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Abstract

The main objective of thresearch was to model the airflow paths through grain bulks
and predict the resistancedflow. The dscreteelementmethod(DEM) was used to
simulate the pore structwef grain bulks.A commercial softwargackagePFCP
(Particle Flow Code in Three Dimensiomas used to develop the DEM model the
model, soybeans kernels were considered as spheadallgs Based on simulated
positiors (coordinatesind radii ofindividual particles the characteristics of airflow
paths (path width, tortuosity, turning angles, etc.) in the vertical and horizontal
directiors of the grain bed were calculated and coredal he discrete element method
was also used to simulate particle packing in porous beds subjected to vertical vibration.
Based on the simulated spatial arrangement of particles, the effect of vibration on
critical pore structure parameters (porositytLtosity, pore throat width) was quantified.

A pore-scaleflow branchng model was developed to predict the resistanaariow
through the grain bulk®elaunay tessellation watsoused tadevelop a pore network
model to predict airflow resistanc&xperiments were conducted to measure the
resistance tairflow to validate the modeldt was found thathe discrete element
models developed using PEGvas capable of predictirifpe pore structureof grain

bulks, which providel a base for geometricallyonstructing airflow paths through the
pore space between particl&be tortuosity for the widest and narrowest airflow paths
predicted based on the discrete element meded in good agreement with the

experimental data reported in the literatieth pore-scale modelébranctedpathand



network) proposed in this studyor predicting airflow resistance (pressure drop)
through grain bulkappeared promising.he predicted pressure drbg the branckd
pathmodelwasslightly (<12%) lowethanthe experimetal value, but almost identical
to that recommended by ASABE Standarte predicted pressure drbpthe network
modelwasalso lower than the measured valB0vs. 2.44 Pg)but very close tthat

recommended by ASABE Standg&i20vs. 228Pa)
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1. Introduction

Drying and aeration are commonly used in grain storage to prevent spoilage of stored
grains.To dry or aeraé grain air (heated for drying) is forced through the grain bed bgtian
removegrain moisture or to lowegraintemperature, thus preventing the growth of bacteria
and fungi. The faamust provide enough pressure to overcome the resisttice grain bed
to airflow. Therefore,airflow resistance is an important consideration in thegresif grain
drying andaerationsystems because it dictates the power requireofetiie equipment, as
well as the uniformity of drying and cooling.

Airflow resistance of agricultural products has been studied since early 1930s (Stirniman
1931) but mosstudies are experimental in nature, focusing on developing empirical equations
to represent the airflow resistance characteristics of various agricultural pr¢shexdsl 1953;

Hukill and Ives 1955; Ergun 1952%pecifically, the pressure drop along a ocotuof the
agricultural product at different airflow velocities was measured and then the experimental data
was fitted to some equations or models. The ASABE Standards D272.3 (ASABE 2011) gives a
large collection of the data for estimating the resistana@ftow for various grains, seeds and
other agricultural producta the form ofcurves relating the superficial air velocity{st m?)

to the pressure drop per unit depth (®3.

Airflow resistancahrough a grain bed affected by many facts, including airflow rate,
grain cepth, shape of storage bin, shape and size of grain kernels, bulk density, grain moisture
content, methods of filling, foreign materials, and direction of airflGalderwod 1973Jayas

et al. 1987aSiebenmorgen and JindaB&7, Farmer et al. 1981; Haque et al. 198Rmar &
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Muir, 1986;Gunasekaran and Jackson 1988khansanj et al 1988ayas & Sokhansanj 1989;
Sokhansanj et al. 199Bairo and Ajibola 1994Madamba et al. 1994; Rapusas et al. 1995;
Al-yahya and Moghazi 189 Pagano et al. 1998&ajabipour et al. 200Chung et al. 2001,
Nalladurai et al. 2002¥imkar and Chattopadhyay 2008acilik 2004 Agullo and Marenya
2005; Molenda et al. 2005Sorour 2006;Kashaninejad and Tabil 200&hahbazi 2011
Amanlou and Zomomian 201). It is extremely difficult to include all these factors in
empirical models for predictgairflow resistance of grain. On the other hand, the complexity
and variability of pore structures make it very challenging to develop mechanistic nadels f
airflow through grain bulks. Researchers have attempted to develop flow models at the pore
scale for porous medi& o r predicting airflow resistance
equation is most widely used, although it assumes a straight tube geofite&ypore space

and does not take into account interconnectivity and tortu¢¥ity2008. Du Plesis and
Woudberg (2008) proposed a concept of repraseetunit cells (RUC) to simplify the pore
structure ofporousmaterialsand studied the resistante airflow throughthe RUC. The
approachwas based on the original idea of Du Plessis and Magiy281) for flow through
isotropic porous medidhe RUC modeWas based othe mean geometrical properties of an
idealized microstructureanda set ofmomernium transport equationserethenappliedto a
porous medim over the entirgporosity rangng from zero through unityWu et al. (2008)
developed dlow resistancaenodelfor granular media, in which resistaneasexpressed as a
function of tortuogy, porosity, ratio of pore diameter to throat diameter, diameter of particles,
and fluid properties. However, a critical assumption (simplification) made in this model was

that pore and particlesere uniformly distributed and the porous media was isotropic and



homogenous.

In studies of porous media flow, the attentioas beermostly focused on the flow
behavior(velocity, pressure, etcWwhile pore structureare often idealized as flow channels of
simple geometryThere is a lack of research effort in linkitige characteristics of pore
structures (sizeshapeslocations orientationsandconnectivity) to airflow resistance. This
researchattemptedo characterize the pore structurepamous materiad by using the discrete
element method (DEMANd integrée the knowledge of pore structures with flélmv models
to predict airflow resistance throudgbulk) grains The specific objectivesof this thesis
researclwere

1. To develop a discrete elememtodelto simulatepore structures of grain
bulks
2. To developa porescale fluid flow model and integrate it with the DEM
porestructure model to predict the resistance to airflow through rdks
a) Quantify paths for airflow through the gralwlks based on DEM
simulations
b) Develop a porescale model to predict thairflow resistance along
individual airflow paths
3. To develop a pore network model based on DEM simulated pore structures to
predict the resistance to airflow through grain bulks

4. To conduct experiments to validate airflow resistamoglels



2 Literature Review

2.1 Airflow resistance through grain bulks

When airis forced toflow through grain bulkgporous mediadhereis pressure drop that
occurs as a resuf energy losses caused by friction and turbuleKe¢eta and Gdanicki 2011).
This pressure drop iermed as resistance to airflow, commodéfined as the pressure drop
per unit bed depth (Gornicki and Kaleta 2018)e airflow resistance of agricultural products
has been studied since 1930s. Most of studies indtiemeasurement of pressure drigmg
a column of the material being tested at different flow rates, and then experimeniahsata
fitted to some empirical equations or modémkhansanj et al. 1990; Pagano et al. 1998;
Rajabipour et al. 2001; Nalladurai et al. 2002; Ray et al. 200¢i|iK52004; Agullo and
Marenya 2005; Jekayinfa 2006; Lukaszuk et al. 2008; Kashaninejad and Tabil 2009; Amanlou
and Zomorodian 2011; Shahbazi 2011; Kenghe et al.)28kf#ow resistance in graibulksis
affected by many factor#cluding porosity, airflow rate,bed depthpulk density,moisture
content, shpe and size of grain kernels, foreign materifilsng methods and direction of
airflow (Sokhansanj et al. 1990; Pagano et al. 1998; Chung et al. 2001; Rajabipour et al. 2001;
Nalladurai et al. 208, Ray et al. 2004; Sacilik 2004; Agullo and Marenya 2005; Jekayinfa
2006; Lukaszuk et al. 2008; Kashaninejad and Tabil 2009; Amanlou and Zomorodian 2011;

Shahbazi 2011; Kenghe et al. 2D12

2.1.1 Porosity

One of the most important characteristics of a poroudiuneis porosity which has a



significant effect on flow resistancBorosity is defined as the volume of voids over the total
volume. The value is between 0 and 1 or as a percentage betweeb0D#nd he porosity of
porous materials may be determinednfr bulk and particle densities using the following
equation (Mohsenin 1986):

n —— p bt (2.1
where
@ = porosity
1 o= particle density (kgn®)
} b = bulk density (kgn™®)

The extreme values of the porosity for ideal porous materials consisting of monosized
spheres ange from 0.26 (regular hexagonal packing) to 0.48 (regular cubic pacKimg).
porosity usually lies between 0.261d 0.48 for materials consigg of irregular particles in
random packing arrangemenghichis higher when the particles are extremelggular and
small (Woodcock and Mason 1987) is more difficult for gas or liquid to pass through
materials with low porosity than with high porosity because of the smaller pores making the
materialless permeated (Anandh and Baskar 20@#)en fluids flav through porous media,
only the interconnected pores form flow paths (Koponen et al. 1997). The concept of effective
porosity has been used by some researchers in studying flow through porous media, which is
defined as the ratio of the interconnectede@ff/e) pores to the total volume of the porous
material. The notonducting pore space of a porous media includes the occluded pores and the
deadend pores. The occluded pores are not connected to the main void space, wieleddead

pores belong to theti@rconnected pores but contribute very little to the flow (Jacob 1988).



Porosity of grain bulks is affected by several factamsJuding moisture content, bulk
density, amount of fine material, method of harvesting and drying. Thompson and Isaacs (1967)
found that the porosity of shelled corn was affected by varietal differences as much as 8%
Specifically, the porosity decreased by over 8% with the reduction of moisture content from
30.8% to 9.0%vhen corn was driedith unheated air, and increased byragpmately 23% by
grinding the materiaHigh temperature drying increased the void space of wet corn. Within the
rangefrom 450.5 to 836.7 kg (35 to 65 Ibbu?), the bulk density and void space was found
to follow alinear relationship. Chung and Carge (1971alsofoundthat porositydecrease
linearly with increagng bulk densiy for wheat and corn.

Molenda et al. (2005) determined porosaywhite winterwheat, redvinter wheat, corn
and soybeans at three moisture levels usprinkle and funel filling methods The variation
in porositydue to moisture contemtasfound not uniform and depended on tgmin type
(Molenda et al. 2005)Specifically, he porosity wasigher at higher moisture contefar
white wheat, red wheatndcorn butiower at highemoisture content for soybear@@oskun et
al. (2006) compared the porosities of rewetted sweet corn at different moistures in the range
from 11.54% to 19.74% and foutithtthe porositychanged from 57.48% to 61.30%hahbazi
(2011) foundsimilar results showinghat porosity of chickpea seeds increased with increase in
the moisture conteriflarousis and Saravacos (2006) studied density and porosity in drying
starch materials and found the changes in porosity could be related to variatioreffetthe

moisture and thermal diffusivities of starch materials..



2.1.2 Bulk density

Considerable research has been done on the effect of bulk density on airflow resistance.
Stirmiman et al. (1931) tested the resistance to airflow through rough rice i didesnd
found that the airflow rate per unit cressctional area of bin decreases linearly with the depth
of roughrice at given static pressures. Henderson (19#Riced an increase in airflow
resistance from 1.0 to1.5 k@' resuling from a bulk desityincreag from 773 to 80kg m™
whenthe grainwas filledfrom different heightsCalderwod (1973) found that the change in
resistance to airflow throughce mainly attributed to packinddensity increase)Similar
results wereobservedby Husain ad Ojha (1969) and Agrawal and Chaud (1974), who
reported that rice bed depth had an effect on airflow resist8mt®nmorgen and Jindal (1987)
measured the airflow resistance of legrgin rough rice at velocities in the range from 0.013 to
0.387 ms'for bulk densities in the range from 480 to 604rkg and found the airflow
resistance increased with the increase in bulk deiggtyy and Charity (1975) found that the
measured pressure drop was greater for corn columns of greater bulk désitynnejad
and Tabil (2009yeported that the change in pressure drop retagedto the changen bulk
density of pistachio nutshen filled bydifferentfilling methods. The variation in bulk density
was achieved by the difference in bed depth and fillinghotetdue to the difference in

compaction from the grain load (Grundas et al. 1978; Bakkiegma et al. 1969).

