.07
2 0.321 28.89
3 0.328 29.52
2s_11111 4 0.322 28.98
5 0.328 29.52
6 0.326 29.34
7 0.329 29.61
1 0.313 28.17
2 0.319 28.71
3 0.325 29.25
3s_11111 4 0.322 28.98
5 0.331 29.79
6 0.329 29.61
7 0.326 29.34
1 0.317 28.53
2 0.316 28.44
3 0.355 31.95
4s_ 11111 4 0.325 29.25
5 0.325 29.25
6 0.322 28.98
7 0.328 29.52
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Table A.85 Angle of repose results from all test enbinations. (cont.)

Start Time of Particle Angle of

Test Combination  Run No. Falling, s Repose, deg
1 0.349 31.44
2 0.345 31.08
3 0.340 30.63
1s 11231 4 0.351 31.62
5 0.355 31.92
6 0.356 32.01
7 0.356 32.07
1 0.373 33.54
2 0.363 32.64
3 0.351 31.62
1s 11232 4 0.356 32.04
5 0.354 31.89
6 0.354 31.83
7 0.350 31.47
1 0.362 32.55
2 0.360 32.40
3 0.355 31.96
1s 11233 4 0.341 30.69
5 0.347 31.26
6 0.357 32.13
7 0.359 32.28
1 0.309 27.82
2 0.312 28.05
3 0.322 29.01
1s 12233 4 0.323 29.05
5 0.326 29.32
6 0.315 28.35
7 0.313 28.17
1 0.365 32.85
2 0.375 33.78
3 0.370 33.33
1s 14231 4 0.367 33.00
5 0.368 33.12
6 0.371 33.36
7 0.361 32.52
1 0.343 30.84
2 0.351 31.56
3 0.334 30.09
1s 14232 4 0.344 30.99
5 0.349 31.38
6 0.346 31.17
7 0.347 31.20
1 0.355 31.98
2 0.363 32.70
3 0.380 34.23
1s 14233 4 0.364 32.80
5 0.378 33.99
6 0.373 33.54
7 0.388 34.89
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Table A.85 Angle of repose results from all test enbinations. (cont.)

Start Time of Particle Angle of

Test Combination  Run No. Falling, s Repose, deg
1 0.349 31.44
2 0.352 31.69
3 0.345 31.09
1s_15233 4 0.344 30.99
5 0.337 30.33
6 0.349 31.44
7 0.349 31.44
1 0.347 31.27
2 0.330 29.74
3 0.345 31.08
1s_16233 4 0.344 30.96
5 0.342 30.81
6 0.347 31.26
7 0.345 31.09
1 0.323 29.10
2 0.315 28.38
3 0.321 28.92
1s_17233 4 0.319 28.74
5 0.327 29.43
6 0.325 29.22
7 0.325 29.25
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Data for Chapter 6

Table A.86 Test weights of red and clear soybeanrsples used in the experiment.

Red Soybeans Clear Soybeans

Bag No. TestNo. Test Weight, Ib-bu"  Test Weight, kg-mi®  Test Weight, Ib-bi'  Test Weight, kg-m®
1 1 54.53 701.80 56.51 727.28
1 2 54.66 703.47 56.61 728.57
1 3 54.88 706.31 56.77 730.63
2 1 54.18 697.30 56.51 727.28
2 2 54.27 698.45 56.48 726.90
2 3 54.27 698.45 56.48 726.90
3 1 54.21 697.68 56.58 728.18
3 2 54.27 698.45 56.74 730.24
3 3 54.43 700.51 56.58 728.18
4 1 54.78 705.02 56.83 731.40
4 2 54.72 704.25 56.58 728.18
4 3 54.72 704.25 56.80 731.02
5 1 54.05 695.62 56.61 728.57
5 2 54.34 699.36 56.61 728.57
5 3 54.27 698.45 56.67 729.34
5 4 54.56 702.19
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Table A.87 Moisture content of red and clear soybeasamples used in the experiment.

