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ABSTRACT

Inefficiencies in plant perations due tearbon loss irflyash, necessitateontrol of ash
deposition and the handling die slag disposalExcessivecharashdeposition in convective
coolerscausegeduction inthe heat transferboth in the radiative (slagging) section andhe
low-temperature convective (fouling) heating sectibhiscan kad to unplanned shutdowns and
result in an increased cost electricity generationCFD models for entrained flow gasification
have used the average bulk coal composition to simulaggista and ash deposition with a
narrow particle size distribution (PSD). However, the variations in mineral (inorganic) and
macerals (organic) components in coal have led to particles with a variation in their inorganic
and organic composition after grimgdi as governed by their Particle Size Distribution (PSD) and
mineral liberation kineticsAs a result, each particle in a PSD of coal exhibits differences in its
conversion, particle trajectory within the gasifier, fragmentation, swelling, and slagging
probability depending on the gasifier conditions (such as the temperature, coal to oxygen ratio,

and swirling capacity of the coal injector).

Given the heterogeneous behavior of char particles within a gasifier, the main objective
of this work was to determe boundary conditions of char particle adhering and/or rebounding
from the refractory wall or a layer of previously adhered patrticles. In the past, viscosity models
based on the influence of ash composition have been used as the method to charaztemize sti
It is well documented that carbon contributes to thewettability of particles. Therefore, it has
been hypothesized that viscosity models would not be adequate to accurately predict the
adhesion behavior of char. Certain particle wall impact hsduve incorporated surface tension
which can account the contributions of the carbon content to the adhesive properties of a char
particle. These particle wall impact models also predict the coefficient of restitution (COR)
which is the ratio of the relbmd velocity to the impacting velocity (which is a necessary
boundary condition for Discrete Phase Models). However, pawtigleimpact models do not
use actual geometries of char particles and motion of char particles due to gasifier operating

conditiors. This work attempts to include the surface geometry and rotation of the particles.

To meet the objectives of this work, the general methodology used for this work involved

(1) determining the likelihood of particle becoming entrapped, (2) assessitignita¢éions of



v
particlewall impact models for the COR through cold flow experiments in order to adapt them
to the nonideal conditions (surface and particle geometry) within a gasifier, (3) determining how
to account for the influence of the carbon anel éish composition in the determination of the
sticking probability of size fractions and specific gravities within a PSD and within the scope of
particle wall impact models, and (4) using a methodology that quantifies the sticking probability
(albeit a crierion or parameter) to predict the partitioning of a PSD into slag and flyash based on

the proximate analysis.

In this study, through sensitivity analysis the scenario for particle becoming entrapped
within a slag layer was ruled out. Cold flow educatgperiments were performed to measure
the COR. Results showed a variation in the coefficient of restitution as a function of rebound
angle due rotation of particles from the educator prior to impact. The particles were then simply
dr opped i n méntdsr(vatpoat educatorgto determine the influence of sphericity on
particle rotation and therefore, the coefficient of restitution. The results showed that in addition
to surface irregularities, the particle shape and orientation of the particleimmopacting the
target surface contributed to this variation of the coefficient of restitution as a function of
rebounding angle. Oblique particle impact measurements and images suggested the possibility of
particles simultaneously rolling and sliding doenonsphericity.

Calculations also showed that the COR due to viscoelasticity is most sensitive. Therefore,
the critical velocity was derived from a viscoelastic particle wall impact model based upon the
yield strength and a variable termed the pldsiss factor. However, by setting the plastic loss
factor equal to the COR, trivial solutions were obtained in the derivation of critical velocities
where the COR had to equal zero in order for the particle to stick. Therefore, the damping ratio
was set toa value of 1 to indicate critical damping while the COR was set to zero to
independently solve for the plastic loss factor. By solving for the plastic loss factor, critical
velocities were determined for particles in each specific gravity and size frastehin this
study. An alternative fArules based methododo ba
critical velocity was also used to determine a sticking probability. With the exception of some of
the larger size fractions, there was a bettee@gent between the sticking probabilities based on

the critical velocities and t heulesbhdsedaiteiang pr o
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t h an rukedbaseddiitericd and the conventional mo d e | (in
critical velocity was used). Capture efficiencies of these particles were calculated using sticking
probabilities and impact efficiencies. The range of values of the capture efficiencies determined
through therulesbasedcriteria were similar to the range of valuesported in previous

experimental work concerning ash and char deposition.

Conventional viscosity models only predicted a significant variation in the adhesion
bet ween particles of di fferent Sspeci-fased gr avi
criteriao, the influence of the particle size
specific gravities within the PSD. With the influence of unburnt carbon accounted for, the
particles from Alighter o )mangtheilacgesysizafractiony f r a
contributed the most to the flyash whereas,
exception of SG4, SF1) contributed the most to the slag. Therefore, by reducing the largest size
fractions and increasing themallest size fractions, syngas increased incrementally, flyash

decreased incrementally, and slag increased marginally.

This work has identified the importance of characterizing particle orientation due to
rotational motion in all three Cartesian cooatas prior to impact in addition to characterizing
simultaneous sliding and rotation in oblique impact for-spherical particles. A sticking
probability based on the critical velocity was developed to provide consistency between CFD
models and an indust friendly model to predict partitioning of slag and flyash. Based on the
results of this model developed in this work, flyash was shown to be reduced by reducing the
average particle size. In summary, the connection between the physics of char particles
impacting the wall of a gasifier and their ash as well as carbon composition has been

comprehensively investigated in this study.
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CHAPTER 1 INTRODUCTION

1.1  Description of the Integrated Gasification Combined Cycle

To meet energy demand economligapower plants try to attain the maximum carbon
conversion possible based dher plant design. As a plant configuration, the Integrated
Gasification Combined Cycle (IGC@)ant has proven to be more efficient thae pulverized
coal combustiorplant [1]. The IGCC contains the gagifi air separation unit, gadearup
block, and the combined cycle power generation block (Figut®. In the IGCC, oxygen is
separated from air in the air separation unit (1). This oxygen and coal is then fed into the gasifier
(2). Synthesigga ssynfa® , which is composed mainl yisof hy
producedduring the gasification process. The syngas is then cleanedHesulfur components
in the hot gas cleanp block (3).Thereafter the gasis directedto the combustor of the gas
turbine where it is burned asfuel (4). The wlume increases in the combustor unalepnstant
pressurethat drives the turbine and powers the generator. The heat recovery steam generator
recoversthe heat from the gas turbinexhaust gasethrough heat eschangers and powers the
steam turbine (550me vaste heaéscapeshrough the stacgasesThe gasifier of interest is the
entrained flow gasifier due to its high capaciyhich is made possible by the relatively low
residence time othe coal particleswithin the gasifief2]. In the entrained flow gasifiers, fine
coal concurrently reacts with steam aoxidant. This gasifier use oxygen as the oxidant and
operats at high temperaturesvell above the critical temperature for the solidifioatiof the

slag. These conditions are set to ensure high carbon convi@ksion

1.1.1 Description of the Gasification Block

The operatiorof the gasification block begins with the preparation of the coal slurry
(Figure 1) [4]. Coal is fed into the rod mill by a weigh feeddong with the process water
containing recycle fines. Additives that reduce the viscoditthe slurry and/or adjust theH
may also be fed into the mills. The slurry passes through openings irotheel screen and
falls into an agitated mill dischargenk.A centrifugal pump delivers the slurry to a finer screen
at the top of a large tank. The screen removes any metal or coal p#natiasdarge enough to
be troublesome to the main slurry feed pump that delivers slurry to the gadigemal durry
from the slurry feed pump arttie oxygen from the air separation plastfed into the gasifier

through a series of valves. The oxygen and slurry are then combined in the process feed injector.



Figure 1-1: Diagram of Integration Gasification Combined Cycle with Entrained flow gasifier
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The coal slurry andhe oxygenreactin the gasifier to produce itbe productsProduct

gas slag, andlyash

Productgas:Productgas consists primarily of hydrogen, carbon monoxide, water vapor,

carbon dioxide, hydrogen sulfide, carbonyl sulfide, methane, and nitrogen.