2.1.3 Moisture content

During storage, handling, and processing (e.g., drying), grain moisture often changes,

which in turn may lead to changes in ¥ resistanceThe airflow resistance oice, canola,

7



sorghum, laird lentilsalfalfa pellets barley, chickpea seedsorghum and rough rice, paddy
and sunflowervasreportedto decrease with increag moisture contenby some researchers
(Calderwod 193; Jayas et al. 1987&iebenmorgen and Jindal 198Gunasekaran and
Jackson 1988; Sokhansanj et al 1988khansanj et al. 1993-yahya and Moghazi 1998;
Shahbazi 2011Chung et al. 2001; Nalladurai et al. 2002; Sorour 2006e decrease in
pressure p might be due to the fact that at higher grain moisture contents, the grain bulk
could not balenselypackedresulting inhigherporosity However,other researche(Rapusas

et al. 1995; Madamba et al. 1998ajabipour et al. 2001Kashaninejad and Bd 2008
Amanlou and Zomordian 20)teported that theesstance to airflonthrough slice onions,

garlic slices, walnuts, pistachio nuts, and greenifigeased with increasing moisture content
The inconsistety in observation®f the resistance tarlow through grain bulks caused by
moisture content could be explained by the different effeicmoisture content on the bulk
density of different grains. It was reported that the bulk density of some grains (rough rice,
short rice) increask with increasing moisture content, wheret®e opposite trend was
observedfor some other grains (canola, fababeans, flaxseed, gram, lentils, soybean)

(Chakraverty et al. 2003).

2.1.4 Method of filling

Different method®f filling storage binsvith grainwere foundto change orientation of
grain kernelsand produe different densites and porosies of grain in storage bins, thus
resulting in variake airflow resistance (Lukaszuk et al. 2008Kumar and Muir 1986;

Shahbazi 2011; Bern and Charity 1975; Dairo and AjibeRdiFarmer etal. 1981Sh e d d 6 s



(1943) proposed a method ofeatingloosefill and densefill grain beds Specifically, the

grain was poured into a funnel which was held just above the seed surface by gradually raising
the funnel as the filling progreed and then the bulk density was slowly increased to the
desired level by tapping the column walrubber hammer about 30 times and 60 times for
medium and dase bulk densities. Hsemethod of loosefill and dense fillwere used by
severalother reseahers to study the effect of filling methoah the resistance to flow through
sesame, green grawand poppy seedandtheyfoundlower resistance to airflown loose fill

than dense fil(Dairo and Ajibola 1994; Nimkar and Chattopadhyay 2002; SacilikiR00
Shedd (1951) found that a bin of clean shelled corn had a 20% increase in airflow resistance for
packed fill over loose fill. Pagano et al. (1998) measured the resistance to airflow through clean
grain under loose fill from a falling height near zemal aense fill from a maximum height of

1.6 m. The resistance to airflow in dense fill was found to be 1.3 to 1.5 times that in loose fill.
Agullo and Marenya (2005) usedloose fill methodand dense fillmethod(samples were
sprinkled into the chamberdm a height of 300mmasdescribed by Jayas et al. (198d)fill

atest column with the parchment coffdéne pressure drop per unit depth at various levels of
moisture content from 12.7 to 36.7% (w.b)) and at airflow rates between 0.126 to 0.720
m3s'mfor loose and dense filling of the test column were measured apteg®ure drop for
dense fillwasobservedl5% to 70%higher than that for loose fill. Kashaninejad and Tabill
(2009) studied the effect of filling methods on the pressure drop opmidchio nuts. In their
research, pistachio nuts were discharged into the test chamber wittdeopdreight to form a

loose fill and from a height of 50 cm to form a dense fill. The pressure drop increaséa 97%

the dense fill compared with loose IlfilChanges in flow resstancewhen different filling



methods were usedas attributed to porosityulk density differences In addition, the
orientatiors of grain kernelsvhen different filling methods were used might atsatribue to
changan flow resistancgBern and Charity 1975; Dairo and Ajibola 1994; Farmer et al. 1981;

Jayas et al. 1987)

2.1.5 Airflow rate

Increasein pressure drop witincreasingairflow rate have been observed and reported
by Farmer et al. (1981) for blue stem grass, Haque €1282) for maize, Madamba et al.
(1993) for garlic slices, Dairo and Ajibola (1994) for sesame seeds, Rajabipour et al. (2001) for
pistachio nuts, Shahbazi (2011) for chickpea seeds, and Agullo and Marenya (2005) for
parchment Arabica coffeéligherpressire drop with increasg airflow rate can be attributed
to the increased kinetic dissipationflofving air asair velocity increasest has been generally
observed thaairflow resistance increased maepidly with the increase in airflowatethan
with the increase in bed depth for Canola (Jayas et al. 1987a), sorghum (Gunasekaran and
Jackson 1988), sesame seeds (Dairo and Ajibola 1994), flax seeds (Pagano et al. 1998), green
gram (Nimkar and Chattopadhyay 2002), poppy seeds (Sacilik 2004), pistadsio nu
(Rajabipour et al. 2001; Kashaninejad and Tabil 2008), and figs (Amanlou and Zomorodian

2011).

2.1.6 Flow direction

Lower resistance to airflow in the horizontal directipinan the vertical directiorhas

been reported for margrains(Kumar & Muir, 1986; ayas et al. 1987b; Sokhansanj et al.1988;
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Kay et al. 1989; Nalladurai et al. 2002he ratio of resistance in the horizontal to vertical
direction for the paddy, raw ricparboiled rice wheat, barley, canola, lentils at certain flow
rate (rangejs summnarized in Table2.1 (Kumar & Muir, 1986; Jayas et al. 1987b; Sokhansanj
et al.1988 Nalladurai et al 2002 From Table.2.1, it can be seen thdhe ratio ofairflow
resistancen the horizontal to vertical direction varies for different grain bulks, Wwhauld be
explained by the variation in grain kernels with different shaged size. The airflow
resistance in horizontal direction was found approximately half of thaewerticaldirection

for 10 types of seeds at the airflow velocity of 0.2Mm(Hood and Thorp 1992). ASABE
Standard D272.3ASABE, 2011) recommends use the airflow resistance in the horizontal
directionto be60% to 70% of that in the vertical directidor nonspherical shaped seeds
(wheat, barley, flaxseeds, etc.). Shedd (198uedthat the differencein flow resistance
betweerthe horizontal and verticalirections wasionexistenfor spherical seeds (tara peas,

canola).

Table 2.1 The ratio of resistance to airflow in the horizontal direction to vertical to vertical
direction for different grains

: Airflow rate The ratio of horizontal to vertical
Grains 3 1, -2
(m° s m™) pressure drop

Paddy 0.01-0.1 0.31

Raw rice 0.01-0.1 0.19

Parboiled rice  0.01-0.1 0.23

Wheat 0.077 0.63

Barley 0.077 0.47

Canola 0.01580.1709 0.6

Laird lentil 0.00190.192 0.52

The lower resistance to airflow in the horizontal directa@s considered to kstributed

to the kernel orietation (Kumar & Muir, 1986). Filling grainsito bins by gravity (free fall)
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maycausenostgrainkernes lie with the majoflong) axis in thehorizontaldirection (the most
stable position for a gain kernel), resulting in more connected pores in therttaridirection
thuslowerairflow resistanceNeethirajan et al. (2006sedthe X-ray computed tomography to
reconstruct the internal structsie bulk grainsandobservedtie number of aipathsalong the
horizontal direction for wheat, barley andxlseed, were 92%, 145% and 187% more than
along the vertical directigrwhile therewasno significant differencén the distribution 6air
patharea between théorizontal and vertical directions. Apath areaand airpath lengths
alongthe horizonta direction were 100% higher thamhosealongthe vertical direction for
nonspherical grain bulksvheat, barley and flax seealdd only 30% for spherical kerngfzea
and mustard)which explains the higher airflow resistance for oblong kernels in thiealer

direction of the grain bulk.

2.1.7 Foreign materials

Bulk grairs normally contain various foreign materials, such as fimeeria (dust,
broken kernelsetc) and chaffThe level of fines in grain significantly influenced the pressure
drop (Grama et g1 1984; Giner and Denisienia 1996). Pagano (1998) reportechthéne
materialscaused higher pressure drop, while chaff offered less resestaairflowin flax. The
pressure drop increased with an increase in the fraction of firgdoy and itdyproducts
(Nalladurai et al. 20025imilar results were observed in shelled maize (Haque et al., 1978),
long-grain rough rice (Siebenmorgen and Jindal 198&pola (Jayas & Sokhansanj, 1989)
andlentils (Sokhansanj et al., 1988he increase in airflo resistance due to addition of fine

materias became greater as the size of the fines decreased (Grama et al.H8&&yer,
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Chung et al. (2001) found the static pressure drop for sorghum increased with increasing fine
materials but decreased as fine enls increasetbr rough rice whichwas explained by the

large size of the fine material compared to grain sorghsimedd(1953) concluded thathe

static pressure drop had a positive relation with the fine material that was smaller than the grain
but regative relation with the fine material that was larger than the grain. Because more fine

materials that was smaller than the grain contributes to the reduction in porosity, resulting in

the increase of static pressure drop.

2.2 Flow through porous media

Movement of fluid through a porous medium is affected by the characte(istes
structure, tortuosity, efcof the porousmeda. In this section, the studies of characteristics of

porous media are reviewed.

2.2.1 Porous media

A porous medium (materials described as a material containing pores (or voids). The
skel et al portion of the ma,twkidghis asulallyiasolidcTné | e d
pores (voids) are typically filled with a fluid (gas or liquid). However, not all materials
confaining pores can be defined as porous media. Bear et al. (1968) defined some features that
a porous medim should have: (1) a portion of a space occupied by a heterogeneous or
multiphase matter, (2) the solid phase should be distributed throughout thes poedium

within the domain occupied by a porous medium; solid must be present inside each
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representative elementary volume; and (3) at least some of the pores comprising of the void
space should be interconnected. Numerous porous media exist in ourimaduding nature
substances like bulk solids, rockssoil, biological tissues (e.g., bones and wpal)d

manmade materials like cements, ceramic and fibrous aggregates.

2.2.2 Pore structure

In general, porous medmasrandomly distributed pore sizes, shapend topology, which
resulsin the complexity and irregularity of pore structure. The complexity and irregularity of
pore structures make flow through porous media inherently complex and variable. As a
practical example, it has been observed by margarekers that airflow resistance of grain
bulks in the horizontal direction is lower than that in the vertical direction (Kay et al., 1989;
Neethirgan 2006). The orientation of particles and the differential void space distribution in
the two directions mght have contributed to the difference in airflow resistance between the
two directions (Neethirajan 2006).