Red Soybeans

Clear Soybeans

Bag No. Test No. Initial Mass, g Final Mass, g Moisture Content, % wb hitial Mass, g Final Mass, g Moisture Content, % wb
1 1 16.815 15.183 9.706 16.563 14.951 9.733
1 2 16.633 15.028 9.649 16.556 14.945 9.731
1 3 15.078 13.612 9.723 15.291 13.793 9.797
2 1 15.923 14.331 9.998 15.034 13.435 10.636
2 2 16.298 14.661 10.044 16.298 14.564 10.639
2 3 16.120 14.495 10.081 15.224 13.597 10.687
3 1 16.296 14.753 9.469 16.217 14.573 10.138
3 2 15.507 14.036 9.486 15.170 13.631 10.145
3 3 15.252 13.810 9.454 15.046 13.520 10.142
4 1 15.945 14.418 9.577 15.591 14.001 10.198
4 2 18.389 16.629 9.571 16.321 14.655 10.208
4 3 15.753 14.238 9.617 17.383 15.711 9.619
5 1 14.997 13.500 9.982 16.544 14.904 9.913
5 2 16.340 14.721 9.908 15.266 13.752 9.917
5 3 16.888 15.194 10.031 17.587 15.847 9.894

Table A.88 Percentages of foreign materials, spliteind damaged kernels of red and clear soybean satep used in the experiment.

Material Red Soybeans Clear Soybeans
Test No. 1 2 5 2 3 4 5
Initial Mass, g 1000.5 1002.0 1006.5 1000.5 1000.5 1000.5 1013.5 1004.0 1.300 1010.5
Coarse Foreigr Mass of Coarse FM, g 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.11 0.00 0.00
Material (FM) Coarse FM, % 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00
Initial Mass, g 124.85 129.23 128.71 129.07 124.31 123.38 128.23 12525 5429 128.12
Fine Foreign Mass of Fine FM, g 0.05 0.05 0.01 0.04 0.02 0.02 0.02 0.01 0 0.02
Material (FM) Fine FM, % 0.04 0.04 0.01 0.03 0.02 0.02 0.02 0.01 0.00 0.02
Initial Mass, g 124.8 129.18 128.7 129.03 124.29 123.36 128.21 125.24 4295 128.1
Mass of Splits, g 1.45 1.72 151 1.16 1.25 0.49 0.35 0.57 0.25 0.42
Splits Splits, % 1.16 1.33 1.17 0.90 1.01 0.40 0.27 0.46 0.19 0.33
Initial Mass, g 124.8 129.18 128.7 129.03 124.29 123.36 128.21 125.24 4295 128.1
Damaged Mass of Damaged Kernels, g 0.69 0.48 0.34 0.3 0.33 1.01 1.73 1.41 2.55 0.99
Kernels Damaged Kernels, % 1.16 1.33 1.17 0.90 1.01 0.40 0.27 0.46 0.19 0.33
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Table A.89 Thousand-kernel-weight (TKW) of red andclear soybean samples used in the experiment.

Red Soybeans

Clear Soybeans

Mass of Whole Seed Count Seed Count Seed Count per TKW, g per Mass of Whole Seed Count Seed Count Seed Count pel TKW, g per
Test No.  Soybean, g per Sample Per Gram 1000-Gram 1000 kernels Soybean, g per Sample Per Gram 1000-Gram 1000 kernels
1 25.24 156.0 6.2 6181 161.8 25.16 175.0 7.0 6955 143.8
2 25.21 156.0 6.2 6188 161.6 25.96 193.0 7.4 7435 1345
3 25.58 155.0 6.1 6059 165.0 28.95 210.0 7.3 7254 137.9
4 27.00 170.0 6.3 6296 158.8 25.09 175.0 7.0 6975 143.4
5 25.74 170.0 6.6 6605 151.4 25.24 187.0 7.4 7409 135.0

Table A.90 Summary of soybean grading for red andlear soybean samples used in the experiment.
Red Soybeans Clear Soybeans
Grading Test Mean SD Grade Mean SD Grade