Slag: Slag is composed dhe mineral matter th t mel ts at t he
temperature and fl ows down the gasifieros

solidifies into an inert glassy frit (granules of glass) with very little residual carbon content.

Figure 1-2: Entrained flow gasifier, Radiant SyngasCooler, and Convective SyngasCooler
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The gasifier exit stream is bér immediately quenched in water (cooling it to less than
756K) or diverted through &adiantSyngasCooler (RSC) In the RSC the syngas passes over
the surface of avaterpool located at the bottom of thmit before exiting. This water pool is
called he RSC Sump and consists of particulated chloridefree process condensate. The RSC
Sump collects virtually all of the slag angartion of theflyash Theflyashthat is not captured
follows the syngas stream. The slag and fllgash which are captuk by the RSC Sump
descendthrough the water and passes through a slag crustreuento a lock hoppeiF{gure
1-3). The lock hopper discharges three to four times per hour to a drag flight comuayan

deposits the slag and tfflgash onto a washedlag screen. The coarse material from the top of

gasi

r ef



the screen is collected and sdtil the cement industry. The tea and fine solids that pass

through the screesrepumped to the settler feed tank.

Figure 1-3: Slag,flyash, brine, and processwater flow diagram
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The flyash that isnot captured travels with the syngas through the Convective Syngas
Coolers (GC) to the syngas scrubbers, where it is removed by intimate contact with water.
Additional particulates and chlorides are removed from the syngas through the polishing of trays

at the top of the scrubber. The syngas later leaves saturatedpaittioa of water vapor.

1.2  Conventional Methods for Characterizing Sticking

Conventional methods for characterizing ash adhesion have included slag indices,

determinationof the ash fusion temperature, temperature of critical viscosgyvell asthe



viscosityitself. All thesefour parameters are basedtbie ash composition. Those ratios include

iron to calciumratio, silica to aluminaatio, silica ratio, and ba&sto acid ratio. In comparinthe
performance ofthe slagging indicesthere are two depositiomdices used to describe the
slagging propensitycapture efficiency and energy based growth rate (GFE) Capture
efficiency is the ratioof the mass of particlesleposited to the mass of tllgash particles

flowing across the projected area of the probe during a test period. GRE is calculated as the mass
of a ceposit divided by the produof theflow heating value anthe mass otthe coal burnedn

the test[5]. As an example, the ba$o acid ratio correlates well with GRE for coal with low
slagging tendenciedut should not be applied subbituminous coal wita high CaO content.
Likewise, other indices are limited to the coals from which they have been derived.

For the ash fusion temperature, ash fusibility is characterizedsidyally
observing asmall cone gyramid of ash in an oue wherethe temperature is increased under
reducing atmosphere. There are falraracteristictemperatures that ardeterminedin the
experiment. The Initial Deformation Temperature (IDT) is the temperature at which the
specimen apex starts to rou(aefom). After the IDT, the Softening Temperature (ST) takes
precedence and is the temperature at which the height of the specimen is gguatltb. After
the ST, comesthe Hemispherical Temperatu(elT), which is the temperature at which the
height becom® equal to half of the width. Ladgt the Fluid Temperatur@=T) is the temperature
at which the fused mass spreads owut nearly flat layer with a maximum height of 1.5 njié)

7]. Although theash fusion tempetare AFT is one of the most common parameter used by
furnace and boiler operators to prediot melting behavior of coalt falls short as a predictive
tool due to poor repeatability and reproducibiliypartfrom the AFT, theaemperature of critical
viscosity, Tv, is used in the characterization of the sticking probability of particleg.isTthe
temperature at whicthe viscosity changes from that of a Newtonif&und to that of a Bingham
Plastic. Above the dv, the viscosity is independent of theesdr rate. However, determining the
relationship betweendl; andthe ash composition has been more complex than predicting the
fluidity of the slag due to crystal formatiofy]. To determine the sticking propensity of a

particle Tcy has been used in viscosity models to determine the critical viscosity.



In terms of viscosity, silicate melts can be described as a polymer network composed of
SiOs* anions which can accommodate different cations. These cations fall ia€odhiegories
depending on their interaction within the netw{8k
Glass formers Si*', Ti*", P* Form basic anionic polymer units
Modifiers C4, Mg**, F¢*, K*, Na  Disrupt the polymer chains by bonding with
oxygen and effectively terminating chains

Amphoterics  Al*", Fe*, B¥* Act eithe as a glass former or mifiér

Modifier ions disrupt the glass structure and thus tend to ltheeriscosityof the slag
Amphoteric ions can act as glass formers when they combine with modifiemioich balance
their chage, thus forming stable metal oxygen anion groups ¢thatfit into the silicate network.
However, if insufficieninumber ofmodifier ions disruthe glass structurd, tends to lowethe
viscosity.

One of the most common viscosity models used has been the drbaah. This model
relates the viscosity athe Weymann relatignwhere a statistical vacancy distribution and a
probability function for the jump from one vacancy site is desdrise

- 0'® I (1.1)

Here A and B are two empirical constants with units in PoiseKK respectively. Urbain had
linked the parametsA andB through Equation 1.2
G0 OO p@XGU (1.2)

where he parameter B is a function of the silica mole fragtfdrandthe quantityi , which isin
turna function of the mole fracnsof CaO and AlOs,

! ——— andd Y, (1.3)

6 6 60 60 60 . (1.4)
Here

0 p& o@wobhuT BITIW, (1.5)

0 oB YpppHULUTLPCIWEK Y (1.6)

0 T BT o o8&t P om8ut , a.7)

0 OKOPPULAXXQCPPOPQ (1.8)



Kalmanovitch modified the Urbaimo d e | wi t h a aml&quationcléntorderto o f
expand the Urbaimodel to accommodate magnesium, potassamd,titaniuny, as:

e 0T Y®C P ACX W (1.9)

f . (1.10)

The Browningmodel calculates the viscosity through the penature shiftwhich isset to an

initial value of zero

0EQ— —— pmwOoP (1.11)

The temperature shift is related to the molar ratio A. The expression for the molar ratio A
discerns the network formers in thenmerator from the modifiers in the denominator
Y omd@pa&d v xX@&p (1.12)

) , (1.13)

where each quantity is based on each mole fraction:
YQ 60a 0w 0Q 0Q 0w o 0 ¢ YQ Y p. (1.14)

While the Browningmodel is inclusive of the role of network formers versus modifidrs, t

Seniormodel uses the ratio of néaridging oxygen to tetrahedral oxygens:

660, . (1.15)

The viscosity has the samepgmdence on temperature agygested byhe Urbain and
themodified Urbain model.However, the parameter A is calculated in terms of NBO/T while the
parameter B is calculated in terms of coefficients determined through a multiple regression
analysis.Moreover, he parameters A and B are divided into two sets of equataniigh
temperatures and low temperatures. For high temperatures, parametategcribedby the
following:

0 CRpoCmd® QoG pT@®@uVvod qp’yY (1.16)



For low temperatures at various NBO/T ratios, parameter A becomes the following:

0 TP ¢ T Tt ¢ 0K O for NBO/Tx1.3 (1.17)
0 8 xyxpmprg OX ad @ ¢ TOWPH'Y for 0.2XBO/T<1.3 (1.18)
0 R qomBT g OO P°Y for 0.00IBO/T <0.2, (1.19)
0 W qoTBTG WX O for NBO/T<0.0. (1.20)

Parameter B is determidérom a set of coefficientshesilica molarfraction N 0  "Y(Q), and
the quantity :
6 ® of of 00 @

.
@0 1 0 w061 OdoOT1 , (1.21)

wherg

The following table list the coefficients to determine parameter B for low and high

temperatures:

Table 1-1: Coefficients for the high temperature andlow temperature range of the Seniomodel

