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Understanding the effects of oxyfuel combustion and furnace

scale on biomass ash deposition

Xin Yang? Janos SzuhansZkiYufei Tian? Derek Inghani, Lin Ma?", Mohamed
Pourkashaniah
2 Energy 2050, Department of Mechanical Engineering, University of Sheffield, Sheffield S10

2TN, UK

Abstract

Recycled wood oxyfuel combustion is attractive for the advantages of reusing the waste bioenergy and reducing
the carbon emissions. However, the changes in the fuel properties and combustion conditions can leachttegncertai
in the ash deposition. In addition, the understanding of the differenties ash deposition between the pilot-scale
and full-scale furnaces is very limited. We have performed ash deposition experimenb0rkW pilot-scale
furnace for recycled wood air and oxyfuel combustion along with the EI Cerrejon coal combustion as a reference. A
CFD-based ash deposition model, which uses the excess energy based particle sticking model, has been develope
and the predictions are in qualitative agreement with the measurement data. The resulthatidaesitles furnace
temperature, the aerodynamics and ash physicochemical properties dictate the ash deposéytiddhe/ood has
a much higher deposition rate than the coal in the pilot-scale furnace; however, the biomassdaaliyumave a
lower deposition rate under high velocities close to the full-scale boilers. This is mainly due to the biomass having
much lower sticking efficiency sindehas high calcium and silicon concentrations and low potassium concentration.
Although the effect of oxyfuel combustion is small and within the experimental uncertaintiésuitd that oxyfuel
combustion an affect the particle impaction and sticking behaviours depending on the fly ash propedtiesse
effects occur in different ways the pilot-scale and full-scale conditions. Great care should be taken to perform the
transfer of the deposition observations from the pilot scale to the full scalkisuglbecause the furnace scale has
an effect on the selective deposition behaviour. In this paper a relationship betweenatte glpperties (ash

composition, size, etc.) and ash deposition for the woody biomass has been proposed. Additionally, diveyuncert
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analysis of the CFD modelling is undertaken, which indicates that the fly ash size distribution and the heterogeneity

are responsible for the major source of errors along with the experimental uncertainties.

K eywor ds: ash deposition, biomass, oxyfuel combustion, CFD, furnace scale, uncertainty analysis.

1 Introduction

Oxyfuel combustion, which replaces the air by the recycled flue gases and high purity oxygen for producing the
flue gas with a high C&concentration, is regarded as a promising technology to achieve a near-zenmi€on
in both existing and new power stations [1]. By firing biomass, which is often regardedvasartbon energy,
oxyfuel combustion has the potential to achieve negative neef@{3sions. In the UK, taken into consideration the
supply chains and the economy, recycled waod potential biomass source for power generation due to its
indigenous availability and low cost. Therefore, recycled wood oxyfuel combustion is an attractive apgproach t
remove CQ from the atmosphere and help to meet the stringent carbon budgets of the UK [2], whichaitns to
greenhouse gas emissions by at least 80% of the 1990 levels by 2050. Due to the changes indperfigs pf
biomass and oxyfuel combustion conditions, many researches have been undertaken in order to study combustion
(ignition and flame stability), radiation heat transfer, and pollutant emissions.relgarded that it is technically
feasible to achieve the flame stability and retrofit the heat transfer for biaxgsel combustion through the
adjustment of the oxygen inlet concentration and the recycled flue gaf3rafiorhe other technique issues could
result from the ash deposition and this is due to the changes in the combustionrseditihe physicochemical
properties in the recycled wood. All the changes can cause uncertairttiesash deposition, which is a significant
factor in the design and operation of utility boilers. Therefore, this studygeonstudying the ash deposit formation
for recycled wood oxyfuel combustion.