Test Weight, Ib-bi 54.446 0.250 US Grade 1 56.624 0.115 US Grade 1

Test Weight, kg-r’ﬁ 700.723 3.212 US Grade 1 728.751 1.476 US Grade 1
Damaged Kernels, % 0.337 0.131 US Grade 1 1.207 0.486 US Grade 1

Foreign Material, % 0.030 0.013 US Grade 1 0.013 0.008 US Grade 1

Splits, % 1.114 0.167 US Grade 1 0.329 0.103 US Grade 1

Soybeans of other colors, 0.00c¢ 0.00c US Grade 0.00c 0.00c US Grade




Table A.91 Particle density of red soybean samplesed in the experiment.

Particle
Volume, Density,

Bag No. TestNo. Mass, g cm’ gcm®
1 11.40 9.16 1.24

1 2 11.39 9.14 1.25
3 10.92 8.78 1.24

1 10.32 8.31 1.24

2 2 11.13 8.94 1.25
3 11.31 9.09 1.24

1 11.03 8.90 1.24

3 2 11.02 8.84 1.25
3 11.24 9.06 1.24

1 11.45 9.23 1.24

4 2 11.29 9.04 1.25
3 11.66 9.37 1.24

1 11.28 9.09 1.24

5 2 11.01 8.85 1.24
3 10.81 8.68 1.25

Table A.92 Particle density of clear soybean sampaised in the experiment.

Particle
Volume,  Density,

Bag No. TestNo. Mass, g cm’ gcm®
1 11.40 9.16 1.24

1 2 11.39 9.14 1.25
3 10.92 8.78 1.24

1 10.32 8.31 1.24

2 2 11.13 8.94 1.25
3 11.31 9.09 1.24

1 11.03 8.90 1.24

3 2 11.02 8.84 1.25
3 11.24 9.06 1.24

1 11.45 9.23 1.24

4 2 11.29 9.04 1.25
3 11.66 9.37 1.24

1 11.28 9.09 1.24

5 2 11.01 8.85 1.24
3 10.81 8.68 1.25

251



Table A.93 Material flow rate of clear soybeans dung experiment®

Test No. Initial Mass, kg Total Handling Time, min Material Flow Rate, t-h'
1 539.26 8.86 3.65
2 492.00 9.23 3.20
3 535.40 9.28 3.46
4 543.35 10.16 3.21
5 709.70 12.15 3.51
Mean 563.94 9.93 3.41
SD 84.07 1.33 0.20

&' Material mass was measured using platform weighade.

Table A.94 Residual grain height and mass of cleaoybeans after handling tests.

Residual Grain Height, mm Residual Grain
Test No. LHS RHS Mass (kg)
Clear Soybeans

1 127.00 95.25 2.45

2 127.00 95.25 2.45

3 127.00 95.25 2.50

4 127.00 98.43 2.50

5 127.00 96.27 2.50
Mean 127.00 96.09 2.48

SD 0.00 1.38 0.02

Table A.95 Mean, minimum, and maximum mass of redrad total soybean samples from five experiments.

Red Soybean Mass in Total

Test Run Total Sample Mass, g Sample, g
No. Mean Min Max Mean Min Max
1 192.86 127.38 214.35 0.91 0.00 9.17
2 184.50 167.85 200.40 0.70 0.00 7.49
3 181.33 169.82 195.92 0.28 0.00 1.61
4 174.94 159.59 201.04 0.17 0.00 0.69
5 185.67 170.88 199.07 0.09 0.00 0.38
Mean 183.86 159.10 202.16 0.43 0.00 3.87
SD 6.53 18.28 7.10 0.36 0.00 4.14
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Table A.96 Instantaneous commingling during test ra no. 1.