Coefficient High TemperaturéK) Low TemperaturéK)
@ -224.98 -7563.46
@ 636.67 24431.69
@ -418.70 -17685.4
@ 823.89 32644.26
& -2398.32 -103681.0
@ 1650.56 74541.33
@ -957.94 -46484.8
& 3366.61 146008.4
@ -2551.7 -104306.0
@ 387.32 21904.63
@ -1722.24 -68194.8
&) 1432.08 48429.31



Of the variousviscosity modelsthe BCURA $ for British Coal Ash Slags makes use of the

silicaratio S

% , (1.22)

YO b o 0B 8GO0 Q0 pm (1.23)
"0 "0Q) PP FOQ0 pg &OQ (1.24)

Theviscosity is detemined by Equation 1.25

o€ QI8 Y— pg P uU— X8 T (1.25)

Each of the viscosity modelsasits limitations. Forinstance, inthe modified Urban
model, the prediction ofhe coal slag viscosity was poor ffcslags outside of th8iO,-Al,0s-
CaOMgO phasesystem Meanwhile the BCURA $ model had a tendency to under predict
viscosities greater than 100i®4dn fact, this nodeb accuracy hinged on slags haviting silica
andiron oxide contentless than 55%and 5%, respectively{9]. On the other handhé Senior
modelwas limited to viscosities in the range of*1a0° P4s.

Although the limitations of viscosity models has been thoroughly investigated, the
grinding conditions and the composition of the bulk coal governs the initial particle size
distribution. Being that the grinding mills govern the particle size distobutany wear of
abrasion of mills from grinding can skew the particle size idigion [10]. Minerals such as
guartz and pyrite in the form of excluded minerals have been identified as mineral components
respondble for wear and abrasion due to theardness to stgéD]. However, the same minerals
responsible for the reduction of the ball mill performance overtime are the simultaneous
occurrence of mineral transformatiaand particle deposition. Therefore, the inorganic and
organic composition can be can be tied to the physics of such behavior through the physical and
adhesive properties of char particles. However, the applicability of particle wall impact models
are limited to a specific range of deformation whereas this range of deformation is dependent
upon those physical properties for which adhesion (or rebound) is most sensitive. The
conditional use of these models necessitate the need to garner literature onspr@rioun

characterizing the structure of coal as well as its adhesive properties. This information has non
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only been instrument in identifying the range of deformation, but in collecting key information
of how viscosity models fall short. With the redoctiof ash as a key objective, a more suitable
alternative to viscosity models could be used to find the optimal operating conditions of the
grinding circuit to coordinate with conditions of the gasifier. Therefore, the next section not only
provides a brieoverview of how ball milling conditions relates to the PSD, but how a partition
function has served as a powerful tool in the improvement of sulfur capture performance.
Although the algorithm and end objective of this work differs from the work on scefoiure
performance cited in this work, the concept behind a partitioning tool for optimization is the

same.
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CHAPTER 2 BACKGROUND

2.1  Population Models
2.1.1 Grinding

The fragmentation mechanism involved in the rod nglliprocess includes abrasion,
cleavage, and fracture. Abrasion results from the application of, Imsalintensity surface
stresseswhile fractureresults froma rapid apptation of intense stresses that leads to fragments.

On the other hanaleavages the slow applicationfeelatively intense stresses.

Figure 2-1a-b: Particle size distribution due to abrasion, cleavage, and fracturgl1]
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It has been demonsted that large balls promote impact taage (fracture)while small
balls promote breakage by abrasion through ball mil[ibg]. The population balance model is
based on the breakage distribution function which takesconsideratiorboth fragmentation
and cleavagdn the population balanc#esize reductiorconsiss of two baic components: the
fracture event (represented by the breakage distribution function) and the fraptoeess
(represented by the rate or selection function). The breakage distribution function can be defined

as the average size distribution resultimafrthe fracture of a single patrticle.
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Figure 2-2: Breakagedistribution as a function of shatter and cleavage[12]
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Figure 22 shows the particle size distribution (PSD) as a result of the breakage
distribution function. Irthis figure . is the intercepbn the right hand ordinate of the plbtand
i are the slopes of the lower atiek higher section of the cumulative distributimspectivelyd;
is the particle sizeand d is the initial particle size. For the particle size range below the
maximum size, the relationship between the spertie of breakage arttie particlesize is the

selection function

Y8 — 2.1)

where A is a parameter that depends on mill specifications,a characteristic parameter that
changes according to the materiglis the particle top size interval j, ang xs the standard
particle size13]. In abatch grinding process, the mass balancéhesize intervali, is due to
the disappearance tife material by breakageto smallersizeandthe appearance of material by

breakage fronthelarger sizes

— Yo 6 B 6 W o, E QQ p, (2.2)

where0 0 is the mass of material in size interid; is the breakage distribution in whithe
breakage of materialccursfrom x; into x.. Equation 2.Zan be solved usinte Reid solution to

obtaintheproduct size distribution as a functiontb&égrinding time
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b0 B “OQ . (2.3)

Fortheball mill, the empirical modelsedis

Yooow v . (2.4)
Herex; is the upper size of the particle size inteivahder consideratight; and> are parameters
thatare mainlya function of the mill conditionsand" andy are parameterthatarea function
of the material. The ball sizaffectst he magni tude o&nd he phr amegh

Equations2.5ac:

o, (2.53)

Com, (2.5b)
iz

o . (2.5¢)

2.1.2 Particle Size Dstribution

The variation inthe ash content acroske coal particles can be described by the specific
gravity distribution. Development of an ash content distribution is used to account for non
uniformity in its distribution. The attrition behavior isxpected to vary with ash contemthich
is a function othe particle specific gravityl4]. The amount of ash will influence the probability
of a particle to fragment. A particle with lower ash content will las@ajority of its mass
through combustion. Ashe combustible mass ad particle is lost througtihe reaction,the
remaining mass is weakened enowgich thathe particle can fragmena conditionknown as

percolation.

2.1.3 Circulating Fluidized Bed Sulfur Capture

The populabn model has been utilized in predicting the sorbent performance in a CFB
boiler. Forthe power plants equipped witkuchboilers, calcium basedorbentylimestones or
dolostones)would be commonly added for emissions control. In terms of the appligaibilit

predicting the sorbent performance, theere a wide variety of sorbent properti¢sat may
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influence sulfur capture performang¥s]. Among them the grain size is a characteristic of

limestone that is described by a petrographic andl¥Sis

1. Sorbents classified as micrites have a gr a

2. Sorbents that are sparry have a grain size

Given the variation of the sorbent grain size and the partition of ash into bottomdash a
flyash, there is a need to partition the sorbent. The goal of the population model is to develop the
fuel attrition indices that can assist in predicting bottom ash flow rates from a CFB boiler
through a partition function,qkx). This partition functia is defined as the fractional yield ttee

bottom ash stream of interval x.

Figure 2-3: Sizeclassification of particles to thebottom ash and Hyashstreams[16]
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The relationship between the reconstituted feed stream, or composite ash flow, and the

bottom ash flow can be represented by the following fun¢ti@h

Figure 2-4: Partition curve for a particle size distribution [16]
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O B 0V ad ;0. (2.6)

Here M., is the mass fraction in the reconstituted composite ash #odf,is the relationship
among the bottom asflyash, and composite ash flgwand is defined g4.7]
O O O. (2.7)