First, it is important to understand how the oxyfuel combustion condition can affect thepasdit formation
Fryda et al. [6, 7] experimentally investigated the ash deposit formation for coal ciomlaust coal-biomass co-
combustion under oxyfuel conditions (30 vol%) @ a drop tube furnace. Similar temperature and velocity profiles
were designed for both the air and oxyfuel combustion conditions. The results obtained show that theitash depos
rates were higher under oxyfuel conditions and the differences were mainly as a resuhahtfes in the physical
properties of the flue gas (higher €&ncentration, higher gas density, etc.). The slight shift in the bulk fly ash size
to being coarser was observed for one of the cases investigated, and this could also be resptirsibleréaise in
the ash deposition rate. Also, Yu et al. [8] experimentally found that there was adsghdeposition rate under

oxyfuel combustion conditions (27 and 32 vol%) @an air combustion for two US bituminous coals combusted in
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a 100 kW down-fired furnace. The authors proposed that the differences were mainly daetodizgamic changes
in the gas flow (lower gas velocity) and combustion temperatures, rather than the chdrgekemistry of the ash
particles. However, Li et al. [9] experimentally found lower ash deposition rates unéflezl@gmbustion conditions
(30 vol% Q) for a Chinese bituminous coal in a 25 kW down-fired furnace. They suggested that the lower particl
Stokes numbers, which were due to the lower furnace velocity and slightly smaller particledgzeoxyfuel
combustion conditions, were responsible for the changes in the ash deposition rate. The authors proposeti that the
chemistry of the deposits was basically not changed, which was not responsible for teacdiffén the ash
deposition rate. Another differeexperimental investigation was carried out by Brink et al. [10] and Jurado et al.
[11] for coal/biomass oxyfuel combustion/co-combustion with the flue gas recirculation infdegv/furnaces (300
kW and 10kW, respectively). They found that the ash deposition under oxyfuel combustion was basicalty simil
to air combustion based on the SEM images of the deposits, the deposit chemistry and the visual obsetvations of t
deposit build-up. The discrepancies in the effect of oxyfuel combustion on the ash deposirficrarabe found in
these experimental findingsdit canbe concluded that: (i) the effects mainly result from the aerodynamic changes
in the small scale furnaces, rather than the chemical changes in the fly ash[defo&n) the effect of the oxyfuel
combustion condition on the fly ash formation could be decreased when the flame temperature/char temperature are
close to those in the air combustion [12]. Therefore, it is important to undar@ike analysis on the effect of the
aerodynamics on the ash deposition in order to understand the detailed effect of oxyfusticonon the particle
impaction and sticking behaviours.

Second, itis important to understand how the physical and chemical changes of biomass can affect tha ash deposi
formation. On the one hand, the pulverised recycled wood particles used for power gegeretiatly have much
larger particle sizes than the pulveriseadl particles. Particles with a higher particle size could increase the particle
impaction efficiency, butanalso reduce its sticking efficiency due to the increase in the particle kinetic energy. The
overall effect of particle size on ash deposit formation is dependent on the furnace eeluditipns, where coarser
particles might be easier to deposit under the low velocity conditions in small scale furnace [13]. On the other hand,
the pulverised wood particles might have irregular shapes than the spherical shape, gttiiaffent the combustion
behaviour and the particle trajectories. For ash deposit formatithe post-combustion region, the effect of ash
particle shape on ash deposition could be alleviated for the ash particles with the metinygbie to the increased
spherical shape after melting [14]. Amand et al. [15] reported the experimental stuasbsdefposit formation for
a demolition wood combustion in a 12-MWth circulating fluidized-bed (CFB) boiler. They founKtlatvas

responsible for the serious ash deposition probdnire the contamination of Zn (zinc) without chloricamot
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causeaserious ash deposition problem. In this study, the recycled wood have high calcium and silicon camsentrati
and low potassium/chlorine concentration in the fuel. This suggests that the recycled wood ash bélergghto t
type with less ash deposition issues than the ashwjfiethe high potassium level according to the ash classification
method proposed by Vassilev et al. [16, 17], which is based on the relationship betwelriusiem&ehaviour and

ash composition. In addition, a similar method proposed by Nazelius et al. [18] indicatbssthidt of ash type
belongs to the low-medium slagging ash for the fixed bed combustion condition. However, under theedulvelri
combustion condition, in addition to the overall ash fusion behaviour, the ash deposit foimdiaiated by the
particle size based on the ash chemistry, physical property (size, densityaretfuynace operation conditions
(temperature and velocity). These factors lead to uncertainties when only using the ash fusion Hedeadoom

the bulk ash composition to predict the ash deposition for the pulverised fuel combustion condition.