Actual
Sampling Actual Instantaneous
Sample Time Sampling Time, Sample Mass, Red Soybean Commingling

No. Interval, s min g Mass, g (%)

1 4 0.07 196.45 9.17 4.67

2 17 0.35 190.69 1.57 0.82

3 17 0.63 192.16 1.19 0.62

4 17 0.92 201.70 0.69 0.34

5 17 1.20 206.50 0.48 0.23

6 16 1.47 200.65 0.49 0.24

7 17 1.75 204.96 0.31 0.15

8 32 2.28 187.40 0.00 0.00

9 32 2.82 189.92 0.00 0.00
10 32 3.35 199.61 0.00 0.00
11 32 3.88 214.35 0.15 0.07
12 33 4.43 186.55 0.00 0.00
13 58 5.40 193.52 0.10 0.05
14 63 6.45 127.38 0.18 0.14
15 63 7.50 192.14 0.00 0.00
16 62 8.53 201.79 0.15 0.07

Table A.97 Instantaneous commingling during test ra no. 2.

Actual
Sampling Actual Instantaneous
Sample Time Sampling Time, Sample Mass, Red Soybean Commingling

No. Interval, s min g Mass, g (%)

1 4 0.07 180.70 7.49 4.14

2 16 0.33 185.04 1.35 0.73

3 17 0.62 167.85 0.93 0.55
4 16 0.88 197.09 0.41 0.21

5 17 1.17 182.44 0.16 0.09

6 16 1.43 200.40 0.16 0.08

7 17 1.72 186.42 0.32 0.17

8 33 2.27 177.86 0.00 0.00

9 31 2.78 188.33 0.00 0.00
10 32 3.32 189.26 0.00 0.00
11 31 3.83 173.45 0.00 0.00
12 32 4.37 190.95 0.30 0.16
13 61 5.38 178.29 0.14 0.08
14 63 6.43 186.40 0.00 0.00
15 62 7.47 178.26 0.00 0.00
16 63 8.52 189.30 0.00 0.00
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Table A.98 Instantaneous commingling during test ra no. 3.

Actual
Sampling Actual Instantaneous
Sample Time  Sampling Time, Sample Mass Red Soybean Commingling

No. Interval, s min g Mass, g (%)

1 5 0.08 177.07 7.02 3.96
2 16 0.35 171.98 1.61 0.94
3 16 0.62 182.65 1.01 0.55
4 17 0.90 173.97 0.61 0.35
5 17 1.18 169.82 0.20 0.12
6 16 1.45 170.76 0.27 0.16
7 17 1.73 188.14 0.00 0.00
8 17 2.02 191.29 0.16 0.08
9 32 2.55 195.18 0.22 0.11
10 32 3.08 175.11 0.00 0.00
11 39 3.73 179.18 0.05 0.03
12 32 4.27 184.18 0.17 0.09
13 32 4.80 174.76 0.00 0.00
14 31 5.32 173.75 0.12 0.07
15 61 6.33 182.96 0.00 0.00
16 62 7.37 195.92 0.00 0.00
17 63 8.42 191.56 0.00 0.00

Table A.99 Instantaneous commingling during test ra no. 4.

Actual
Sampling Actual Instantaneous
Sample Time  Sampling Time, Sample Mass Red Soybean Commingling

No. Interval, s min g Mass, g (%)

1 6 0.10 187.15 8.71 4.65
2 16 0.37 170.95 1.23 0.72
3 16 0.63 162.85 0.25 0.15
4 16 0.90 182.48 0.69 0.38
5 16 1.17 171.85 0.24 0.14
6 16 1.43 163.66 0.42 0.26
7 16 1.70 168.54 0.26 0.15
8 16 1.97 181.60 0.40 0.22
9 32 2.50 167.41 0.00 0.00
10 32 3.03 174.50 0.10 0.06
11 31 3.55 161.53 0.00 0.00
12 32 4.08 175.89 0.11 0.06
13 32 4.62 179.74 0.24 0.13
14 32 5.15 178.43 0.18 0.10
15 31 5.67 174.44 0.00 0.00
16 59 6.65 201.04 0.00 0.00
17 63 7.70 159.59 0.00 0.00
18 62 8.73 176.46 0.00 0.00
19 63 9.78 181.95 0.00 0.00
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Table A.100 Instantaneous commingling during testun no. 5.