With regards to the partitioning of composite ash as a result of the chemical and physical
processes that occur through thieculating fluidized bed boiler, particle attrition directly
impacs the particle sizedistribution of the composite ash stream. The attrition behavior is
described by means of a system attrition coefficievitich denotes theumulative particle

shrinkage over the total residence timegfarticle class in the system

Op P n (2.8)

h

2.2Mineral Transformation and Mechanisms for Conversion

Although CFD models based on bulk coal ithe PSDinfluencesthe carbon conversion and
the hydrodynamic behavior dhe particles within the gas#r. Howeverthe coal conversion
processes not only altéhe PSD but canalso influence the timeemperature profile. Particle
size altering mechanisms include swelling, shrinkage, and fragmentation (not included in the
CFD model).Upon entering the gder, the coal particke(and included mineralgjo through
the process of heating, moisture release, pyrolysis, and char gasification. Although heating and
moisture vaporization occur simultaneously in entrained flow gasificationthenFluent
simulation theheating of the coal particles oceumtil the vaporization temperature is reached
[18]. Upon reaching a certain temperatumeaccordance witithe CFD model, moisture is
released prior to pyrolysis. Three chemical reactions are assumed to occur simultaneously within
a coal particle undergoing pyrolysj$8]. Thesereactionsare devolatilization, cracking, and
mineral transformatiofil9]. The products of pyrolysis are categorized as char, tar, and gas. Char
is the materiathat remains in the form of soligdsvhile tar is the distillable liquidhat has a
molecular weight larger thaBs [19]. Meanwhile, swelling behavior occurs during pyrolysmsl
is characterizefly anincrease irthesize as well athe porosityof the char particle. The concept

of volatile matter transport via gas bubbles is used as a mechanism to model the secondary
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reactions duringhe pyrolysis of coal, and therefqrewelling [20]. The physicsof the multi
bubblemechanism can b&immarized as follows:
1) Volatile matter is carried e bubbles.
2) Volatile matter is released through bubble movements rather thadidegt diffusion to
the surfacef theparticles
3) Particleswelling is caused by the growth of bubbles due to the generation of volatile matter.
4) Rupture othebubbles at the surfacd theparticlesis then determined by a force balance
for whichthe viscous force is a major componfit].

Although the bubbles are deemed as the mode of transport, the ¢hahgeinternal

structure of a char during pyrolysis determines the mass transport of the volatile matter.

After pyrolysis, char gasificatiomnsueswhere the heterogeneous chgas reactions
occur in the forms of volumetric and surface react{@d3. In the volumetric reaction modpeat
takes place whengpticle temperaturandkinetic ratesarelow, the gas can diffuse into the entire
volume of the particles through the porestheinside. In the surface reaction maoithat takes
place wherthe particle temperaturandkinetic ratesarehigh, the reactingas does not penetrate
into the inner part of the particle since the reactants are consuntsdediernal surfac¢l9].
Basd on these twoeactionmodes, there are three regintbst arisedue to the interaction
betweenthe species mass transport and reaction kinetics: kinetically controlled (regime I),
combined diffusiorkinetically controlled (regime Il), and diffusion coolied (regime II)[21].
Shrinkage occurs when the char particle deses in density. The cause of shrinking in the
diffusion phase of char gasification is due to the breakage of joints within the structural network.
However, shrinkage has also been observed in the kinetic regime for carbon con&rsion.
shrinkagehas ben linked to the restructuring of joints within the structural network of the
organic mattef22]. Fragmerdtion can also occur within the carbonaceous structure of the char
particle to influence the resulting size fractions of the char particksformfrom the parent
particle. Fragments can be formed by three mechanisms: breakage of particles duddmtie in
force, high internal gessure during devolatilizatipandthe attritionand percolatiomf particles
wherein the lattearises due tdhe loss of connectivity among the phases within the particle.

Percolation is considereid bethe primary mode fofragmentation both during the diffugon
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phase of char gasificatig@3] aswell aswithin the carbon matrix ohie char particle containing
the included mineralsThe loss of the connectionithin the joints between the carbonaceous
structure of char reduces the thermal resistance of the char pasticéh in turnmakes the
particle susceptible to fragmentationedto the temperature gradient between the char particle
and the gaseous medium.

For excluded minerals, fragmentation due ao internal force is the predominant
behavior that adjusts the original size fraction of the parfig§. Fragmentationoccurs
commonly when pyritas present irthe excluded form however, itdepends on thstructure
geometry and threshofabrosity The fragmentation due tbeinternal force is thought to occur
during the kinetic regne of char gasification. During this mode of fragmentation, the internal
temperature gradient generated during heating causes thermal stresses within the skar. The
stresses can ultimately leadth® mechanical failure of the cophrticle wherthe tende stresses
within the particle exceeds the tensile failure while the stresses on the outer region are
compressiveg25]. Dacombe et al showed that a number of particles due to fragmentation
increased exponentially as a functionbafth theparticle sizeand themechanical strength for
bituminous coalg26]. However, Baxter found that the extent of fragmentation isnglyo
dependent otthe size andthe coal rank[26]. For instancethe bituminous coal fragments more
thanthe lignite coal [23]. The timetemperature profil®f the char particle is determined the
local gas phase conditioribat the particle experies andis governed by the equations of
particle motion and enthalpyhich are related to boththe convective and radiative heat
transfer in addition to dewlatilization and heterogenous reactions. The size, temperature,
velocity, and compostion of the particle deternsnts fate and theresulting trajectory after

striking the gasifier wall. Thespropertiescan be obtained from a CFD simulation.

2.3Modesof Particle Deposition

The mode of transport of a particle to the gasifier wall will depend on the particle size
and compositiorthat results from mineral transformation and mechanisms for conversion in
addition to initial properties of the PSOOhe mods of deposition include condensation,
heterogeneous reactions, thermophoresis, and inertial impact. Condensation and heterogeneous
reactions are likely to be the transport mechanism of salt or organic bound cations of low rank

coal. However, the two mosbmmon modes of transport of a particle to a gasifier wall are



thermophoresis and inertial impact. Thermophoresis occurs when tipasicse transport due
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to the temperature gradiergsulting fromthe exposure ofaol surfaces to high temperaty27].

It has been reported to influence particles less tharniObut has been most significant for

particles in thesizerange of 0.2 5.0 >m [27]. Inertial impact is the result dhe drag andthe

gravitational forces acting on a partithetarelikely to occur for larger sized particles and is the

focus of this work. The followingschematicshows the mechanism D ash formation and

deposition.

Figure 2-5: Partitioning of coal particles into syngas,flyash, andslag
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2.4 Characterizing the Adhesive Properties of Ash Particles through the Interfacial

2.4 Surface Tension

The adhesive properties of a particle and liquid droplets hese tescribed through the

interfacial surface tensionwhich i s

descri

bed

t heguatiorg Where i &

Youn

expressed as a product of the surface tension of the liquid vapor interface and the contact angle

betweena solid andaliquid interface. Thdollowing diagramshows the contact angle between a

solid particle and a liquid interface.
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Figure 2-6: Schematic ofcontact angle andinterfacial surface tension betweersolid particle and liquid [28]

” ” ” A .Il _g (2-9)

Herel is the surface tension atige subscripts sv, sl, and Iv represent the solid vapor interface,

solid liquid interface, and liquid vapor interfagespectively. When the contact angle is below

90e , partictle is consideretb undergowvetting while at contact anglesbove90e , t he par t i
is consideredo benonwetting. Because surface tensiornthe work per unit area required to

produce a new surfacie,canbe expresseith terms ofGibbsfreeenemy (qiG) per unit areas

7@ , Q0 (2.10)
Q0 , 0 (2.11)
. = (2.12)

Therefore, spontaneously occurring processes are characterized by negative values of the
changein qiG. Surfaces that initiall possess higheg'G have the most to gain in terms of
decreasingyG of their surface by adsorptiowith regard tacarbon, slags have been reported to
demonstrate newetting behavior of graphite and otrearbonforms[29, 30] It is only through
the reduction reactions that contribute to the ntesssfer across the interface that the contact
angle is reducefB1]. Through this proess,qiG acts as the driving force for wetting. Wetting at
the slag and carbon (or char) interface is due to the reduction of silica and formation3&,SiC
33]. For slags rich in iron oxidehe deposition of reduced iron at the interface restricts further

reduction of silica. However, if no reaction or transport pheson occurs thenthe balance of
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the interfacial energies throughh e Y equatigngoserns thavettability. Figure 27 shows

the measurements of the change in cdraagle versus time for char and graphite particles.