Investigating the pore structure (pore size, pore shape pore surface area and pore volume)
is very important to understand the interconnectivityares and resistance to airflow through
porous media. A number of 2D and 3D models have been developed to describe the pore
structure of porous media. Yu et al. (2004) and Yun et al. (2068)la 2D rectangular
representative unit cell to simplify them space and simulated the streamlines of airflow
paths in porous media with cubic and spherical partickger, Yun et al. (2010) proposed a 3D
geometry model to stand for the pore space and studied the tortuosity of streamlines in porous

media with radomly placed cylindrical particles. Xiao et al. (2008) integrated the
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microstructure of porous media into a 2D fractal pore network model to simulate the drying
process of potato slices by the pore network apprdadheir modethe porous mediurwas
simplified as cylindrical pipesThemodel was used foredict porous media properties such as
permeability and the Forchheimer coefficient. Neethirajan et al (2008) constructed 3D models
of wheat and pea bulks usingrdy CT images to characterize the specsurface area,
tortuosity, pore throat sizand nodal pore volume distributidor wheat and ped hey found
that he spatial distributions for throat size and nodal pore size were significantly different
between wheat and pea bull&pecifically, brger size pores and pore throattie pea bulk
explairedwhy resistance to airflow through peasless tharthatthrough wheat. Huang et al
(2013) constructed @D pore network to reflect the pore structurebafk grairs. The model
was a stochastic algahm based on the concept thfe maximal balls methadThe model
simulated thathe porosity decreasenith the grain depth, whichvasin agreement with the
experimental resultsand he average radof pores and throa@sodecrease with thegrain
deph, whilethe number of pores and throats slightly incrdase

One of thechallengesn dealing with pore struates of poous beds is the variability
caused bysuch mechanical disturbances as vibration. When a porous bed consisting of
randomly packed parfies is vibrated, the pore structure is altered due-trnangement of
particles. The mechanisms by which the pore structure is affected by vibration are extremely
complex. An et al. (2009) conducted experiments to study the effect of vibration on packing
density and observed that there existed optimum values of vibration frequency and amplitude
to achieve the maximum packing density. Frequency and amplitude should be considered
separately in terms of their effect on packing density. Liu et al (2010puUsgt speed camera
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to study the behavior of particles in a bin subjected to vertical vibration. They reported that all
particles in a porous bed vibrated as a whole when the bed was subjected to low intensity
vibration, whereas individual particles vibedtin their own modes when subjected to high
intensity vibration. Charles Nwaizu (2013) studied the effect of the vibration on the pore space
and the internal pore connectivity of soybean grain using image processing and found that the
pore space and pomonnectivity reduced significantly after vibration. The difference of
elongated pores in the horizontal direction and in the vertical direction was also reduced after
vibration, which means the difference in airflow resistance between horizontal andlvertic
directions might lessened after vibration.

The effect of vibration on pore structure is complex. Most studies on the vibration of
porous beds have been focused on particle packing, and few have explored how changes in
particle packing caused by vibratievould impact such properties as porosity and tortuosity
which are related to flow through the porous bed. Traditionally, the studies of particle packing
(pore structuresare pursued in the realm of particulate mechanics, while flow through porous

mediahas established itself as a daiibcipline in fluid mechanics.

2.2.3 Tortuosity

Tortuosity(t) reflects the connectivity of pore structultds discussed in the book of Bear
(1988) that there are two definitions of tortuosity commonly used in the researofuody,
specifically, (Le Lo)?and Le Lo, where L is the actual length of flow path andylis the
straight length or thickness along the macroscopic pressure gradier#.{fighe definition

Le Lo is appropriate when tortuosity is treated as sepeometric variable to define the
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difference between the length of flow path and the bed depth, (ibile™)? is used when both

flow length and the airflow velocity are considered
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Fig. 2.1 lllustration of atortuousairflow path

Various methods have been developeastimatetortuosity Based on the background
concepts behind the approaches, Saomoto and Katagiri (2014) summarized those methods as:
geometric models, hydraulic models, electric models and diffusive mddeisrms of the
methodology used in the determination, those approactiesieexperimental, empirical and
theoretical methodéSun et al. 2013)Different experimental methods were widely used to
measure tortuosityOne of the popular experimental methods is to detegrthe tortuosity
through the process of diffusion of fluid in porous medlas method is based on the physical
principle that the diffusion of fluid through a porous medium is affected by the microscopic
channel structure of the porous medium, espegcila low flow rate.Those adjustable
parameters vary significantly depending on the materials used and pore strddtarether
method is to measure the formation factor, which is obtained by resistivity measurements, but
the experiment requires spddad equipments. Another popular experimental method is

ultrasonic method, which is usuallysedto measure the macroscopic parameters of air
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saturated porous media, such as plastic foams, the porous media saturated with a liquid like
bone tissue.

Empirical equationgor determining the tortuosity of flow through porous meleve
beendeveloped bycorrelating the experimental data one or more empirical constants.
Comiti and Renaud (1989) developed an empirical equation for tortuosity through a bed of
parallelepipedal particles. Three types of squma®ed particles odlifferent heightto-side
ratios (0.102, 0.209 and 0.440) were used in the experiments. The pressure drop was measured
as a function of superficial velocify to be compared with thesults calculated by Eg.2:

S .5 2.2)
where
H = bed height

M andN = slope and intercept respectively of the plo{g/efversusﬁ

The tortuosity washen @lculated byEq.2.3:

g —-24 7 (2.3)

where
2 = shape factor, which was assumed to be 1 for cylindrical pores
d = dynanmic viscosity of the fluid (Pa s)
} = density of the fluid (kgn™)
@ = porosity of the packed bed

By fitting the experimental datahey also developed a simple equation (E4) to
correlate tortuosity tporosity.

U p #I 1pm (24)
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where
C = empirical constar{D.41for spherical particles and 0.63 for cubic partigles

However,the experimentamethodused by Comiti and Renaud (1988pk a long time
and requird special equipment to measure the parameters (pore size, pore volume, porosity,
conductivity, etc.) in the equations.

Westhuizen and Pless (1994) developed a model to determine the tortuosity based on the
ratio of the fluid volume enclosed by a unit celthe minimum pore crossectional flow area
in the unit cell:

Up Mp 10 (2.5)

This model only works for flow through a medium of uniformly distributed square particles
without overlapmg. In addition, it was found that this equation underestimate®thesity
at low porosity compared to the experimental results.

Koponen et al. (1996)eriveda correlation between the average tortuosity of the flow
paths and the porosity o2® porousmedium consisted sandomly placed rectangles of equal

size and wth unrestricted overlap by using the Lattice Gas Automata (LGA) metrati

derivedequation hadhe followingformatfor a porosity range from 0.5 to(L

z bp n p (26)

where
p = empirical constant

While Eq. 2.6 wasfoundto benot consistent with the results obtained for the porosity
range from 0.4 to 0.5, and a second equationpn@sosedo replae Eq.2.7 for porosity range
from 0.4 to 0.5(Koponen et al. 1997)

U b

p (2.7)
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where
p andm = empirical constants
n = percolation thres#id (0.33)

The impact of the finite element size and the effect of the space discretization were not
taken into accounnh this model

Yu et al. (2004) developed a simple geometric model to determine the tortuosity in a
porous media made of square paetsclTwo configurations werm@nsideredone was cubic
particles arranged in triangles without overliaggand the other with unrestrictedly overlapped.

The overall tortuosityvasobtained by averaging the tortuas#of the two configurations:

<

O -p -p ™ mp n——2— —— (2.8)

i j‘
E

Eqg. 2.8 has been shown to be in good agreement with the2 Bqvhen® >0.35 for flow
through porous media with cubi@nticles but overestimates the tortuosity for flow through
spheri@al particles by 16% d.40porosityand by 9% at porosity 0.60 compatedhe result
calculated from ER.4with ¢c=0.41 Yu 2009. In addition, the tortuosity calculated by.Exf8

is only a function of porosityHowever, in reality, tortuosity may also be relatedht® shape
andsizeof particles(Commiti and Renaud 1988lam et al. 200%

Yun et al. (2005) and Yun et al. (2010) developed similar geometrical modsisrtate
the totuosity of flow through the packed beds with spherical and cylindpiagticles The
advantage of such modelasthat they @ not involve any empirical factors. However, those
modelswere2D andbasel on idealized pore structures. In reality, the ptmecture of porous

beds is very complicated because of the random arrangement of pariticlesegular shape

20



and sizs.

Lattice Boltzmann method was also used to solve the flow equations to identify the flow
streamlines and determine the tortuositflav (Matyka et al. 2008). Pisani (2011) simulated
a diffusion process through a numerical model to express the relationship between tortuosity
and porosity using a single parameter (the shape factor). The procedure was simpler than
previous ones. Ahma@011) applied volume averaging method to determine the tortuosity of
momaosized spherical arrays. Sobieski et al. (2012) developed a numerical algorithm to
calculate the tortuosity for the shortest airflow paths through the grain bed based on discrete
element simulations. An airflow path was determined by a series of tetrahedron units, each
consisting of four particles. The tortuosity calculated by the numerical method proposed by
Sobieski et al. (2012) was very close to the value estimated form then&gE ireported by
Neethirajan (2006). Sun et al. (2013) determined the effective diffusion coefficient and
tortuosity of a 2D porous medium using homogenization and REV with circular particles.
Those theoretical models simulated the porous mediikch eliminated the workof
experiments and fitting data. However, complicated technology, related concepts and

mathematical analyses are required.

2.2.4 Discrete elemenimodelling of porous materials

The difficulty in modeling flow through @in bulks atthe pore sca is the
characterization of the pore structure (sizes, locations, and orientations of pores and their
connectivity). The discrete element method (DEM) has been shown to have the potential of

predicting pore structures of porous media. The DEM was origipadposed by Cundall and
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Strack (1971) to solve problems in rock mechanics. It has been widely used as an effective
method to analyze granular materials, especially in granular flows, powder mechanics and rock
mechanics. The granular materials are niedeas an assembly of particiasa DEM model
The trajectory and rotation of each part@fetracked to evaluate its position and orientation in
a time stepping simulation. Theteractions among particlesnd between particlesndtheir
containingsmct ures are computed using Newtonds sec¢
Many researchers have used the DEM to simulate the behavior of bulk grains in storage
bins. Liu et al. (2008a) proposed a DEM model to simulate lateral pressure of corn in a bin with
smooth wall and wheat @&bin with corrugated wad| respectively. Cleary and Sawley (2002)
investigated the effect of the shape variation of particles on bulk danslifypund nofcircular
particles leamhg to higher bulk densities and highly elongated particles with random
orientations hd 5% more voids than circular particles, while very elongated particlese@sult
in 7% lower of bulk density thawircular particles.Boac et al. (2010) conducted DEM
simulations with varying material and interaction properties of soybeamelketo find
property combinations that gave simulation results that cordeleg¢d with measured bulk
properties of soybeans while maintaining or improving computational speed.-Sangle
multi-sphere (Zphere, 3phere, and -4phere overlapping) soyée particle models were
used in the DEM simulations of bulk density and bulk angle of response. By comparing the
simulated resulta/ith the experimental findings in the literatyes well acomputational time
required in the simulati@ the singlesphere model was found to best simulate soybean
kernels

GonzalezMontellano et al. (2011) developed discrete element models to simulate the
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pore structure of particlassemblies considerirgpherical and nespherical particles formed
by clustering two sphes of 5 mm diameter with an aspect ratio of 1.5. ThésiBBle sphere)
particles were generated randomly within this plane whilst thépRiPedsphere)particles
were generated in a rectangular lattice with a random orientation of the particle loragitudin
axis.The nonspherical combined spheres model showed a more stable velocity field than did
the singlesphere model, which produced the flow pattern closer to the ones observed in
experimentslt indicated that multispherical particles would accuratefyresent the irregular
shape of the real particleGonzalezMontellano et al. (2011) developed 3D discrete element
models to simulatéhe pore structure of glass beads and maize based on the preliminary
parameters measured in experiments anceportedliterature. In their research, the glass
beads were simulated as spheres in a size distribution determined by a given mean diameter and
standard deviation and the maikernels weresimulated as composing of six spheres
representing the irregular shapetlud real grains. It was found that the preliminary model for
the glass beads warll well to predict the discharge flow but requirealibration of friction
values for the maize grain.

Coetzee and Els (2009) simulated corn kernels comprising of the clyragsling two or
more spheres together using DEM. Particles formed by the skemained at a fixed distance
from each other and could overlap to any extent. The radius of the particles in the simulations
was selected from a uniform distribution within thege according to the experimental data in
the literature. The number of particles used to construct a clwagpbased omoth the
accuracy of the representation model and the computational Tongnulate porous beds
consisting of norspherical parties (spheical, cylindrical and polyethylene pellets)Grima
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and Wypych (2011)ised particles dfvo overlappingspheres to explore the effects of particle
shape on the granular pile formation. Fhresults indicated that particle shape representation
played a key role to obtain realistic mechanical and 4lateking behavior of real particles.
However, there was a limitation of using two overlapping spheres along one axis to create a
spherecylindrical like shape to restrict particle rotation around gafisaand the moment of
inertia.