Actual
Sampling Actual Instantaneous
Sample Time  Sampling Time, Sample Mass, Red Soybean Commingling

No. Interval, s min g Mass, g (%)

1 4 0.20 189.70 7.20 3.80
2 17 0.40 187.44 1.96 1.05
3 17 0.60 188.18 1.52 0.81
4 17 0.80 182.18 0.49 0.27
5 17 1.00 170.88 0.15 0.09
6 17 1.20 192.79 0.26 0.13
7 16 1.38 184.45 0.00 0.00
8 17 1.58 199.07 0.19 0.10
9 32 2.03 181.57 0.19 0.10
10 32 2.48 184.63 0.09 0.05
11 32 2.93 186.05 0.12 0.06
12 32 3.38 185.05 0.38 0.21
13 36 3.90 187.03 0.00 0.00
14 32 4.35 192.42 0.00 0.00
15 61 5.28 191.73 0.00 0.00
16 62 6.23 180.96 0.00 0.00
17 63 7.20 175.15 0.00 0.00
18 63 8.17 189.82 0.00 0.00
19 62 9.12 181.56 0.00 0.00
20 63 10.08 187.54 0.00 0.00
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Table A.101 Mean instantaneous commingling for fivexperimental test runs.

Mean Actual Mean Actual Mean Red Instantaneous
Sample Sampling Time Sampling Time, Mean Sample  Soybean Commingling

No. Interval, s min Mass, g Mass, g (%)

1 5 0.08 186.21 7.92 4.25
2 16 0.35 181.22 1.54 0.85
3 17 0.63 178.74 0.98 0.54
4 17 0.90 187.48 0.58 0.31
5 17 1.18 180.30 0.25 0.13
6 16 1.45 185.65 0.32 0.17
7 17 1.73 186.50 0.18 0.10
8 23 2.11 187.44 0.15 0.08
9 32 2.64 184.48 0.08 0.04
10 32 3.18 184.62 0.04 0.02
11 33 3.73 182.91 0.06 0.03
12 32 4.26 184.52 0.19 0.10
13 44 4.99 182.67 0.10 0.05
14 44 5.73 171.68 0.10 0.06
15 56 6.66 183.91 0.00 0.00
16 62 7.68 193.80 0.03 0.01
17 63 8.73 175.43 0.00 0.00
18 63 9.78 183.14 0.00 0.00
19 63 10.82 181.76 0.00 0.00
20 63 11.87 187.54 0.00 0.00
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Table A.102 Average commingling during test run nol.

Actual Actual Instantaneous Red Soybeans Running Total of
Sample Sampling Time Sampling  Commingling, on Load Mass, Load Mass?, Red Soybeans o Running Total Average
No. Interval, s Time, min % g g Load Mass, g of Load Mass, g Commingling, %
1 4 0.07 4.67 710.47 15220.55 710.47 15220.55 4.67
2 17 0.35 0.82 142.02 17249.96 852.50 32470.52 2.63
3 17 0.63 0.62 106.82 17249.96 959.32 49720.48 1.93
4 17 0.92 0.34 59.01 17249.96 1018.33 66970.44 1.52
5 17 1.20 0.23 40.10 17249.96 1058.43 84220.40 1.26
6 16 1.47 0.24 39.65 16235.26 1098.08 100455.66 1.09
7 17 1.75 0.15 26.09 17249.96 1124.17 117705.62 0.96
8 32 2.28 0.00 0.00 32470.52 1124.17 150176.14 0.75
9 32 2.82 0.00 0.00 32470.52 1124.17 182646.66 0.62
10 32 3.35 0.00 0.00 32470.52 1124.17 215117.17 0.52
11 32 3.88 0.07 22.72 32470.52 1146.89 247587.69 0.46
12 33 4.43 0.00 0.00 33485.22 1146.89 281072.91 0.41
13 58 5.40 0.05 30.41 58852.81 1177.30 339925.72 0.35
14 63 6.45 0.14 90.33 63926.33 1267.64 403852.05 0.31
15 63 7.50 0.00 0.00 63926.33 1267.64 467778.38 0.27
16 62 8.53 0.07 46.77 62911.63 1314.40 530690.00 0.25

& Mass flow rate of clear soybeans for test 1 i4 k@s™.
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Table A.103Average commingling during test run no. 2.