Figure 2-7: Plot of contact angle versustime betweenselectcarbon containing particles with set sag composition [31]
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Based on this change of contact angle versus time, the time scale for the reduction
reactiongnvolving FeO and Si@are orders of magnitude larger than the time scales of particles
impacting the refractory withithe gasifier. Therefore, the ctact angle of the char particles
impacting the walisgover ned by t heAlhbogh nay dsed inecgnvemtionab n .

Avi scosityd model s, the role of surface tens

sintering.

2.5The Role of Sintering inAsh Adhesion

Although sintering has been associated with agglomeration in fluidized bed, the
mechanism has been used to describe deposit growth. According to Hupa, there are three

descriptiongegardingsintering[34]:

1. Solid-state mtering is where the mass transfer can take place by means ofesurfa
diffusion, lattice diffusion, boundary diffusioor by the interactions between the solid

material andhe surrounding gas, such as sublimation and recondensation.
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2. Sintering by viscous flow (vitrifications where sintering is due theflow of a viscous
noncrystalline material. fis typeof sinteringoccurs in silicate systems.

3. Sintering inthe presence of a liquid phasewbere the solid phase shows a degree of
solubility in the liquid at the sintering temperature.

The earliest modsldescribingsinteringwere developed by FrenkgB5], who assumed
thatthe mass transfer takes place under the influence of a surface tension gradient. The driving
force responsible for this mass flux is duethe capillary forces resulting from the surface
tension of the melt. Mineral transport also occurs through the liquicephasertially impacted
coal ash patrticles as a resultloé capillary forceghat aregoverned by the surface tension of the
liquid andthe simultaneous action of the grain boundary tensi@i. Factors such as ash
paticle shape,PSD, furnace temperature, and atmosphere can influence the course of the

sinteringpr@ e s s . Fr enisepredenteccaguati on

A (2.13)

The sintering model by Frenkel indicates that the formation of pattigharticle bonding

should lead to an increased density of the sintered ash sdBfijles

Figure 2-8: Schematicillustration of liquid phasetransport in a silicate system[37]
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The increase irthe density can bexplainedby densification which is a pordilling
procesharacterizedby liquid phase flow and pore shrinkage. The threpssie the sintering of
pulverized coal ashesidergoingdensification ar¢38]:
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1. Formation of closed pores at temperatures below the minimum density
2. Shrinkage of pores at temperatures above the minimum density

3. Diffusion and/or reactive diffusion of melts

Figure 2-9: Zone ofcloseporesformation, pore shrinkage, and diffusion of melts

A: Zone of large closed pores formation
B: Zone of pores shrinkage

C: Zone of the diffusion of melts
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This viscous sintering of coal ashes containing large closed pbatsproceedat
temperatures above the minimum density may arise from inacdg stresses caused the
surface and gratboundary tensions. Nowakt al. assumed thathe campressive stress of

spherical pores with radius r (cm) are given by the equiijn

) Z— (2.14)

By treating the depositedaterial as a viscoelastic salithe densification strain is related to the
pore shrinkage rate, by

- - Yp ¢ijo, (2.15)
- - -,J—- p ctjai. (2.16)

Here- is the thermal strain ratg,is the poisson ratio, andis the viscosity. Therefore, there is

a direct correlation between the compressive strength and the ratio of the surface tension to the
viscosity. The compressive strength of sintered coal ashes depends on temperature, time, and the
surrounding atmospherg@8]. This mechanical strength can b#ected by the severity and

distribution of cracksand microcracks, poresand flaws wherthe ash particles are below the



23

critical viscositytemperaturg35]. However, whenthe particle is above theritical viscosity
temperature, then theaohanical properties resemble the properties of a Newttgiad. In the
elastieplastic model with adhesion, the temperature dependence of the depositions rates
primarily through the effects of temperature on the yield stresthasiirface energy. élvever,

the presence of char hbsen reported tmcreasehe sintering temperatuf89]. Moreover, char
can also serve as a nemelting component and prevettie depositsfrom undergoing any

sintering.

2.6 Contribution of Molecular Structure to Particle Stiffness

Although adhesive properties are of interest, cohesiopepties have given way to
Hertzian forces to counteract adhesion. Therefore, the structural properties of coals must be
visted. Coals are described as macromolecular structures that consist of hydroaromatic units
connected by crosslinks such as methylemxggen, and sulfur. Such crosslinking through poor
alignment produces extensive porosity in co8lecause coals consist of crisked
macromolecules, they are not soluble and will swglbn contact with a solvenhaving
comparablesolubility. Because @als deform with a viscosity approaching that of Bakelite when

subjected to stress, they are considéodaeviscoelastid40].

Figure 2-10ab: Plot showing the nodulus of elasticity and degree ofcrosslinking versustemperature [41]
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In the contexbf the modulus of elasticity, theis a direct correlation between the degree

of crosslinking andthe particle stiffness. The glass transititemperaturg(Tg) indicatesthe



24

transition of a particle from a rigid (or crystallinsdateto a more elastic state whereas the
melting temperate indicateghe transition from a Bingham fluid to a more Newtonian liquid.
Although the inorganic and organic port®oof coal differ in molecular structure, bothe
constituents can be characterized in terms of the crosslinking density as a function of

temperature.
2.6.1 Crosslinking Density Pertaining to Organic Polymers and Coal Matrix

Because the degree of solubility is related to crosslinkingotineer has been related to
cohesive energy through the solubility paramedsrshown in Equation2Z:

J .
Solubility parametey — — (2.17)

J

Since polymers cannot be evaporated, indirect methods have been used to determine the cohesive
energy

o ~ v o

o Yy 0 0¥ YO Y'Y (2.18

Because the solubility parameter is an additive function, the contribution of the dispersion forces
(Eq), polar forces(Ey), and hydrogen bondingE,) to the cohesive energ{Eco,) can be
determined based on the contributions of eafctheseparametes to the solubility parameter
as

O O O 0O, (2.19)

| 1 1 1T . (2.20)
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The following table shows the contributions du&gpE,, and E:

Table 21: Contributions of molecular structural groups to the cohesiveenergy of aparticle

Structural Group E; J2cm®?mol E, =
“ch, 420 0 0
~CH; 280 0 0

|
CH 140 0 0
| 0 0 0
_C —_
|
~CH, 400 0 0
~CH, 200 0 0
- 70 0 0
=C Q
—OH 210 500 200

For a complex macromolecular system such as the coal matrix, it has been assumed that
similar contribdion increments as those for liquids and amorphous polymers could bptQ0ked
However, tle solubility of coal (up to 90% carbongasesiue to crosslinking. Therefqgréhe

aromaticityof coalneedgo bedetermined

Table 2-2: Variation in coal rank with coal olubility

Calculated Solubility

Coal Rank Estimated Aromaticity L F2NJ /
755 0.70 27.5
81.5 0.80 25.0
85.0 0.83 23.9
87.0 0.84 23.2

89.0 0.85 22.1
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Due to the influence of aromaticity, coal has been characterized using the elasticity
theory. Accordingto thistheory (as it relates to the structure of coal)

1. The first order strcture is an arrangement of vibrated material bodies connected by
Aspringso (chemical bonds) . |l ndeopahsprai maad
bonds) is connectedia aliphatic and carbonyl side attachments diter aromatic
clusters. Moreover, lydrogen bonds and other secondary forces provide additional
crosslinkng.