Third, it is important to transfer the knowledge of the ash deposition observations in the lab/pilot-saaksfur
into full-scale boilersTo the authors’ knowledge, most studies in ash deposit formation for the pulverised fuel
oxyfuel combustion were conducted in lab/pilot-scale furnaces and there has been little modellingaiqdevork
on the ash deposition of oxyfuel combustion under different scaled furnace conditions, especially between the pilot-
scale furnaces and the full-scale boilers. Although the smaller scaled furnaces are desigath the time-
temperature history of the particles within the full-scale boilers, the furnace velonitjtion is much lower under
the smaller scaled furnaces, whidnaffect the particle impaction and sticking behaviours. Therefore, for practical
reasons, it is significant to understand the difference in the ash deposit formationthendeyfuel combustion
among the different scaled furnace conditions.

This paper aims to experimentally and numerically investigate the ash deposit formattienréarycled wood
under air combustion and oxyfuel combustion conditions along with the EI Cerrejon coal air combustion as
reference. First, the three ash deposition cases have been experimentally conducted in the pilot-scale ®MCT 250
air/oxyfuel combustion test facility (CTF). Second, the ash deposition models based on GE dusale been
developed and validated against the experimental data. Also, the initial modelling uncertainties havealpeet
in order to better understand the modelling conclusions. Third, through the developed ash deposition models, the
effect of oxyfuel combustion conditions (the €oncentration) and the influence of the different scaled furnace
velocity conditions on ash deposition are studied. In addition, the practical implicaktomgransferring the

deposition observations in the pilot-scale furnace to full-scale boiler are discussed.



106 2 Experimental data

107 2.1 Pilot-scale furnace and combustion tests

108 The PACT 25KW air/oxy-fuel combustion test facility (CTF) is a single-burner down-fired cytatifurnace,

109 which has an overall length of 4 m and an inner diameter of 0.9 m, as ghow in Kighréwlo(different scaled

110 versions of commercially available low NOx burners have been fitted to the fuifaeswirl burner for coal

111 combustion has been manufactured by Doosan Babcock while the one for biomass combustion has been
112 manufactured by General Electric. Both burners consist of a primary register through whichehegalibolid fuel

113 andthe primary oxidiser stream at ambient temperatures are fed and the secordaiggmeégisters for delivering

114  therest of the preheated oxidizer. The oxidizer flowrate ratio and swirling intensity thneuggtondary and tertiary

115 registersin both burners are able to be adjusted in order to produce a stable swirled flangp¢éh®si@able operation,

116  the combustion air flowrate is kept constant in order to achieve a consistent flow fieltieaiegd rate of the

117  pulverised solid fuek adjusted in order to maintain the excess oxygen level in the flue gas of 3.5% (dlyy basi

Burner

900

View port Deposition port

2800
4000

Imaging system Deposition probe

Deposition port

(b) The schematic diagram of the ash deposition
Flue gas outlet

v measurement system.

(a) The schematic diagram of the pilot-scale furnace.

118

119 Figurel The schematic diagrams of (a) the pilot-scale furnace (mm) and (b) the ash deposition measur ement
120 system.

121 Table 1 Fuel propertiesof the El Cerreon coal (Coal) and the recycled wood (REC) that were used for the
122 CFD calculations.

Coal REC asreceived Coal REC
SiO, 39.9 444 Moist. 763 5.8

ALO, 16.6 5.8 Vol. 35.5 73.9
FeO, 10.8 7.6 FC 54.0 17.1
CaO 144 295  Ash 29 32




MgO 1.9 4.1 GCV (kJkg) 28.7 18.4
KO 1.6 26 DAF  Coal REC

NaO 19 15 C 80.9 51.9
TiO, 0.6 0.9 H 512 6.0
P,O; 08 0.6 N 165 04
SO, 114 3.0 O 11.8 41.7
123 Table 1 shows the properties of the El Cerrejon coal and the recycled wood, including the praxdndtimate

124  analysis, as well as the major ash composition. As expected, the biomassutdshigher volatile and lower fixed
125 carbon than the coal. Also, the biomass dasich higher oxygen concentration than the coal. Theredareich

126  higher concentration of oxygen and lower concentration of carbon in the fuel give rise tolawardieating value
127  for the biomass than the coal. Both fuels have relatively low ash content of approxiBatalyith regard to the

128 ash composition, the coal is mainly composed of silicon, alumina, calcium, sulphur and iron relevantipgses