Actual Actual Instantaneous Red Soybeans Running Total of
Sample Sampling Time Sampling  Commingling, on Load Mass, Load Masd¥, Red Soybeans oI Running Total Average
No. Interval, s Time, min % g g Load Mass, g of Load Mass, g Commingling, %
1 4 0.07 4.14 672.95 16235.26 672.95 16235.26 4.14
2 16 0.33 0.73 118.45 16235.26 791.40 32470.52 2.44
3 17 0.62 0.55 95.58 17249.96 886.97 49720.48 1.78
4 16 0.88 0.21 33.77 16235.26 920.75 65955.74 1.40
5 17 1.17 0.09 15.13 17249.96 935.88 83205.70 1.12
6 16 1.43 0.08 12.96 16235.26 948.84 99440.96 0.95
7 17 1.72 0.17 29.61 17249.96 978.45 116690.92 0.84
8 33 2.27 0.00 0.00 33485.22 978.45 150176.14 0.65
9 31 2.78 0.00 0.00 31455.81 978.45 181631.95 0.54
10 32 3.32 0.00 0.00 32470.52 978.45 214102.47 0.46
11 31 3.83 0.00 0.00 31455.81 978.45 245558.28 0.40
12 32 4.37 0.16 51.01 32470.52 1029.46 278028.80 0.37
13 61 5.38 0.08 48.60 61896.92 1078.07 339925.72 0.32
14 63 6.43 0.00 0.00 63926.33 1078.07 403852.05 0.27
15 62 7.47 0.00 0.00 62911.63 1078.07 466763.67 0.23
16 63 8.52 0.00 0.00 63926.33 1078.07 530690.00 0.20

[ Mass flow rate of clear soybeans for test 2 i9 Gu@s ™.
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Table A.104 Average commingling during test run no3.

Actual Actual Instantaneous Red Soybeans Running Total of
Sample Sampling Time Sampling  Commingling, on Load Mass, Load Mass¥, Red Soybeans o Running Total Average
No. Interval, s Time, min % g g Load Mass, g of Load Mass, g Commingling, %
1 5 0.08 3.96 643.65 16235.26 643.65 16235.26 3.96
2 16 0.35 0.94 151.99 16235.26 795.64 32470.52 2.45
3 16 0.62 0.55 89.78 16235.26 885.42 48705.77 1.82
4 17 0.90 0.35 60.48 17249.96 945.90 65955.74 1.43
5 17 1.18 0.12 20.32 17249.96 966.22 83205.70 1.16
6 16 1.45 0.16 25.67 16235.26 991.89 99440.96 1.00
7 17 1.73 0.00 0.00 17249.96 991.89 116690.92 0.85
8 17 2.02 0.08 14.43 17249.96 1006.31 133940.88 0.75
9 32 2.55 0.11 36.60 32470.52 1042.91 166411.40 0.63
10 32 3.08 0.00 0.00 32470.52 1042.91 198881.91 0.52
11 39 3.73 0.03 11.04 39573.44 1053.96 238455.36 0.44
12 32 4.27 0.09 29.97 32470.52 1083.93 270925.87 0.40
13 32 4.80 0.00 0.00 32470.52 1083.93 303396.39 0.36
14 31 5.32 0.07 21.72 31455.81 1105.65 334852.20 0.33
15 61 6.33 0.00 0.00 61896.92 1105.65 396749.12 0.28
16 62 7.37 0.00 0.00 62911.63 1105.65 459660.75 0.24
17 63 8.42 0.00 0.00 63926.33 1105.65 523587.08 0.21

& Mass flow rate of clear soybeans for test 3 i Gu§s™.
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Table A.105Average commingling during test run no. 4.