A commercial DB/ software packageFCP (Particle Flow Code in 3 Dimensionisis
been used by many resehersfor modeling the movement and interaction of particles in solid
mechanics and granular flqd@undall and Strackd79; Baars 1996; Shimizu et al. 2004; Liu et
al. 2008a, 2008b; Sobieski et al. 2D1 In PFCP models, spherical particles can be created
directly and norspherical particles can be modeled by attaching two or more particles together
as an autonomous obfe PFGP has been used to simulate the formation of grain beds in
storage binsl{asca 200k However, the bin size and number of particles that can be simulated
by the PFC model is limited by the computer capafity et al. 2008p. It was solved by
reducing the model size (radius) using a scaling factor determined by the density of bulk solids
in PFC modelthe test bin and the radius of test bin. That means the simulation results may be
scaled up by proportionally increasing the grain density in thalation model. This method
reduced the simulation time from 24 hours for a cyizal bin with 1.5 m (height) by 1.0 m
(diameter) to 3 hours with one fifth of the original sjzau et al. 2008b)

Sobieski et al. (204 used DEM to simulate the pore stture of porous bed and
developed a numerical algorithm to construct the 43oede flow paths within the simulated

spacial structure of porous bed to calculate the lowest geometric tortuosity. The porous bed
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consised of randomly arrangedpherical sphese The porous bed was treated as a series of
tetrahedron units consisting of four spheres. Airflow was considered entering the tetrahedron
unit by the base triangle and leaving through the triangle with the highest centroid, which was
considered as the &t of next tetrahedron unit. The airflow paths constructed dke series

of lines connecting the centroids of base triangles from the bottom to the top sofftdte
porous bed. The tortuosity was calculated as the actual length of airflow patHengtieof
porous bed. Theimulatedtortuosity was found in good agreement with the values obtained
from a CT image published in the literaturater Dudd& Sobieski (2014) analyzed fluid flow
through the porous bed based on the location and size aigageneratebly a DEM model

An algorithm was developed to calculate tparameters denter of gravity area and
circumference, etc.) of the flow segment intersected by the flowgmathetriangle face of
tetrahedron unitsThe calculation results wereerified in AutoCAD by creating the same
geometry of the flow segmeand presenting the parameters including the ameaymference

and centroid coordinates of that region using an AutoCAD comnimds found that the
calculation results were in goodgreement with the results generated in AutoCAD

(Dudda&Sobieski 2011

2.3 Modeling flow through porous media

Much research has been done to investigate flow through porousanddizanymodels
have been developed poedict or estimateesistance to flovthrough porous media. Those
modelsare groupedinto theoretical models, empirical modeds&xd numerical modelis the

following review
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2.3.1 Theoretical models for flow through porous media

Darcy developed the first law of flow resistance through porous nedi&856 Darcy
1856. He designed experiments to describe water flow through sand filled pipes and found the
flow rate of water through the filter be&hsdirectly proportional to the area of sand and to the
difference in the height between the fluid heatithe inlet and outlet of the bed, and inversely

proportional to the thickness of the bed (E§).

1 29)

where
Q = the flow rate of fluidm®s™)
C = a property characteristic of the sand or porous media
A = the area of sancblumn(m?)
Y - pressure gradient (Fa*)
L = thethickness of the be@in)

In Eq. 2.9, the proportionality Gcan bereplaced by=fe, whereu is the viscosity of the
fluid and k is the permeability of the porous medium, which is a property of porous medium
only and reflects the ability of a porous meditorallow fluid pass throughiT hen Dar cy 6s
equation can be stated as

Ao, (2.10)

where
dL = a segment (m) along which a pressure droprsa@uip(Pa)
€ = dynamic viscosity coefficienP@ 3
k = permeability coefficient (f)
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v = the fluid velocity (ms™)
The following assumptions were followed whBnar cy 6 s establishedmao
2007):
1) The flow is continuous and steady.
2) The flow is incompressible.
3) The flow islaminar or viscous flovand he inertia effectare neglected.

The mostimportant propertyparameter n D a r ¢syhé germieability coefficierior
determining the pressure drop. Darcyods fl ow
Newtonian fluid at very low Reynolds numbé@Re) where the viscous effect is dominant
(Morais et al. 200pThe Reynolds number for packed b&dss defined as (Bird et al. 1996):

2 L (2.11)

where
} = fluid density (kgm™)
vs= superficial velocity (ns?)
Dy = diameter of the spherical particles (m)
e = fluid viscosity (kg(m s)?)
@ = porosity

The fully laminar condition exists for Reynolds number less than about 10 and fully
turbulent flow at Reynolds numbers greater than around 2000 (Rhodes 2008).

Groisman and Quake (2004) presented a microfluidic rectifier (a microscopic channel of a
special shape whosefl resistance is strongly anisotropic) and tested the pressure drop across
the channel at different Reynolds numbers. The patterns of flows became different at different
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Reynolds numbers. Specifically, at higher Reynolds numbers, nonlinearity in the flow

developedTurbulent flow with higher Reynolds numbers increased the resistance dramatically

so that large increases in pressure would be required to further increase the volume,flow rate

whichDar cyé6s | aw would al ways opnderesti mate th
For the higher fluid velocityand low viscosity, inertial effects mdecome significant

Forchheimer (1901) modi f i-erderJlacitydeyndas shbovanim by a

Eqg.2.12 to account for the inertial effects:

- @:E\/+b w2 (2.12)
(o | I ¢

where
} = the fluid densitykg m~)
b= the Forchheimer coefficient (h (b factor)

The Forchheimer coefficient is determined usually by fitting experimental data and the
value was foundo verify with porousbedstested (Teng and Zhao 200@imilar to the
permeability, the Forchheimer coefficient depends on the medium propsuodsas rosity.
Based on experimental measuremewdsiouscorrelatiors between the permeability and the
Forchheimer coefficierttave been establisheslich a€q.2.13 (Jones 1987)

r AZE (2.13)
where
C1, Co= geometrical parameters
Both ¢ and ¢ are depenént on the properties ofporous medium (e.gJporosity, pore
connectivity, pore size distributiorijhe permeaibty and the Forchheimer coefficient also can
be determined by fitting the experimental data with the Forchheimer equation (Jambhekar

2011).
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Ergun (1952) presented an equation Etg) for flow through a porous bed consisting of
spherical particles, iwhich the permeability and the Forchheimer coefficient were determined

by consideringhe effect of porositandparticle diameter on pressure drop

o | O "L—06 (2.14)

where
&P = the pressure drop per unit depth P
A = the viscous constant

B = the inertial constant
v = superficial velocity (rf(m? s)%)
n = porosity
de= the equivalent particle diameter (m)
In Eqg.2.14, the pressure loss is treated as the sum of the kinetic losses and viscous energy
lossesThe first term dominatebe resistance under laminar flow conditionkjle the second
term dominatesinder turbulent flow conditiondhe combination of A and B is depesmdon
the ranges of the particle diameter, bed porosity and Reynolds number (Tian et al. 2016).
Carman and Kozeny (Carman 1937; Kozeny 1927, 1933) developed an equatioh3Hqr 2

laminar flow through randomly packed particles with diameter ranging from 0.25 to 50 mm

L opyRt-0 (2.15)

The CarmerKozery equation only considers the kinetic losses and is applicable to
laminar flow through a randomly packéed of particles (Rhodes 2008)
Ergunds equation is widely sweitheentmergngeedi ct

of flow conditions.Hicks (1970) thought that the two coefficient®£150 andB=1.75) in
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Ergurd squationverenot constantgather asunctionrsof Reynolds numbeEr gundés equat
is found to be mainly applicable for spherical particles in the porosity range of-0.35
(Nemec ad Levec 2005; Endo et al. 2Q02ill et al. 2003, butnot applicable to predictg the
pressure drop across irregular hedsich is defined as beds with random arrangement of
particles(spheres, cylinders, rings, or planes),qumiform in size and diéfrent configurations
throughout the bed$iandly and Heggs 1968ome measured values of pressure drop for the
cylindrical packing besvereonlyahal f of t hose predicted by Erg
Myers 1963). Al s o Er g uagbtdubeeggamatty of pare spagesandb a s e ¢
didnét take into account the connectivity an
empirical c onst a@50andil.Wphake ng physita meargng @Vu and Yin
2009) and may have differemlues at different porosities (McDonald et al. 1979)
All the modelsreviewed above have some comnfollowing assumptions:

1. The fluid flow is incompressible At low velocity the change of density of flow by the

pressure could hgnored.
2. Pores and padies are uniformly distributedlhe porous bed iassumedas a regular

packing bed consisting of uniforaized particles (spheres, cylinders, etc.) repeated in the

same arrangement.

3. The porous mediuns isotropic and homogenequehich does not react withe fluid.

2.3.2 Empirical modelsfor flow resistancethrough grain bulks

Hendernson (19431944 studied the resistance of airflow through shelled maize

soybeansand oatsandfitted theexperimental datao arelationship between the airflow rate
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per unit cosssectional area and pressudep for a given depth represented by a power
function as follows:
1 +DO (2.16)

where
Q = airflow rate per crossectional areécfm ft?)
DP = static pressure drop per ft, depth (in. of wht8r
K and C = constants depending on the depth of grain bed

For maize and soybeans, K was found to decrease and C to increase slightly with
increasing grain depthVhereas for oats, thegqtlof airflow rate against static pressures failed
to give a straight linen the log scale.

Shedd (1945) repeated Hendersonds wed k on
depths varying from 1 t8.66 m (1 tol2 ft) and proposed a simplified egion (Eq.2.17)
involving the same variables

1 omnTte (2.17)

Then Shedd (1953) measured pressure giopdifferent grain beds at various airflow
rates and found that the besat@nshipbetween airflow velocity and pressure drop wkihe
following form:

6 Y0 (2.18)
where
V = airflow rate (M s* m?)
o = pressure drop per unit depth of grain bedn(Ph

A and B = constants for a particular grain
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However, Shedddés equation was axpgetmenabl e t

observations. It performed well at certain velocitf@€05- 0.3 ms?) but notfor higher
vel ocities. Based on Sheddbés e q atlet equation
(Eq2.19) which performed well fom largerrange of velocitie$0.01-2.0 ms™) which covers
bothlaminar and turbulent flow regimes).

Yo ——— (2.19

where

A,andB,= empirical constants

Hukill and Ives equatioexplainsthe nonlinear nature of resistance to airflow data. The

Hu Kk i

model is used in ASABE Standard &present the airflow pressure drop data for selected grain.

However in Hukill and Ives equation the air velocity cannot be directly rewritten as a

relationship with pressure drofdrgerlind 1983).

S hedd 6 s argduiilbahd Ivesrequatiohave beemidely used to estimate pressure

drops in grain bulkst different airflow rategKumar and Muir 1986; Sokhansanj et al. 1990;

Jayas et al. 1991a; Alagusundaram et al. 1992; Jayas et al. 1991a; Nalladurai et al. 2002;

Agullo and Marenya 2005However, thge equations have empirical constants and cannot be

considered as univers#h addition, no parameters of grain bulks (porosity, interconnectivity,

tortuosity, etc) andnot fluid property (viscosity, Reynolds number) were considered

calculatng the resstance to airflow.