2. The second order structure is considetedbe themean molecular weight of a
macromolecular aromatic structural unit fragment between two adjacent crosslinking

bonds or entanglemen

Figure 2-11: Macromolecular and molecular model oflow rank bituminous coal [42]

Due to the variation of the coal rank and aromaticity on the solubility paraofateal,
the craslinking density(0) is determined based on the ratiotbé density to the molecular
weightof the polymer chaisection

a "jo
where } i s t histhednelecslar wejght af the chaih (2.21)

The relation between the Youbhgnodulusof eastidty, Ep, and the crosslinking densjty , af
coalcan be represented:by
O oYY (2.22)
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2.6.2 Crosslinking Density Pertaining to the Structure of Glass Oxide§43]

According to Ray et al [41], nlike polymers where carbon dominates the bonding
structure, glass oxides comprise an assembly of oxygen atoms bondeghtbovalent bonds.
As a resultglass @ides melt without decomposition through bond switching transfer that occurs
at high temperature. Asreviouslystated, crosslinking in organic polymeesers to thdraction
of monomer units that are crosslinked. However, crosslinking in glass oxidgs #wiough
charge carryingoxygen atoms, oxygens linked to only one network, and hydroxyl groups. In
other words, it iombination ofionic charges and weak hydroxyl groups that contributes to the
crosslinking densityunlike the aliphatic bridges in theoal carbon matrix. Oxygen atoms that
are not bridging or bonded to other atoms contribute to the packing demkigh in turn
depends on the coordination number and the cation Besauseltte coordination number for
cations increase with an incredsethe ionic radiusentities with darger radiusan formmore
links with other atomsand hencéhe reduction on the packing density due to a lower density of
oxygen atoms is counteracted. However, the segmental forces are strong for smaller cations and
thus increase the oxygen dendut]. Therefore, bth the packing density and the crosslinking

density in glass oxides have a combined influence on the resulting Yfmachdus ofelasticity.

The amount of energpst due tadissipation upon impads considered to baysteresis,
wheren a portion of the input is unrecoverable due to its degradation to heat. Energy input into
an isothermal sample would be in the form of wi#k]: 0 _ , ‘Q-where, is the stress

applied in (N/m) andi is the strain resulting from that stress in (m/m)

In cases of viscoelastic behavior, the elastically stored energy is recoverable whereas the
viscously dissipated ergyy is not. Therefore, the unrecoverable portion of the energy in coal is a
reflection of significant frictional resistance to network chain motions in response to the applied
stress[44]. Moreover, the Ey of ash (130aL500K) is twice as high as measureg VRluesfor
the overd coal (inorganic/organic) (57873K) [7, 45, 46] Therefore, the stiffness is

predominantly gverned by the ash composition.
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2.7  Viscoelastic, Elastic, and Plastic Properties of materials

In terms of stiffness and the range of deformatsatid materials can be classified as elastic,
elastoplastic, or vis@astic. A material that undergeean elastic deformation with ndime
dependent plastic deformation is called elgd&stic[47]. A material that deforms elastically but
exhbits timedependent plastic deformation is viscoplastic. There are four basic mechanical
models (linear elastic, linear viscous, Maxwell, and Voigt) that exist to describe the range of
deformation as it relates to the amount of strain as a result oédgpiess.

Figure 2-11: Schematic of the dur basic mechanicalrheologicalmodels[48]
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2.7.1 Linear Elastic Model

In the linear elastic model, the essis directly proportional to the strain based on the
modulus ofelastii ty t hrough the Hooke 6 sependentprofeeiesa us e
the strain remains constant throughout the duration of applied stress

Figure 2-12 ab: The stress andstrain curve as afunction of time for the linear elastic model [49]
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- = (2.23)

wherea- is the strain, E is the modulus of elasticity, ands the normal stress

2.7.2 Linear Viscoelastic Model

In the linear viscous model, the ideal incompressible fluid (Newtonian) is considered.

Figure 2-13ac: The velocity profile, and dress andstrain as afunction of time for the linear viscoelasticmodel [49]

.V

fixed plate

If a condition is assumed whereanfixed plate exists under a body of (Newtonian) fluid
at rest,shear stress can be applied by a movable upper plate. This shear stress causes a shear
strain that can beorelated to the displacement of the fluid. Therefore, the velocity gradient is

related to the shear stress through viscassty

— ot (2.24)

whereV is the velocity3 is the viscosity, and is the shear stress

If Uy is the displacement of the flyidndV is the rate of thislisplacementthen therelationship

between these two parameters bamrepresented as:

w —— , Thusthe rate of strain is derivad be

- - - . (2.25)
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Therefore, the relation between the strain rate and the stiness becomes the following:

— -t —o _f. (2.26)

By presuminghatthe dashpot represents a piston moving through the fluid, the strain

rate becomes proportional to the applied stuesker constant viscositynditions

S (2.27)

Upon integration, with an initial loa@ndzero initial strain, the strain for a viscous

element becomes

I (2.28)

For materials with elastic and tirtkependent viscous propertiess filaxwell model

represents these properties in series.

Figure 2-14ab: Stress andstrain as afunction of time for the Maxwell model [49]

—WWel= |

Based upon Figure-P4a , s t r 9 ¢ambe defired gcddrdj to theinearelastic
model whi | e)cantbe defined adccavding to thie linear viscous model. Because the

strain elements are represented in a series, they become additive properties for the total strain
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YR ®e Q-
e °- - - (2.29)
O(.ql Q b - T

In terms of the strain rate, the constitetieguation becomes

.- (2.30)

2.73 Voigt (Kelvin) Model

In the Voigt model, the elements for strains are repregemtgarallel, unlike the
Maxwell model. Moreover, an absence of bending is ass{#®dThus, the strain experienced

by the spring is theoretically equal to the strain experienced by the dashpot.

Figure 2-15ab: Schematic showingstress andstrain as afunction of time for the Voigt (Kelvin) model[49]

Therefore, the constitutive relation between the applied stredbarabulting strain

bemmes the following:

uer_] ‘l .E}é “Q ,
’, v v X ” ” ” (231)
own@& b- -,
By substituting 1 andi 2, the followingrelationships obtained
., O- —. (2.32)

With the initial condition of m T, the strain rate becomes
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-0 —p Q1 (2.33)

Compared to the previous models discussedstémelardinearmodel is considered to be
most realistic sincethe two springs are in series and one springnigparallel to the dashpot.
However, the viscoelastinodel proposed by Yigit follows the Maxwetiodel inthe manner in
which the applied stress relates to the resulting stfaj]. Nevertheless, the plasticity of
elastoplastt and viscoplastic materials should be taketo itonsideration when interpreting
nanoindentation measurements for the modulus of elasfiEily However, understanding the

rheological properties of materials are key to selecting appropriate wall impact models

2.8  Particle Wall Impact Models

One of the earliest theories involving particle wall impact is the Heeary in which a
frictionlesspunch impacts a hafpace in the absence of an adhesion fiBteé The Johnson
KendallRoberts(JKR) theory improved upon the Hertlzeay by includingthe adhesion forces
in the vicinity of the contact area and balancing the elastic energy with the mechanical and
surface energy of impa¢b2]. An alternative theory by Derjaguin, Muller, and Toporov, called
the DMT Theory, was devaped for a rigid sphere aredplane in which adhesion forces act in
the annularegion around the contact zor{&3]. Tabor developed a dimensionless parameter
representig the ratio between the gap outside the contact zone and the equilibrium distance
betweerthe atoms to indicate the applicability of the J¥krtzmodelas compared tthe DMT
model[54]. The Hertz maximum contact area ahd Hertzian indatation depthwasemployed
in the Brach and Dunmodel for elastic impadb5, 56} Models fa inelastic impact also assume
a Hertzianprofile for variations inthe contact radius7]. Wall et al, Dunnet al, andDahneke
havereportedexperimental data for normal impaethile Li et al, Gorhamet al, and Cros$fiave
reported datdor oblique impac{56, 5862]. Finite ement simulations fonormal and oblique
impact modelshave beerperformed by otheresearch groupf3, 64] However, é all the
experiments reported, only a few have sougtdtudythe influence of initial particle spin dne
behavor of nonspherical particle$62, 65] The three modelsxamined in this workare the
elastic adhesive(EA) model (for elastic impact), theiscoelastoplastiecnodel (for viscoplastic

impact), and théquid impactmodel (for viscous impact).
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Brach and Dunn have proposad EA model in which elastic andadhesive forces are

considered

Figure 2-16: Forces ofmicrosphere impact with surface

'
1 Surface
! Stress
: Profile
'

In Figure 2-16, Ry is the Hertzian compressive force duetlie stiffness between the

particle andthe surface,and Fa is the adhesive force due to particle and surface interfacial

surface energy. The adhesive force is the force that acts along the perimeter of the contact area of

the particle and the surface and is equal tdf@ where § is the circumferential surface tension

of the adhesion force per unit lengthn d U

equations represettie force balance whefg denotes forces acting in the normal direction and

F: denoteshe forces acting in the tangential direction

‘0 "0 O

O ao.