Actual Actual Instantaneous Red Soybeans Running Total of
Sample Sampling Time Sampling  Commingling, on Load Mass, Load Mass?, Red Soybeans o Running Total Average
No. Interval, s Time, min % g g Load Mass, g of Load Mass, g Commingling, %
1 6 0.10 4.65 755.59 16235.26 755.59 16235.26 4.65
2 16 0.37 0.72 116.81 16235.26 872.41 32470.52 2.69
3 16 0.63 0.15 24.92 16235.26 897.33 48705.77 1.84
4 16 0.90 0.38 61.39 16235.26 958.72 64941.03 1.48
5 16 1.17 0.14 22.67 16235.26 981.39 81176.29 1.21
6 16 1.43 0.26 41.66 16235.26 1023.06 97411.55 1.05
7 16 1.70 0.15 25.05 16235.26 1048.10 113646.81 0.92
8 16 1.97 0.22 35.76 16235.26 1083.86 129882.07 0.83
9 32 2.50 0.00 0.00 32470.52 1083.86 162352.58 0.67
10 32 3.03 0.06 18.61 32470.52 1102.47 194823.10 0.57
11 31 3.55 0.00 0.00 31455.81 1102.47 226278.91 0.49
12 32 4.08 0.06 20.31 32470.52 1122.78 258749.43 0.43
13 32 4.62 0.13 43.36 32470.52 1166.13 291219.94 0.40
14 32 5.15 0.10 32.76 32470.52 1198.89 323690.46 0.37
15 31 5.67 0.00 0.00 31455.81 1198.89 355146.27 0.34
16 59 6.65 0.00 0.00 59867.51 1198.89 415013.79 0.29
17 63 7.70 0.00 0.00 63926.33 1198.89 478940.12 0.25
18 62 8.73 0.00 0.00 62911.63 1198.89 541851.74 0.22
19 63 9.78 0.00 0.00 63926.33 1198.89 605778.07 0.20

[ Mass flow rate of clear soybeans for test 4 i9 Gugs™.
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Table A.106 Average commingling during test run no5.

Actual Actual Instantaneous Red Soybeans Running Total of
Sample Sampling Time Sampling  Commingling, on Load Mass, Load Masd¥, Red Soybeans o Running Total Average
No. Interval, s Time, min % g g Load Mass, g of Load Mass, g Commingling, %
1 4 0.07 3.80 654.72 17249.96 654.72 17249.96 3.80
2 17 0.35 1.05 180.38 17249.96 835.09 34499.92 2.42
3 17 0.63 0.81 139.33 17249.96 974.43 51749.89 1.88
4 17 0.92 0.27 46.40 17249.96 1020.82 68999.85 1.48
5 17 1.20 0.09 15.14 17249.96 1035.97 86249.81 1.20
6 17 1.48 0.13 23.26 17249.96 1059.23 103499.77 1.02
7 16 1.75 0.00 0.00 16235.26 1059.23 119735.03 0.88
8 17 2.03 0.10 16.46 17249.96 1075.69 136984.99 0.79
9 32 2.57 0.10 33.98 32470.52 1109.67 169455.51 0.65
10 32 3.10 0.05 15.83 32470.52 1125.50 201926.02 0.56
11 32 3.63 0.06 20.94 32470.52 1146.44 234396.54 0.49
12 32 4.17 0.21 66.68 32470.52 1213.12 266867.06 0.45
13 36 4.77 0.00 0.00 36529.33 1213.12 303396.39 0.40
14 32 5.30 0.00 0.00 32470.52 1213.12 335866.91 0.36
15 61 6.32 0.00 0.00 61896.92 1213.12 397763.83 0.30
16 62 7.35 0.00 0.00 62911.63 1213.12 460675.45 0.26
17 63 8.40 0.00 0.00 63926.33 1213.12 524601.78 0.23
18 63 9.45 0.00 0.00 63926.33 1213.12 588528.11 0.21
19 62 10.48 0.00 0.00 62911.63 1213.12 651439.74 0.19
20 63 11.53 0.00 0.00 63926.33 1213.12 715366.07 0.17

& Mass flow rate of clear soybeans for test 5 i§ Gu@s™.
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Table A.107 Mean average commingling for five exp@nental test runs.