2.3.3 Numerical models for flowresistancethrough porous media

Variousnumericalmodels have been developed to investigate the flow behavior in porous
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media. Depending on the length scale, those models can be divided into three types:
macrascopic models, continuum modedsd porescale models (Thompson and Fogler 1997).
In macroscopic models, the continuity equation together with momentum is solved and
constitutive equat i on sforyelocity These m@als aceyaden | a w
the validity of the constitutive relationships and require some inputs for-esapirical
parameters (e.grelative permeability), and have difficulties accounting for heterogeneity, and
complex pore interconnectivi§Balhoff et al. 2007)The sc& of the physical parameters in
macroscopic models is larger than the pore dimengibhempson 2002 The continuum
approach applies the conservation equations ab#weoscopidevel by averaging the physical
parameters (permeability, capillary pressursuperficial velocity, etc.) determined by
experiments, while neglecting the interconnectivity and tortuosity of pore structures of porous
media. Also the continuum modeling is length scale dependent. The small length may result in
the averaged parametemeaningless and large scale may require upscalietgrogeneity,
pore interconnectivity, and namiform flow behaviorat the pore scaleannot be resolved
explicitly at the macroscopic scaglEhompson 2002)

Capillary-bundle models are the simplest ¢ypf porescale models, which incorporate
flow variation but neglect the effects of connectivity and tortuosity of porous medium. Wu et al.
(2008) presented a model for resistance of flow through porous media byncamthe
average hydraulic radius modé&lqg. 2.20) and the contractingxpanding channel model (Eq.
2.21). The total pressure drapas determined ake sum of the pressure drop caused by the
viscous energy loss and the kinetic energy loss along the flow path. The model modified
Er g un 0 : byereplacang theotwo constantemelyl150 and 1.7y two expressions as a
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function of tortuosity, porositythe ratio of pore diameter to throat diameter, dmel particle

diameter, as well as fluid properti@sg. 2.22).

<
=1

: (2.20)
- n - —_— —
Y - (2.21)
y y y ! T T
= = = . (2.2)

where

o = total pressure drop (Pa’)

o, = pressure drodue tothe viscous energy logBam™)
o, = pressure drodue tothe kinetic energy loss (Fa’)

€ = viscosity of fluid (Pas)

n = porosity of porous media

vs= superficial velocity ofluid (m s

Dp= diameter of particles (m)

U= tortuosity of fluid

L = length along the macroscomradient in porous media (m)
The underlying assumptions in those models vasfellowing:
(a) The porous medium is isotropic and homogeneous

(b) The pores and particles are uniformly distributed

Volume-averaging is a widely usedethodin which a macroscopic amentum equation

is derived from the NavierStokes equation averaged over a small representative elementary

volume.Du Plesis and Maslivyah (1998nhd Du Plessis and Woudberg (20@®plied the

volumeaveraging concept to a Representative Unit CRIWE model for flow through
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isotropic granular porous mediihe RUC was defined as the smallest rectangular control
volume into which the average geometric properties of the granular packeddred
embeddedFig. 2.2). In the RUC modellJs denotes the solidhasevolume and U; the fluid
phasevolume while the total volume igiven adJ,. The correspondinkinear dimension of the
solid cubeis d;, and the linear dimension of the RUG d. The RUC model considers
interconnectivity of the pore spacand avoidsthe introduction of empirical coefficients.
Based onthe mean geometrical properties of an idealized microstrydtueemomentum
transport equations aderived, which isapplicable to porous media over the entire porosity

range from zero through unifipu Plesis and Maslivyah 1991

Uo Us

Fig. 2.2. lllustration of theRepresentative Unit CelRUC) model

Network modeling is a useful tool to study the flow and transport phenomenon in porous
media at the porecale.ln porescalenetwork modelsthe poe structureean beapproximated
by 2D networks( Xiao et al. 2008; Yiotis et al. 2010; Ljung et al. 2012; Lao et al. 2003D
networks(Kharaghani et al. 2010; Wang et al. 2012; Zhang et al. 2013; Surasani et al. 2010)
While 2D pore network models arelatively simple, 3D irregular pore network models,

consisting of either spherical or cylindrical particles, better represent the real pore ®tincture
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porous mediaThe pore networks are eitheneaed by computational algorithe{Chu and Ng

1989; Bryant et al. 1992; Thompson and Fogler 1997; Blunt and King 1990; Thompson 2002;
Kharaghani et al. 2010; Chareyre et al. 20dr extracted from image processindopnga et al.
2007;Al-Kharusi and Blunt 2007; Dong 2007; Nasiru 20B8@ang et al. 2013; Zhargg al.

2013; Wang et al. 20120 network modelling, the pore space of porous medium is discretized
into an interconnected set of pores and pore throats, such as triangles using Delaunay
triangulation for 2D pore network models (Blunt and King 1990), spiteres connected by
cylinders (Bafna and Baird 1992; Sangani and Acrivos 1982; Larson and Highdon 1987) and
tetrahedrons using Delaunay and Voronoi tessellations (Jerauld et al. 1984a, b; Thompson and
Fogler 1997; Blunt and King 1990; Mason and Mello®19Thompson 2002) for 3D pore
network models.

Network modelinghas beenvidely used in investigating powseale flow mechanics and
macroscopic behavior (permeability, relative permeability and capillary pressure) of
singlephase and multiphagshase flow Newtonian and NoiNewtonian flow through
idealized latticesand disordered packing of spheres (Fatt 1956; Haring and Greenkorn 1970;
Mohanty and Salter 1982; Lin and Slattery 1982; Bakke and Oren 1997; Bryant et al. 19934,
1993b; Bryant and Blunt 1992ppez et al., 2003; Balhoff and Thompson 2004; Valvatne and
Blunt 2004).

Fatt (1956 developed aolution methodor network models. Specificallfluid transport
wasmodeled byusingfluid conservation equatisranda flow conductivity was assignetb
eaxh pore in the network. Applying the boundary conditions (most commonly a pressure

gradient in one direction), a numerical solution of overall pressure and velocity within the
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networkwasobtained. Thompson and Fogler (1997) proposed a {3made network @proach

to study flow through a packed bed. The packed bed was simalmtdassemblyf random
sphereswith a specified volumeAn algorithm calledDelaunay tessellatiomwas used to

develop the network of pas@nd throatdy dividing spheres into neateneighbor groups of

four to form tetrahedron units. Flow was considered through each pore (space in the group of
spheres) by any of four pore throats (constrictions that are created where three spheres meet).
The final flow solution was obtained from @mdar matrix equation representing fluid
conservation at each pore by applying the balance on the net volumetric flow rate in each
interior tetrahedron. The linear matrix equatiwas solved at the pore level and the overall
pressure and flow profiles weobtained.

VoronotrDelaunay tessellation is another technology to construct irregular lattice with
topological and morphological information for calculating the transport coefficients without
distorting the lattice structure obtained or introducing abjtror empirical parameters
(Vrettos et al. 1989)VoronotDelaunay tessellation has been also applied to istgdy
percolation properties and the mdategy of reservoir work\(Vinterfeld et al. 1981; Jerault et al.
1984; Pathak et al. 1980Vvrettos et al(1989) appliedhe Voronoi i Delaunay tessellation
technigue to simulate a network of cylindrical pores consisting of a random packing of uniform
spheresThestructural characterization (pore diameter, pore angle and pore length distribution)
generated waused to calculate the effective transporffaents of various transport modes.

The results of ordinary diffusion were in good agreement with the experimental data whereas
the errors existed when estimating the pore overlapping volume for Knudesascmug flow.

The Voronoi network has been used to model multiphase flow in disordered fibrous materials

37



at the pore scale. The resuisveshown that Voronoi network moldieg is a powerful tool to
guantify macroscopic transport based on microscalegptiep (Thompson 2002).

Lao et al. (2004) developed a 2D computational method to construct a random pore
network model by iding the porous medium into a series of cylindrical pipes with different
orientations, lengths, diameters and connectivity. Basedhe porosity and the pore size
distribution of the medium, they calculated the medium properties, such as the permeability,
the Forcheheimer coefficignand the relationship between them. The resu#sein good
agreement with theoretical and expezintal results.

The Lattice Bolzmann method (LBM)as developed into an efficient algorithm for
simulating singlgphase and multiphase fluid flows through porous meaid mod#ing
physics in fluids, especially dealing with complicated boundaries (Chetrbanlen 1998).
Based on the Boltzmann equatitime LBM considers the microstructure of porous medium as
a lattice meshwork in which the representative volume element is represented by a particle
velocity distribution function for each fluid component edch grid point. Applying the
boundary conditionsa numerical solution of the Boltzmann equation at the {scede is
obtained.Gao et al. (2012) developed a Lattice Boltzmann (LB) model combined widly X
computed tomography to simulate fluid flow atr@scale to calculate the anisotropic
permeability of porous media. Tiheesults showdthat the LB modelvasefficient to simulate

porescale flow in porous meaand investigate the anisotropic permeability.

2.3.4 Summary of model review

Classical heoreticalmodels such asDar cy 6s | aw, Forchhei mer o
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equation usually work for certain airflow velocity and do not take into account the
interconnectivity and tortuosity of the pore structure of porous anédnpirical models
(Sheddbés eflatainan,| vHaeldited foom ahte iexperimental data by
measuring the pressure drop along a column of material at different flowTlagesmpirical
constants in those models are dependetii@grain bulks, which results in those models may
not work for different grain bulksNumerical modeldike RUC model, Capillanbundle
models considers the mean geometrical properties of an idealized microstructure and the
derived momentum transport eqjoas are applicable to poroosedia over the entire pasity

range. Porescale network modelare powerful to simulate the pore structure of porous
medium and investigate the interconnectivity and tortuosity of the pore struntpoge scale
network models, the pore structure is characterized by theaiddscations of particles, the
orientations of pores and their connectivity via pthn@ats. However, in realitthe detailed

pore structure afeal materials is rarely known and the idealized arrays of geaaltisimple

pores and poréhroats are assmed to study the flow behavior in porous me8iacondly, it is
difficult to obtain general solutions to the equations of motion in these complex pore
geometriesTherefore, there is a need to develop a model to take into account the connectivity
and tortiosity of the pore structures of porous media and inteiratth the fluid mechanics to

predict the resistance to airflow through porous media.
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3 Materials and Methodology

A porous medium is made up of solid particles and ransiampores bateen particles.
Given that the pore structure is highly randomized in its nature, it is challenging but vital to
characterize the geometrical pattern of pore structure to understand fluid flow within the
medium. As illustrated in Fig.B, when fluid (air)enters a porous medium, the flow paths
consisting of interconnected pores are random and multiple. Most of previous research
assumed simple (idealized) pore structures and used representative unit volumes to average the
flow resistance along the flow patHowever, the resistance to flow through each pore is
different, which results in complex paths of flow through the porous medium. The proposed
methodology was concentrated on flow behavior through each pore based on the pore structure
simulated by a disete element model. There were four main steps in the proposed
methodology: (1) developing a discrete element model to simulate the pore structures of porous
beds; (2) developing an algorithm to quantify airflow paths based on the simulated pore
structure(3) developing a porscale branokd patiflow model and aetwork model based on
simulated airflow paths for predicting the resistance to airflow; and (4) conducting experiments
to validate the airflow resistance modelhese four steps are discussedha following

sections.

3.1 DEM modelling of pore structures ingrain bulks

A commercial software package PPC(4.0 EV, ltasca Consulting Group Inc.,
Minneapolis, MN) was used to develop a DEM model to simulate porous beds filled with
soybeans. Two bed contitations were simulated based on the availability of experimental
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data for model validation. The first bed was a srsadlle rectangular grain bin of
0.25x0.02x0.275 m filled with soybeans (Fig.1a). This bin was used by Nwaizu and Zhang
(2015) in theirexperiments to investigate airflow paths using smokes and imaging techniques.
The second bed was a cylindrical bin of 0.15 m in diameter and 0.28 m in height and filled with
soybeans to a depth of 0.25(Fig. 3.1b) This bin was used by Liu et al. (201®)conduct
experiments for determiimg the effect of vibration on pore structures. Both bins were made of

Plexiglas. The first bin was simulated for airflow paths and the second bin for vibration effect.