‘0 O

ae,

S

t he

e q u.i Thea fobllowing m

(2.34)
(2.35)

Based on the force balance of the EA model, the damping adhesiveRgscand the

damping Hertzian éice, Fyp, act to counteract the adhesive and the HertziandoBexause the

con’
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coefficient of restitution is defined as the ratio of the rebound velocity to the impacting velocity,

this coefficient has been derived through the following energy balance baskd EAmModel:

— - — — & o . (2.36)

Figure 2-17: Schematic ofmicrospherical particle impacting aplanar surface

Y % v,

N

In Figure 217, V represents the velocity while the subscripts r, i, X, and y denote the
rebound phase, impacting phase, x direction, and y directiens pect i vel y . The ve
and U represents the rotational velocity prio
the angleof the impacting and rebounding phasespectivelyln equatior2.36,Wa is the work
of adhesionwhile Wyissis the work of dissipative forces. Based on this energy bagldhee
normal coefficient of restitutio(COR,), denoted b¥2 , can be expressed as

Q o

; (2.37)
The work of adhesion is a funatimf the maximum contact radiuss perthe Hertzian

theory and theadhesionforce. Moreover, he adhesion force is a function of the radius of the
contact ared, , the circumferential tension of the adhesion force per leri@tfand the surface
roughness damping coefficientrn addition,"Qis a function of the Hertziastiffness and the
combined surface energyhese relationships are shown in the following equations:

0 -, (2.38)

O ¢ &) (2.39)

n — . (2.40)
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The Hertzianstiffness is a function of the stiffness of the particle and the surface of
impact andthe latter two parameters aeefunction of the modulus of elasticity of tparticle

and the surfaceespectively

VJ— (2.41)

o Jum— (2.42)

The maximum contact radiu® , is a function of the mass, normal velocity, and
Hertzianstiffness according tthe Hertziartheory.

w vl Gojto 1, (2.43)

By combining Equation2.38 and Equation2.43 for the maximum Hertzian contact
radius the adhesive parameter,, can be obtained to represent the adhesive contribiditre

overall coefficient of restitutioas

o (2.44)

For the dissipative Hertzian forceHertzianparameter is introduce@vhichis a function
of the Hertziarstiffness, normal velocity, and threaximum Hertzan contactradius through the

damping component of the Hertzitorce

Q — ¢—0 ggo! — 1 o. (2.45)

COR, is expressed as a function of the adhesive COR anddttezian COR. Therefore,
COR, becomes a function of the adhesive parameter, Hertzian parameter, adhesive damping
coefficient, and the Hertzian damping coefficient

Q p Q Q P I p WO o . (2.46)

Thetangential velocity has been determined through the impulse ratio

.o (2.47)
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According to Kim et al., a critical angle exists such that a particle impacting below this
angle will slide while a particle impacgnabove this angel will rol[55]. However, this
dependence of the impulse ratin the critical angle assumes that the particle is spherical and

that particle rotation does not occur prior to impact.

2.8.2 ViscoelastoplastiqVEP) Model

Figure 2-18ab: Schematic ofthe viscoelastoplastianodel and stressstrain curve

Strain

In the VEP model, the damping forces are considered to be negligible since tle plast
effects can be significantly small at low velocities. Instead of using the model by Biryukov and
Kandotsev as proposed by Kim et al., the VEP model by Yigit et al. has been chosen to model
the plastic effects in order to incorporate the viscoelastiawweh50]. In terms of elastoplastic
behavior, there are three phases that exist through the approach and the rebounding phases of a
particle impacting a surface:

Phase I: Hertzian elastic loading phase

O 04! form & & . (2.48)

In this phase, the force present is the Hertzian compressive force outlined in the EA
model. The parameter z is the deformation of the particle and the parapistéinez threshold

amount of deformation when the pele begins to yield due to plastic deformatidtiastic
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deformation occurs when the particle deformation rate is higher and no longer proportional to the
applied forceas illustratecht point 4 of the stress strain curve shown in Figulét2[66].

Phase II: Elastiplastic phase loading

OO0 4 & Vval fora & & . (2.49)

In this phase, the particle has been deformed past the yield strength and deforms at a

maximum length denoted as,.ZThis scenario is shown using Equation 2.49, wheyés Khe
linear contact stiffness of the elastic plastic loading phase and is a function of the Hertzian
compressive stiffness and plastic deformatign, z

Phase llI: Hertzian elastic unloading phase loading

oo i ol a0 oa a . (2.50)

In this phase, the force is unloaded for both the elaftstic and the Hertzian elastic
loading phase. In the VEP Model, the elagliastic loading and the Hertzian loading phases are
combined into one loading phase. Bucing the three phases for particle impact into two, the
end result is a linearization of the particle impact process for viscoelastic behavior. Based on this
linearization, the plastic loss factoo),( which is based on the linear and Hertzian contact

stiffness, can be equated as the coefficient of restitution for plastic impact. Thus,

Q 7 P p — . (2.51)

For large velocities, the equation for the viscoelastic model can be derived tthhebgiomial treory
j

[ - - — (2.52)
where K, is the Hertziarcontactstiffness given by
v -UYO. (2.53)

Here R is the radius and E* is the effective contact modulus

The efiective contact modulus is givéy

[e] [¢]

il 3 F

(2.54)
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Other variables in the equation include massand the initial velocityv,. Ky is the
linear contact stiffness of the elastic plastic logdghase as described by Yigit al. for the
nonlinear viscoelastoplastic impact madehd is a function of z the deformation where
yielding or damage occur$his relationship is shown below:

L 8l (2.55)

The deformabn where yielding or damage occurg, ig given as a function of the yield
strength &

a —. (2.56

The parametero can be equated with the coeffici e
absent in fact, itis assumed to be absent in order to determine the coefficient of restitution.
Because the coefficient of restitution of the model as described byeYigitis based upon the
point of impact, the normal as well as the tangential component has to betedltased on the
impact angle. For large velocities, the coefficient of restitution for the viscoelastoplastic model
has been derived through binomial thedrlgis is represented as

L, L, !
s - — (2.57)

L_I OdOo

Theviscoelastianodel by Yigitet al.does notonsidetthe influence of adhesioiim
et al.proposed Equation 2.5@ith the plastic coefficient of restitution derivawin the Biryukov

and Kanatsev model

Q Q Q p, whereQ P Cw jau withoutdamping forces(2.58)

However, Losurdo proposed taking the produdhethree coefficients fotheadhesive
coefficient(Q), the viscoelastic coefficient of restitutig®2 ), and the coefficient of restitution
due to wave dissipatiaff2 ), assumedo be0.95, as given byEquation2.59

Q Q Q Q. (2.59)
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2.8.3 Liquid Dro plet Impact (LDI) Model
The LDI model has been used to characterize the impact of slag hitting the refractory
wall. There are three different modes of behavior for a liquid particle impacting the wall:

shattering,reboundhg, andsticking.