Mean Mean Running
Mean Actual Mean Actual Instantaneous  Mean Red Total of Red  Mean Running
Sample Sampling Time Sampling  Commingling, Soybeans on Mean Load Soybeans on  Total of Load Mean Average
No. Interval, s Time, min % Load Mass, g Mass?, g Load Mass, g Mass, g Commingling, %
1 5 0.08 4.25 687.48 16235.26 687.48 16235.26 4.25
2 16 0.35 0.85 141.93 16641.14 829.41 32876.40 2.52
3 17 0.63 0.54 91.29 16844.08 920.69 49720.48 1.85
4 17 0.90 0.31 52.21 16844.08 972.90 66564.56 1.46
5 17 1.18 0.13 22.67 17047.02 995.58 83611.58 1.19
6 16 1.45 0.17 28.64 16438.20 1024.22 100049.78 1.02
7 17 1.73 0.10 16.15 16844.08 1040.37 116893.86 0.89
8 23 2.11 0.08 13.33 23338.18 1053.70 140232.04 0.75
9 32 2.64 0.04 14.12 32267.58 1067.81 172499.62 0.62
10 32 3.18 0.02 6.89 32470.52 1074.70 204970.14 0.53
11 33 3.73 0.03 10.94 33485.22 1085.64 238455.36 0.46
12 32 4.26 0.10 33.59 32673.46 1119.24 271128.81 0.41
13 44 4.99 0.05 24.47 44444.02 1143.71 315572.83 0.36
14 44 5.73 0.06 28.96 44849.90 1172.67 360422.73 0.33
15 56 6.66 0.00 0.00 56417.52 1172.67 416840.26 0.28
16 62 7.68 0.01 9.35 62505.74 1182.03 479346.00 0.25
17 63 8.73 0.00 0.00 63926.33 1172.56 509042.99 0.23
18 63 9.78 0.00 0.00 63418.98 1206.01 565189.93 0.21
19 63 10.82 0.00 0.00 63418.98 1206.01 628608.91 0.19
20 63 11.87 0.00 0.00 63926.33 1213.12 715366.07 0.17
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Figure A.5 Instantaneous commingling for five expamental test runs.
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Figure A.6 Average commingling for five experimental test runs
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Appendix B - Summary of Calibration Data
Calibration Data for Chapter 4

Table B.1 Calibration data for isokinetic samplingfrom velocity traverse.

Parameter A - Lower Duct B - Upper Duct A - Lower Probe B - Upper Probe
Diameter (d), ft 2.23 1.89 0.115 0.115
Diameter (d), m 0.68 0.58 0.035 0.035
Cross-Sect. Area (A),th 3.89 2.81 0.010 0.010
Cross-Sect. Area (A), m 0.36 0.26 0.000958 0.000958
Root Mean Square of Velocity
Pressure Readings (VB in. 0.79 0.89 0.79 0.89
Velocity (V), ft-min™ 3498.41 3776.91 3498.41 3776.91
Velocity (V), ms* 17.78 19.19 17.78 19.19
Volumetric Air Flowrate (Q), ftmin* 13624.10 10617.21 36.07 38.95
Volumetric Air Flowrate (Q), s’ 6.43 5.01 0.017 0.018
® Standard * Actual
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Figure B.1 Calibration graph for Magnehelic pressue gauge for lower duct (set A).
[With a given volumetric flowrate for the sampling probe, calculate the pressure drop (in. water) fronthe

graph to use in maintaining pressure in the Magnehi gauge.]
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Figure B.2 Calibration graph for Magnehelic pressue gauge for upper duct (set B).
[With a given volumetric flow rate for the sampling probe, calculate the pressure drop (in. water) from the

graph to use in maintaining pressure in the Magnehi gauge.]
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