Soybean

Vibration
table

Fig. 3.1 Smaltscale grain bins filléd with soybeanga) rectangular bin used by Nwaizu and
Zhang (2015), (b) cylindrical bin subjected to viiwa, used by Liu et al. (2012)

Soybeans were selected because of their smooth surface and relative round shape so that
the grain bed could be sifaed as an assembly of spherical particles. It should be noted that
soybean kernels were nabmpletelyspherical, but they resemble a sphere with high average
sphericity values (above 0.8), and therefore, most researchers have used spheres to
approximatesoybean kernels when simulating bulk soybean characteristics in DEM models to
reduce computation times (Boac J.M. et al., 2014). The measured average long, intermediate,
and short axis dimensions for soybean used in this study were 7.6, 6.7, and 5.7 mm,

respectively, and the corresponding geometric mean diameter was 6.6 mm, and sphericity 0.87.
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The PFG® model essentially simulated the formation process of a grain bed. Firstly, the
boundaries of the model were defined by walls to create the Pleximigner with given
normal and shear stiffness (Tallel). Secondly, balls (spherical particles representing grain
soybean kernels) were filled into the bin one by one to form a porous bed (an assembly of balls)
at a pescribed porosity. During the bed foation process, the movement of each ball was
tracked and its coordinates were calculated as the bed approached a (force) equilibrium state.
|l nteraction between particles was governed
law was used to calcuamotion of each particle and a fortisplacement law at the contacts
to update the contact forces. Both displacements and rotations of discrete balls were calculated.
Complete detachment between balls was permitted and contacts between balls were
automaically detected and updated during simulation (Itasca, 2005).
To achieve the prescribed porosity, saralius (R) particles were generated first and

then particle sizes were increased using an initial radius multiplication factor until the desired
porosity was obtaineditasca, 200 The process is described as follows. First, the porosity
was calculated

nop 676 (3.2

6 B-"2 (3.2

where
@ = target (prescribed) porosity
V), = total volume occupied by particles
V = total volume of the porous bed

R = radius of an individual particle
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And then, the total void volume was determined:
e 6 B-"2 (3.3

From Eqg. 33, the particle radius was calculated:
B2 o6p M T (3.4)

If the initial particle radius was assigned as &d the corresponding porosity was

from equation (31), we obtained:

(3.5)

where

Ro = initial particle radius

@o = initial porosity

A radius multiplication factor was introduced to increase (expand) the particle radii gradually

to achieve the desired (prescribed) [siso0
2 12 (3.6)

i (3.7)

where
m = radius multiplication factor
An initial guess of the radius multiplier m was made, based which an initial porosity was

calculated from:
nop p 1A (3.8)
The mean particle radius and the number of particles generated were calculated:
—p N 12 (3.10

where

N = the umber of particles generated
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2 = the mean particle radius

3.2 Simulating grain beds subjected to vibration

Grain beds are often subject to vibration during operations. Vibration may cause
significant changes in pore structures of grain beds. DEMIations were conducted to
explore the effect on vertical vibration on pore structures of grain beds. Once the porous bed
was formed in the DEM model (discussed in the previous section), a vibration excitation was
applied. Simulations were conducted for adal bin of 0.28 m height and 0.15 m in diameter,
filled with soybeas. This bin was used by Liu et al. (2010) to study the vibration of soybean
during storage. Therefore the simulation results could be compared with the data reported by
Liu et al. (2010)A simple harmonic excitation was used to vibrate the bin. Vibration excitation
was applied to bin floor in the vertical direction with prescribed frequencies and amplitudes as
follows:

D,(t) = Asin(® Q (3.11)
where
D, (t) = displacement in the vertical direction (m)
A = vibration amplitude (m)
¥ = angular velocity (rag?), = 2pf
f = vibration frequency (Hz)
t =time (s)

A frequency of 15 Hz and amplitudes of 0.5, 1.0, 2.0, 3.0 and 4.0 mm were used in

simulations. These frequency and amplitudes combinations were selected to achieve the
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maximum densification. According to the experimental results reported byahr(2009), the
dense packing was achieved with vibration intensity between 1.5g (g= gravitational
acceleration) and 4.0g (the peak density occurred at 2.6g). The vibration intensity levels,
determined a&\(2" 4, were 0.45g, 0.91g, 1.81q, 2.72g, and 3.62g for amplitudes of 0.5, 1.0,
2.0, 3.0, and 4.0 mm at 15 Hz, respectively.

Vibration was simulated intime stepsof 8. Thi s ti me step (t)
the mass (m) and the stiffness (k) of paesclyO T 7E) (Itasca, 2005). Preliminary
simulations were conducted to determine the total length of vibration time requieaaicthe
maximum density and it was found the 16 s was sufficient for all vibration intensities. At each
time step, the posan (X, y and z coordinates) of each particle was saved in a data file for late
use in calculating flow parameters.

One of the most important parameters affecting flow through a porous bed is porosity. In
this study, both global (overall) and local potpsialues were calculated based DEM
simulation data. The global porosity was calculated as the ratio of the total volume occupied by

the particles to the total volume of porous bed.
n p 6716 (3.12

6 B-"0 (3.13
where
@ = global porosity (decimal fraction)
V = total volume of porous bed {jn

V), = total volume occupied by particles volumes)m
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r = particle radius (m)
S = summation of all particles in the porous bed

In a porous bed consisting of raxmdly packed particles, the pore distribution would not
be uniform. Therefore, local porosity was also determined using therbfiitiction in PFE°
at five locations, which were denoted as B1(0.06, 0, 0.119), B2(0.06, 0),0B130.06, O,
0.130), B4(006, 0, 0.136), and B5(0.06, 0, 0.146) (three numbers in parenthesisarand

z- coordinates, respectivelyFig. 3.2). The instantaneous local porosity values at these

locations were calculated at every time step (8)3during vibration simulation.

V4

' Filling height
0.28m 5O
0.25m B4 (D
B3
B2 Q
BLO

="

Fig. 3.2 A Schematic of simulated bin showing the locations-B%) where local porosity was
calculated

3.3Physical properties of grain and bin for DEM

simulations

The DEM model requires parameters of grain and grainmiyding particle diameter,
bulk density, porosity, particle stiffness, friction coefficient between particles, friction

coefficient between particle and wall. All of the physical properties of grain and bin used in the
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simulations were shown in Table which were adopted from a preus studyon DEM
modelingof grain beds filled with soybeameported by Liu et al. (2008a). Both the normal
stiffness and shear stiffness for the bin wall were determined from the modulus of the bin wall
as follows (Liu et al. 2008a):
E %O (3.19
E mE OpP3E (3.19
where
k.= normal stiffness of wall (N i)
ks= shear stiffness of wall (N T
E = elastic modulus of Plexiglas wall (3.03 GPa) (Mohsenin 1980)
t = thickness of wall (m)
Similarly, the normal stiffness and shear stiffness of grain were determined from modulus
elasticity of the grain as follows:
E % cA (3.19
E mE OpsE (3.17)
where
kon= normal stiffness of grain kernel (N
kps= shear stiffness of grain kernel (NHn
E, = dastic modulus ofyrain kernel, whichs a measurement gfain kerneéds r esi st anc
being deformed elasticallwhen a force is applied to iElastic moduluswas determined
through compression test by Liu et al. (2007)
d,= diameter of grain kernel (m)
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Internal friction angle, friction coefficient between particle and welte determined by
direct shear tegt.iu et al. 2008a)The particle denty and porosity were assumed to be 1285
kg m® and 40.8% (Milani et al. 2000).

Table 3.1 PFC simulation parameters reported by Liu et al. (2008a).

Parameters value
Wall normal stiffness (§, N mi* 1.8x10’
Wall shear stiffness g N mi* 0.9x10’

Particle normal stiffness g§, N m*  4.0x10°
Particle shear stiffnessyg N m'  2.0x10°
Friction coefficient between particle 0.47
Friction coefficient between parteel 0.3
and wall (Plexiglass)

Particle densityr(, ), kg m® 1285
Bulk density 5, ), kg m* 761
Porosity [ ), % 40.8
Particle diameter g, mm 5575

3.4 Simulation of airflow paths through grain bulks
3.4.1 Algorithm for calculating airflow paths

Algorithms were developed in MATLABR2013, Mathworks Inc., USAjo determine
all the possible paths (the widest, narrowest, etc.) for airflow through the pore spaces between
particles in grain beds based on the locations and sizes of ballskigmaats) simulated by the
DEM model. Tlese algorithms treated the porous bed as a collection ofpfuoticle
tetrahedron units stacked over each other from the bottom to the top of the grain b&8)(Fig.
as proposed by Sobieski et al. (2012). Eaclatete d r on  uni t h-BAgwithour fit
T1 beingthe space between particles A, B andDBBC), T2 between particles A, B and D
(DABD); T3 between particles A, C and DACD); and T4 between particles B, C and D

(DBCD). If air entered the tetrahedranit through a throat, say T1, it could exit from T2, T3 or
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T4. In other words, there were three possible airflow paths through each tetrahedron unit

termed as local paths in this thesis

Fig. 3.3 A tetrahedron unit representing grain mass at atpoithhe grain bed.

Because air flows from the bottom to the top in typical grain bins during aeratiobiar in
drying, and therefore a random point at the bottom of the grain bin was first selected as an air
entrance point (AEP). An AEP was physicalgore space between particles on the bin floor.
Three particles nearest to the AEP were selected to form the pore space for AEP, and these three
particles also formed the initial base triangfea tetrahedron unifTrhe next step was to find a
particle astie fourth vertex to construct a tetrahedron. All the particles in the grain bed whose
coordinates héibeen determined by the DEM model were sorted by their distances to the
centroid of the base triangle and the particle that was closest to the base wiasgelected as
the first candidate for the fourth particle to construct the tetrahedron.

A candidate particle was confirmed to be the fourth particle of the tetrahedron if the
following two conditions were met: (1) the center of the fourth particleldimihigher than
the centroid of the base triangle because the air flows upwards; and (2) the space among the
four particles that formed the tetrahedron should be sufficiently small (not be able to

accommodate another particle inside the tetrahedron)the inscribed sphere within the
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tetrahedron must be smaller than a patrticle. If these conditions were not met, the next closest
particle was considered, and the process was repeated until a suitable particle was found as the
fourth particleto form a térahedronOnce a tetrahedron was constructed, the air was assumed

to enter the tetrahedron through the base triangle (T1) and exit through the other three
triangular faces of the tetrahedron (T2, T3 and T4) (8ig. The length of a local path was
detemined as the distance between the centroids of the two triangles associated with the path.
For example, the length of the -T2 path was the distance between the centroiBaBC and

DABD (Fig. 3.3).

Among the thredocal airflow pathsin each tetrahedromnit, one had the widest
crosssection and one had the smallest (narrowest) @®@sison, representing the widest and
narrowestflow path, respectively. To determine which of the three paths was the widest or the
narrowest pat h, xhe cateaangl eshewetbreal dael at

and compareendig 2000:

3 b b AP ADP A (3.19

b -A A A (3.19
where

p = a half of perimeter of triangle
a, b, c= lengths of three sides of triangle

The open area was calculated as the area of face triangle less the projected area of three
particles on the triangle face (Dudda W. and Sobieski W., 20akeY! # &s an example

(Fig. 3.9), the total area of trrgle was calculated as follows:
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Fig. 34. lllustration of the crossectional area for airflow through a triangle.

D - 1#1$ #8$ (3.20

3V#$ D Db ' #D ! $D #% (3.21)

The areas occupied by the three particles A, C, D were calculated respectively as follows:

31 11 - "#1$0
3u#t - "1 #$0 (3.22
3% %% - "1 $#0

where

S(A1AA),), S(GCCy) , S(D1DD,)= the areas occupied by particles A, C, D, respectively, within
triangle ACD
ra, e, rp = radius of particles A, B, C, respectively
Therefore, the (open) area available for air flow thraggkCD was calculated as:
3 3V #3% 3Y 11 3Va ##t 3% $% (3.23
The triangle with the largespenarea was selected as the exit triangle for the widest path,
whereas the trizggle with the smallesbpenarea was selected as the exit triangle for the

narrowest path. Once a triangle was selected, the actual pore throat area was calculated as the
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open space between the three particles that formed the triangl8.§righe equialent path

width was considered as the diameter of a circle which had the same area as the open area.
A ¢ : (3.29

where

dr = equivalent airflow path width (diameter) of a local path

S = open area between three particles in a triangular face of tetrahedyon (m

Fig. 3.5. Pore throat sizes for diofv paths in a tetrahedron unit.