Figure 2-19: Modes of impacting droplet behavior

Molten Slag Droplet
Shatter
0. 85
Contact Angle . Rebound
4 . Sticking

Impact Angle

D < Maximum Spread Diameter

Forthe LDl model proposed by Nat al, the energy balance of the particle impacting the
surfaceis shown by[67]:
O O O O w KO (2.60)

wherg Ek; is the initial kinetic energyEss is the initial surface energO( 06, “0,), Ex
is the kinetic energy at stateEx;is the surface energy at staté2js thework in deforming the
droplet against viscosity, arxD is the change in kinetic energy. At state 2, the dropletits at

maximum extension and the kinetic energy is z€o ( ™)

o -0 ,p AI-O. (2.61)

Here , d is the contact an@l eistheimaximem diameter. Sher f ac e
work in deforming the droplet and the changé&immetic energy is approximated in Equat®s2

and Equatior2.63, respectivety
w -"000 = (2.62)

30 -dil -"o . (2.63)
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Here, w is the initial velocity,” is the density,O is the initial diameterdis the average
diameter andi [is the dimensionless kb layer thicknessi( ij ‘O). By substituting Equation

2.61- Equation2.63into Equatiorn2.60 the maximum spread factor can be determased

_ ——— with ©Q — and'YQ —, (2.64)

w

wheree 1 s the viscosity

According toEquation2.64 the maximum spread factor is dependent upon the Weber
number,We, and the Reynolds numhdRe The spread factor is then determined based on an
empirical relation cafldthe excessive rebound energe, as follows:

E. =025g..) (- cosa)- 012, *(1- cosa) @ +(2/3gun)-1 (5 g

If the valueof E is negative, then the coefficient of restitution is z€@therwise the excessive
rebound energy is equated with the coefficient of restitution. Howevierjmibdel does not
account for the brealp of liquid drops upon impact. Therefore, the droplet is assumed to retain

the total volume for positivE,.
2.9 The Role of Mechanical Vibrations in Particle Wall Collisions

The E, model characterizes the role of dampthrough the damping coefficients while VEP ties
the influence of the damping ratio to the plastic loss factor. However, the probability of the particle to
penetrate must be accounted for through calculation of the displacement through slag. Thenefore , t
energy dissipation as it is described through Mechanical Vibrations is vigiteition is the study of
repetitive motion ofobjectsrelative to a stationary frame of reference or nominal position
(usually equilibrium)[68]. In a vibratory system, there are three elemeamsrtial elements,
stiffness elements, andissipation elementd-or the stiffness element, Equati@®66 represents

the force balance for stiamped mbon,
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Figure 2-20: Basicschematic ofun-dampedsystemMotion [65]
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(2.66)

Here m is the mass, k is the stiffness in Néoy is the displacementy 0 is the velocity,and

w0 and is the acceleration. By dividirgguation 2.66y m,

expressed in terms of the natural frequency

W o

—wo

mo wo 17 wo T,

N e wlaw af oson can be

where T Qa (2.67)

For damped motion, the dissipation element is introduaed the force balanas shownin

Equation 2.6&n Equation 2.68s

Figure 2-22: Basic Schematic oflampedmotion [63]

k [ | .
a 0o 0 (2.68)
God o QT (2.69)
w0 4 wo wo mh (2.70)
wheree — 1 1 = p,and® Q4
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Here — is the damping ratiogo is the criti@l damping coefficient, and is the damping
frequency.Based on the value of the damping ratio, there are three kinds of damped motion:
underdamped, ovedamped, ad critically-damped. Because the damping ratio governs the

damping response to the force balancalsbgoverns the solution for the displacement.

Table 2-3: Corresponding damping response and displacement profile for damping ratio va&s[63]

Damping Ratio | Damping Response Displacement Profile

Displacesment (st}

0<¢<1 Under-Damped AVAU%Q—— b

{>1 Over-Damped

Y
1}
—

Critically Damped
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2.10 Particle Oblique Impact

Figure 2-23: Schematicof oblique impact [61]

2.10.1Tangential and Normal Coefficient of Restitutions

For oblique impact, e coefficient of restitution has two componenise normal
coefficient of retitution e, and the tangdial coefficient of restitution,e. The normal
coefficient is defined as the ratio of the normal rebounding velocity to the initial rebounding
velocity, while the tangential coefficient of restitution is the ratio of the tatigerebounding

velocity to the initial tangential velocityas shown below:
Q —, (2.71)
Q —. (2.72)

The relationship between the total coefficient of restitutere,, and e is shownin Equation
2.73:

Q — Q0E — Qi Q& . (2.73)
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2.10.2 Impulse Ratio and Particle Rotational Motion

Impulse ratio( €i$ defined as the ratio of the tangehimpulse (P, to the normal

impulse(P,):

R . (2.74)

Equation2.75 can be obtainedybcombining Equatios2.71, Equatior?.72, and Equatio2.74
to relatee, ande to €:

Q p —. (2.75)
The tangent of the impact angle is calculated from the ratio of the tangent impact velocity to the
normal impact velocity.

OAFL —. (2.76

Therotationalimpulse is

~

0 0 1. (2.78)
According to theconservation ongularmotion aboutpoint C in Figure 223, it can be stated
that

(2.79)

Ca
S

By implementing the expressions for tangential and rotational imgpunlgeguation2.79
the relation between the angular motion and the tangential coefficient of restitution can be

obtained:

(oI aYo @ (2.80)
T —, (2.81)

S R— 2.8)
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Hence, theelationship amongngular velocitythe normal coefficient of restitutipand the

impulse ratio can bebtained

P Qw ‘p Qow, (2.83)

T ] — (2.84)

Thus,Equations 2.8@nd2.84show that, , impulse ratio, ané are interdependent variables

that in unison affectthe angular velociés.In the EA modelg, is calculated first based on the
adhesive and Hertzian force balance while calculated based on thgand the impulse ratio.

In this case the criteria of the impulse ratio which is based on the critical angle is used. However,
for the VEP model, the total coefficient of restitutiens calculated since the deformation of

yield is based on the point of incidence. However, @isealculated, the tangential and normal

components can be calculated based on Equation22Z.31

2.10.3 Sliding versus Rotation and Microslip

To address the transition between sliding and rolling, the ratio of the friction and impulse
has been specified as a parameter to indicate the critical angle at which this transiirsrin
Equation2.85 the ratio of the friction and impulse ratio equals one at the critical angle.

R p — . (2.85)

Based on the literature review, no criteria has been developed for the possibility of simultaneous
sliding and rotation due to particle irregular shape and previous rotation. If CFD gasifier models
are tobe improved in modeling char particle behavior, the shortfall in this criteria must be
resolved. Moreover, the scant data for the modulus of elasticity (and yield strength) and
inclusiveness of adhesive and viscoelastic properties introduce uncertamtgck of a

sensitivity analysis for the proposed equations of Kim and Losurdo to incorporate the effects of
adhesion as well as viscoelastidigve introduced uncertainty of how much influence of a COR
due to adhesion, wave dissipation, or viscoelagtwould have on the overall COR. However,

previous work has made certain that coal should be classified as a viscoelastic solid under high
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temperature and that it is theyI(1300-1500 K) that governs the stiffness of coal more so than

T4 (573743K) [7, 45, 46] Therefore, the stiffness is governed predominantly by the ash
deposition. Likewise, the adhesive properties is governed predominantly by carbon by evidence
of contact angle experiments. The scope of th&wot only includes the behavior of particle
impacting refractory, but particles impacting a slag layer or other adhered particles. However, the
issues laid out in terms of the nateal geometry of the particles and interdependence between
viscoelasticityand adhesion to determine a sticking probability consistent with the physics of
predicting the COR underscores the reference point for which the problem definition is based

upon.
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CHAPTER 3 PROBLEM DEFINITION, HYPOTHESIS, AND OBJECTIVE S

3.1 Problem Definition

Because of the inefficiencies plant operations due to flyash, there is a need to control
ash deposition and the handling of slag dispdsatessivechar deposition in convective coolers
can lead to unplanned shutdoywwnsile the char captured in slag can render the slag useless for
the cement industry. Ash deposition also leads to a reduction in heat trdowgfern the
radiative (slagging) section and in the low temperature convective (fouling) heating ,section
resulting in anincreased cost dflectricity generatior[69]. Therefore, the objective of the Coal
Particulate Partitioning Project was to characterize the behavior of coal basetieipspecific
gravities and size fractionia orderto determine the partidewithin thepopulation that were
responsibledr contributions to flyashiNevertheless, by employing thiescretephase model, a
computational tool that represents the gas phase as a continuum and the particles as a discrete
phase, the trajectories of particles can be determined through a Lagramajiacterization. For

those particles that are predicted to impact the wallCthR must be defined

Figure 3-1: The three modes ofbehavior of particle impacting aslag layer
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