After the local paths within the first tetrahedron were determined, the corresponding exit
triangle (outlet) was used as the base triangle (inlet) to construct the next connecting
tetrahedron. The process was repeated fhenbottom to the top of the grain bed until the last
tetrahedron unit react¢he top surface of the grain bed (RBg). The total airflow path length
was then calculated as the sum of lengths of all associated local flow paths (LFP) (LFP1 +
LFP2 +, af the 3um of distances connecting the centroids of base triangles in all

associated tetrahedron units (R3g).
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LFP: Local flow path Bottom of grain bed

Fig. 3.6. lllustration of the stejincrement procedure to construct a global airflow path.

However, this stejincrement procedure of canscting a flow path might not always
converge. There were two cases that required reselecting the exit triangle to arrive at
convergency. In the first case, when the exit triangle from the current tetrahedron was selected
as the base triangle for the neetrahedron, the area S of the exit triangle overlapped with other
triangles of a tetrahedron unit that had been used in a previous step. This case is graphically
illustrated in Fig3.7 where air enters the current tetrahedron unit fABC. If DABD was
selected as the base triangle to construct the next tetrahedron unit with particle E, air would
passed througBACD which had been considered in last tetrahedron to reach the exit triangle
DABD. In this case, another triangle (other tisBD) from the curent tetrahedron would be

selected as the base triangle for the next tetrahedron unit.
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Inlet Exit 1
Fig. 3.7. An example which requires reselecting the exit triangle.
In the second case, a particle penetrated into the exit triangle, causing the flow area

(calculagd by Eq3.23 to be negativeACD in Fig. 3.8). In this case, another particle would

be selected to construct a new tetrahedron unit.

Fig. 3.8. An example of pore space larger than a patrticle, resulting in an unstable tetrahedron.

3.4.2 Predicting tortuosity of airflow paths

The tortuosity was calculated as the ratio of the actual length of flow path to the straight
distance between the air entry and exit. As shown inF#).C,, G, G, ..., G were the
centroids of the base triangles aif tetrahedronunits alongan airflow path which was
constructed as lines connecting the centroids 2, Gé , ) ©f base trianglesn all
tetrahedron units (Fig.9). The actual length of flow path was calculated as the summation of

theline segmentg¢local paths]C,C, + C,Cs+ é é +.1Cfl The bed depth was considered as
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the straight length ().

Cn
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o

C

G
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G

Fig. 3.9. Schematics of local airflow paths

However, connecting the centroids; (C,, Csé
units to form a (global) airflow path resulted in sharp turns between two adjacent local paths

(Fig. 3.9). Given that flowing air cannot make sharp turns, an airflow path should not have

sharp turns.

Therefore,

n) ©f base triangles in all tetrahedron

t

h e

sharp

anagthes

(Fig. 3.10, as recommended by Sobieski et al. (208pgcifically, a local path was divided

into two segments of length

where

i = the current point of path.

a, bi, ¢ = length of the sides of the triangle formed by three neighboring points of the path,

respectively

— and theangley; was determineds(Fig. 3.10:

AlvO
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Fig. 3.10 Schematic representation of smoothing the airflow path by replacing the sharp
turning angle with an arc (Sobieski et al. 2012).

Replacing sharp angles with arcs reduced the total length of flow path. A length correction

factory  was calclated as follows (Sobieski et al. 2012):

* (3.2
where
¥; = the sharp angle between tadjacentocal paths
¥a ¥b = coefficients. The values af, andy, must satisfyy;* = 1 for¥; = 180 and 0 fow; =
0. Il n Sobi eski ert was dssurdesl to @@ WhicR qorrespersleta a straight
angle ¥, = 0.1wasselectedused to calculate therrection coefficienin our research.

Once the |l ength correction factor was
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calculated as follows (Sobieski et al. 2012):
, - A A B -A Ax (3.27
where
L,°°= length of path after smoothing
& = the first section of the path
bnp= the last section of the path
np = number of connecting point of the path
Thetortuoisty of airflow path was calculatas the ratio of thBsmoothed path length to the

bed depth.

3.5 Pore-scale fluid flow modes for predicting airflow

resistancethrough grain bulks
3.5.1 Branched path model

Based on the DEM simulations of the pore structure of the grain bed, ealbbdetraunit
had one air inlet and three outlets. Therefore, air flowed into each tetrahedron unit from an inlet
(the main tube) and branched into three outlets (the branch tube8){H)gThe length of the
main tube () was calculated as the distaricam the centriod of the inlétiangle(Co) to the
centroid of the tetrahedron {Cthe lengths of three branch tubeslfl Is) were calculated as
the distance from the centroid of the tetrahedrghtCthe centroids of three outlgiangles
(Cy, Cy, C), respectively. Angled ,d , d are the branching angles from the main flow to the

three branched flows.
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Fig. 3.11. The definition of branched flow model for airflow through each tetrahedron unit

When a flow is divided into branches, the introduction of nexdohig surfaces makes the
flow velocity profile highly skewed, and the pressure or energy loss increasesnmueh
compared with the parabolic velocity profile in straight flow channels. Details of flow
transitionin the region ofa tube branch are very mplicated, and the characteristics of
pressure loss in a tube branch are not well formulateeMgsin laminar flow conditions (Lee
et al. 2007)The approach used in this research followed a framework propodesklst al.
(2007) for determining pressaidrops due to branchimgairflow through théauman bronchial
tree Specifically, the total pressure drtrough a braching region was consideres the
pressure drop in the main flow section (mother tube) plus pressuredlrepgs branching
(daughte tubes). Following this framework, it was proposed in this thesis that the total
pressure drop through in a tetrahedron unit could be written as the sum of the pressure drop of
airflow througha straightinlet section(qpR) (shown as &C; in Fig. 3.22) and the pressure
dropin branching zone(q B1, P B2, or o IBs, corresponding to €, Ci-C,or G-Csin Fig. 3.12),

which was mathematically expressed as:
Yo Yo Yo j (3.28

where
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o P= the total pressure drop of airflow through a tetrahedron unit (Pa)
o R = the pressure drop of airflow through the inlet (strgighttion (hother tube) (Pa)
o B12 or 3= the pressurdropdue tobranching(daughter tubes)(Pa)

Fig. 3.12. lllustration of the total pressure drop calculation.

The flow rates considered in thissearch was very low (0.254%) and the Reynolds
number was calculated to Bd. Fluid flow through a peked bed with Reynolds number less
than 10 is considered as laminar flow. The airflow in our research could be considered as
laminar flow with inertial effectsThe pressure drop for a fully developed laminar flowhia
straightsectionwas calculated byhe HagerPoiseuille formula in terms of Darcy friction
factor (Brown 2002)

yo £ - ‘— (3.30
fo = Darcy friction factor(a dimensionless coefficient)
L = length of the tube (m)
D = hydraulic diameter of the tube (m)
Vo = average velocity of the fluid flow, equal to the volumetric flow rate per unit
crosssectional wetted area (ri)s

The Darcy friction factor can be calculatedm the Reynoldaumberasfollows (Lee et
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al. 2007)
£ — (3.3)
R« = Reynolds number
Fi = proportional coefficien
The proportional coefficient wasstimatedo be 64 for laminar flow (Re<1000) in a straight

tube (HagerPoiseuille)(Lee,et al. 2007) Therefoe, the pressure drop fone straightsection

was determined by E8 32:

Yo ES>-3— (3.32
£ — (3.33
2 ! - (3.39
6 — (3.39

where
Lo= length of the mother tube (m)
Do = diameter of the mother tube (m)
Vo= velocity of airflow in the mother tube (i)
Qo= volumetric flow rate in the mother tube {st)
Lee et al. (20073lso proposed a metheal calculate the pressure drops due to branching.

Specifically, the pressure drop at a branch was determbyedding a multiplier function to

theequation for the straight tulaes follows:
o \ i 6
YO0 Ad OCEQ$— c

i=1,2, 3, (3.36
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£ — (3.37
6 1 :)B'ﬁﬁ—,’TO’$ Tt (3.39
where
L; = lengths of daughter tubes (m¥1, 2, 3
D; = diameters of daughter tubes (g1, 2, 3
V; = airflow velocity in daughter tubes (&), i =1, 2, 3
f(d) = multiplier function
d = branching angl¢degree)

Eg. 3.38shows that the assumption of the flow rate in a daughter tube being proportional
to its crosssectional area led to an equal flow velocity in all three daughter tubes. Thigyweloc
was simply the total flow rate divided by the sum of cresstional areas of the three daughter
tubes.

The multiplier functionf(d;) described the effect of branching angle on pressure drop in
the branching regigmwith a value of 0 fok = 0 (ho branching, or astraight tube)Lee et al.
(2007)proposed anonotonically increasing functidior f(df) in the form of:

f(idka-bc ois d (3.39)
where a and b are two empirical constants. Based on the work of Jamden®nte (1971),
Lee et al. (2007) concluded that the maxin value off( iflied between 2 and 3 because the
pressure dropof a sharp branching of a rigid circular twbasalmost thre€3) times as higlas
thatin a straighttube butit became smaller for a smooth brdnng at the same brancly
angle. Based on thisonclusion Lee et al. (2008) presentexhd verifiedtwo empirical

equations fof(d). The first ond(d)) = 3-2cogf was suggested if thmaximumpressure drop
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due to branching at 90°was three times ashhég that at 07 and the second difei= 2-c os d
was proper if the pressure drop was twice as high aa80fatat 0. These twomultiplier
functiors were denoted as MB and ME 2, respectively in the following sections of this
thesis.

The size of fbw channels (tube diaeters) was required in calculating pressure drops.
However, he available crossectional area (ACSA) for air to flow throughetrahedron was
variable, as shown in a typical tetrahedron unit in Big3. Taking the inlet! " #san
example, the maximum possible ACSA was the area of triangle ABC, while the minimum
ACSA was calculated as the area of triangle ABC less the area occupied by the three particles
at the vertices (Fig3.13b ) . The maxi mum and mini mecesn ACSA
(triangles in the tetrahedron) could be determined in the same fashion. Given that the variations
in ACSA along the flow path were too complicated to be theoretically quantified, the minimum
and maximum ACSAs were used to establish the upper and lmweds of pressure drop,
respectively, while the average of the minimum and maximum ACSAs was calculated to

predict the average pressure drop through a tetrahedron unit.
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(d) ACD plane (e) BCD plane
Fig. 3.13. lllustration of three cases of cross sectional area.

3.5.2 Pore-scale network model

Network modeling is a useful tool to study the flow and trariggmenomenon in porous
media at the pore scale level. It provides a link between microscopic properties of porous
media and transport behavior at the macroscopic level. In network models, the porous media is
considered as a series of interconnected poré@pare throats. Fluid transport is modeled by
imposing conservation equations at each pore in the network. Applying the boundary
conditions, numerical solutismf overall pressure within the netwaakeobtained Thompson

and Fogler 1997Thompso2002. The process afetworkmodeling consists of three steps: 1).
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simulation of the packed bestiructure 2) Delaunay tessellation; 3) solution of the pressure at

the pore level and solution of the overall pressure.

3.5.2.1Simulation of grain bed

The PFG® DEM modelwas used to simulate the cylindrical bin describeSeiction3.1
(Fig. 3.1). The details of PF& simulation were the same as presente8eation 3.1. The
position (X, y and z coordinates) and the radius of every grain kernel (sphere) determined in the

simulationwereused to carry out the Delaunay tessellation

3.5.2.2Delaunay tessellation

The Delaunay tessellation was used to divide spheres (grain kernels) into tetrghedron
eachconsisting of the nearest four spheres to each other3Hid. (Thompson and égler
1997). Specifically, each Delaunay tetrahedron was considered as a pore unit and the centers of
spheres were the four vertices of the Delaunay tessellation. The pore space was defined as the
central void with the four constrictions connecting thel\toithe remaining pore space and the
pore throat was defined as the 8ib5eArwas oj ect
assumed to enter the tetrahedron wunit throu
Because théetrahedronverticeswereat sphere centers, the void projected onto each of the
four faces was necessarily the smallest constriction that was encountered when traversing a

passage into the central pore.
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Fig. 3.14 A Delaunay tetrahedron representing grain massdarbin.

Pore

Pore throat on BCD

B
Pore throat on ACD

Pore throat on ABD

Pore throat on ABC

Fig. 3.15 lllustration of the pore and pore throat of a Delaunay tessellation.

The Delaunay tetrahedron requires that the circumsphere defined by four vertices

encompassdno other sphere centers from the packed bed (Bowyer 1981; WaS&bn The
algorithm of Delaunay tessellation of the packed bed performed in Matlab (R2063
Mathworks Inc., USA). The process of Delaunay tessellation was shown B Hgrirst, the
dataset of coordinates of particles generated in the DEM mbdehio bed was imported to

the Matlab algorithm. Then the DT=delaunayTriangluation (X, y, z) procedure was used to
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create a 3D Delaunay triangulatimnmatrix formatfrom the coordinates of points (centers of
particles) in the column vectors x, y, andhe criterionwas thaino spheres contained in the
interior of the circumsphere associated with each tetraheddber. the tessellation was
completed, the pore network (connectivity) within ¢gmainbed was obtained. The numbers of
points (centers of pacles) for constructing the Delaunay tessellation (number of tetrahedron x
4) and the neighboring tetrahedrons (number of tetrahedron x 4) were determined. The
procedure is outlineh Fig. 3.16 The boundargf the Delaunay tessellatiovas consideredsa

the noncounducting edges whilodd in a few layers of spherasside the edge of the packed

bed(Thompson and Fogler 1997

DEM simulation of grain bed

U

Coordinates of centers of particles

U

Delaunay Triangulation in Matlab
DT=delaunaytriangulation(x, y, z)

U

Tetrahedron ID (vertex IDx 3)
Connnectivitylist (tetrahedron IDx 4)

Fig. 3.16 The process of Delaunay tessellation
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3.5.2.Fressure drop at pore level

To model flow through the network oapked bed, flow at the pore level wamsidered
first and then scaled up todlglobal network. Specificallghe balanceequation forthe net
volumetric flow rate in each interior tetrahedron \eppliedas follows (Thompson and Fogler

1997):

pal
A

B B b Cj (3.39
where
Ohet= Net volumetric flow rate in each interior tetrahedron @n s
i = theith interior tetrahedron (pores)
j = four neighboring pores
pi = pressure in each pore (Pa)
p; = pressurén four neighboring pores (Pa)
0i; = fluid conductivity

The fluid conductivityg;; is equal to the ratio of volumetric flow rate and pressure drop
across a pore throgThompson and Fogler 1997The numerical values for the throat
conductivities ¢;) between any two pores were required to solve the fluid transport equation at
each pore. The throat conductivity depends on the throat geometry as well as fluid viscosity.
The shape of throat cross sections in a tetrahedron unit were highly irregulaasddfimed
by the dimensions of the triangular faces and the radii of the bounding spherek Big.
There were four types of pore throat shapes as shown i8.Ei§Type (a) three particles did
not touch;Type (b) two particles were in contact bilte third one did not touch with either of

them;Type (c) two particles were in touch and the third one in contact with one of other two;
67



andType (d) three particles were in touch with each other. Because the bounding surfaces of a
pore throat were foned by three spheres, the area of cross sections (thus the conductivity)
decreased with the increase in the radius of three spheres (the cross sections of pore throat

converge and divergd in the direction perpendicular to the papes shownn Fig. 3.17).

LabhAA

(a) (b) (c) (d)
Fig. 3.17 Four types of throat geometries on a triangle {aé®mpson and Fogler 1997
Thompson and Fogler (1997) developed a relationship between flow rate and pressure
drop for parallel and incompressible flow through an arbitrary shaped duct by
dedimensionlizing Naviet ok e 6s equation to a dimensi onl
solved using the finitelement method. The dimensionless flow ratas obtained by
integrating the dimensionless veloci§y AF RS

z z

- — P (3.40)

The conductivity for a pore throat was determined as follows:

z

C 5 (3.41)

where

Q = flow rate (m 8)

Q = dimensionless flow rate
o = pressure drofPa)

r, = average radius dlhe bounding spherém)
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€ = viscosity of aifPa $
L= pore lengthwhich was assumed as the average diametared boundingpheres
Q* is the dimensionless flow rate, whislas determinelly integrating the dimensionless
velocity over the cross segtial area using E8.42(Thompson and Fogler 1997).
1°  CGAGAU (3.42
In this work, an algorithm was develop@edMatlabto calculate théluid conductivityg;;.
Combiningfor theEqgs.3.39and3.41for every tetrahedron unit in the grain bed resulted in a
set of linear equations for o= 1 to n, where n is the total numbeirmeriortetrahedron units
in the gran bed). The boundary odition for solving these simultaneous equatioraswio
specify the net volumetric flow rate along with pressure on tleé fiaces of the networkAn
additionalconstrainingequatiorwas added to the matrikat represds the sum over all inlet
pores (Tlmmpson and Fogler 1997)he linear matrix equations were solved to obtain the
solution of the pressure gach interior tetrahedrdoy using theGaussSeidel nethodwith

overrelaation in Matlab,

3.6 Validation experiment

An experiment was conducted to asere the relationship between pressure drop and
airflow rates through a grain bulk to validate the simulation models for airflow resistance. The
experimental apparatus consisted of an air pump, a cylindrical plenuaestdjrain bin (Fig.

3.18. A cylindrical bin 0.Z25m high (H) and 0.1 m in diameter (D), made of 7 mm thick
PVC, was designed and constructed to conduct the experiment. A cylinder of the same

diameter (0.2 m H x0.15 m D) was used as the plenum under the test section to produce
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uniform pressure at the bottom of test bin. Grain (soybeans) wasifilted bin using a funnel
placed 0.025 m above the bin. The air was supplied by an air pump (Sidewinder A/C
WEB-62055 C, Bestway, USA) to the plenum and then to the grain bed through ateerfor
floor with 1 mm diameter holes spaced 1 cm apart. To enhance the uniformity of airflow
through the grain bed, two additional perforated floors were used as flow strainers at 0.09 m
and 0.18 m from the bottom of the grain bed. The flow rate was mealsyra gas flow
calibrator (Model M30, A. P. Buck, Inc. USA) with a range of 0.1 to 30 LPM and accuracy of
#).5%. A differential pressure transmitter (Model 332, Furness Controls Ltd, UK) with the
range of 0 to 50 Pa and accuracy of f #).25% was usece#asure the pressure drop at different
depths of the grain bed (Fi§sl8and3.19.

In each test, the pressure at point O (plenum) was measured to represent the pressure at the
inlet of the grain bed. The pressure differences between point 0 and 1212add 3 were
measured, respectively investigate pressure drops with the bed défds.3.18and3.19.

To test if there was variation in pressure drop in the radial direction of the grain bed, the
pressure difference betweéncation2A and atmospere and_ocation 2B and atmosphere

were also measured and compared.
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Fig. 3.18 The experiment apparatus for measuring the pressure drop8af dlirough the
test grain bin
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Fig. 3.19 Schematics of the test grain bin for airflow resistance measnt.
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4 Results andDiscussion

4.1 Simulated pore structures of grain bed and airflow

paths
4.1.1 Simulated grain beds

The simulated rectangular and cylindrical bins are illustrated in &iigp and4.1b,
respectively. A sample of numerical results (particlerdmates and radii) is shown in
Appendix A. For the rectangular bin, the DEM model generated a grain bed consisting of 5,146
spherical particles with diameters randomly distributed between 5.5 mm to 7.5 mm. For the
cylindrical bin, the DEM model generatedporous bed consisting of 18,188 particles. To
verify if the simulated beds properly represented the actual grain beds, the numbers of particles
were compared between simulated and actual beds for the cylindrical bin. Based on the
measured weight and threlume ofthe grainbed, the total number of particles in the bin was
estimated to be 18,498. In other words, the total number of particles in the simulation was 1.7%
lower than the measured value. It should be noted that estimation of the total number of
particles in the bin was based on the assumption that all kernels were spherical and had an
average diameter of 6.5 mm. However, the measured geometric mean diameter was 6.6 mm.
Using this measured diameter of 6.6 mm, the total number of particleshimtivas estimated
to be 17,670, which was 2.98éwer than the simulated value. Also, the simulated global
(overall) porosity was @08, which was in good agreement with the measured value of

0.398 0.006 ¢ standard deviation).
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Fig. 4.1 Simulated grain beds by PEXDEM model. (a) rectangular bin, (b) cylindrical
bin.

To describethe structure of porous media, particle size distribution of the simulated
porous beds were analyzed. Taking the rectangular bim a&ample, e distribution of
particlesize (diameter) generated from the simulated porous bed was shown4r2Higcan
be seerthat theparticle size distribubn was fairlyuniformin the5.5 to 7.5 mnrange There
were 2.5% of particleswith diameers outsidethat range This was because there was not
enough space the binto accommodatall thelargeparticles duringheexparsionto achieve

the prescribed porosity (as discusse&action 3.1)
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Fig. 4.2 The frequency distribution of partictéze.

Another important parameter that is often used to describe the structure of granular
materials is the coordination numb&he distribution of coordination numbfar rectangular
bin modelwas determinedsingthe DEM simulation resultsTo minimize the effect of walls,
the packing bed was cut i[-0.05,0.05], y§0.05,0.05], z[0.02, 0.23]) for structure analysis.
The frequency of coordination numbers of selected structure for different vibration amplitude
and frequency was shown Fig. 4.3. The results were obtained using a cutoff distance
1.05dhax (0.008). That means a contact between two particles was counted if the distance
between them was less than 1,951t appeared that the distribution of coordination humber
was close to a normal diditition, with a peak frequency at 8n (2012) observed that the
peak values were 7 for the amorphous state wiplacking density of 0.64 and 12 for the

crystalline state witla packing density of 0.74.
30
25
20 |

15

Frequency (%)

10 |

0 2 4 6 8 10 12 14
Coordination numbel

Fig. 4.3 Distribution of coordination number ihe& simulated grain bed for rectangular bed.

4.1.2 Simulated airflow paths

Three different air entrance points (AHR).02, 0, 0);{0.07, 0, 0); (0.09, 0, 0)) located at
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the bottom of the grain bed were randomly selected to conitefbdw paths as examplds
demonstrate the characteristics of airflow paths through the grain bed. It should be noted that
the selection of the three AIERGAEPSsShaldndreandom,
too close to the vertical walls as recommended by Sobiesk2)&Davoid the boundary effect.

The simulated airflow paths were tortuous and of random shape (in terms of path length and

width, and local turns), as expected (Table 3, Figs& 4.5).

Table 4.1 Summary of calculated flow path parameters of three waedtthree narrowest
airflow paths.

AEP

location . No. of
X, Y, Path length L(m) Path widthw (mm) tetrahedron units
z)(m)

Widest Narrowest Widest Narrowest Widest Narrowest
AEP1 (0.02,0,0) 0.365 0.390 2.91 1.99 152 148
AEP2 (-0.07,0,0) 0.365 0.376 2.83 1.85 160 142
AEP3 (0.09,0,0) 0.385 0.401 2.73 2.00 162 154
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(b)

Fig. 4.4 Simulated airflow paths, as represented by the associated tetrabedso (a) three
widest pathand (b) three narrowest paths.
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Fig. 4.5.Simulated aiiftow paths in twedimension. (ajhree widest paths arfdd) three

Of the six simulated paths

while the depth of bed was 0.25 rhethree narrowest patleppeared taleviae morefrom

the entry point icomparisorwith thethree widest pathd={g. 4.5), which resukdin longer














































































































































































































































