129 the recycled woody biomass is mainly composed of silicon and calcium relevant|phases.|$hgure the melting

130 behaviours of these two fuels under different combustion conditions based on the bulk ash composition by using the
131 chemical equilibrium software Factsage with tREAGB’ database with possible 2-phase immiscibility. Generally,

132  the melting curves are similar between the two fuels although the biomass ash kiyhes melting potential under

133 the temperature range from 1550 K to 1800 K. The effect of oxy-fuel combustion on the meém@pistmarginal

134  while the Oxy24 case has a much lower melt fraction compared to the other cases due tertHerhawe

135 temperature. However, it should be noted that the melting behaviours are based on the bulk ash cofRpiosition

136  woody biomass, silicon and calcium may occur in different minerals and solid particlegH®] have much higher

137 melting temperatures than that of the bulk ash compogition. Table 2 shows the operating coadititenthfee

138 different cases (including one coal air combustion case and two biomass combustion cases fandhexgitel
139 conditions). The oxyfuel case has been tested with a total inlet oxygen concentration ofXg2%) {(® order to

140 obtain a similar temperature distribution and radiative heat transfer in the air-fired combustion conditions.

11.0
Slos
=R “"Dep. Temp.]
c {0.6 P P
D 0.4 —— Coal-air —— Recy-air |
s 0.2 Recy-024—— Recy-027
10 A —+— Recy-030 ]
1200 1400 1600 1800 20
141 Temperature (K)
142 Figure 2 The predicted melting curves by using the chemical equilibrium method as a function of the
143 temperaturefor different combustion conditions based on the bulk ash composition: the arrowsrepresent
144 the melt fraction under the furnace temperatur e at the deposition regions.
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Table 2 Summary of the operation conditions of the pilot-scale furnace that were used for the CFD
calculations (Coal-air, REC-air and REC-Oxy27).

Coal-air REC-air REC-027

Mass flow rate (kg/hr)

Fuel 25.7 42.1 42.1
Primary 60.1 52 55.7
Secondary 92.2 148 154.7
Tertiary 158.3 88.8 92.8
Inlet gas temperature (K)

Primary 297 294 296
Secondary 525 524 525
Tertiary 525 524 525
Oxygen concentration (vol.%

Primary 20.84 20.92 21.09
Secondary 20.84 20.92 28.30
Tertiary 20.84  20.92 28.30

2.2 Ash deposition measurements

Figure 1 (b) shows a schematic diagram of the ash deposition measurement system, whistottmsideposit

sampling systerandthe imaging system. The deposit sampling system consists of the ash deposition fhrabe wi
detachable uncooled ceramic coupon at the tip in order to collect the deposits. To simulateettaiusntondition

for the slagging formation on a radiant superheater tube in the utility boilers, the ashateposite is inserted into

the middle of the cross section of the furnace, whidbcated at the downstream of the combustion chamber with a
distance of 2.8 m from the top wall of the furnace. The imaging systesed to record the deposit growth and the
shedding. Much care needs to be taken to choose the outer diameter of the deposit sampling couptmoldggially,
choosing a proper outer diameter, it is possible to match the particle Stokes rﬁxmbem,(dpzﬁ)/(%gD)) with

the one in utility boilers in order to maintain a similar particle impaction behatowever, due to the much lower

velocity condition in the pilot-scale furnace (0.5 m/s) timathe utility boilers (1625 m/s), the outer diameter should

be scaled to be 1/20-1/50 of the dimension of a real superheater tube, which is difficult to be manufactured and used
for collecting the ash deposition for the pilot-scale furnace. Therefore, in this stugica timension of the real
superheater tube of 37 mm is used. This indicates that the dimension leads to the particle Stokes number to be 1/20.
1/50 of the one in the real boilers, which can greatly reduce the impaction efficiency qfantielés To the author’s
knowledge, the only available research where the particle Stokes humbers hawvetbkedis the ash deposition
experiments undertaken in the Sandia National Laboratories Multifuel Combustor (30 kW) [20]isvettilzhto be

operated under a much higher furnace velocity of 5 m/s. However, it should be noted that, in addaiticlé¢
7
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impaction, the particle sticking behaviours are dictégthe particle kinetic energyg(ppdfvpz). Therefore, the

ash deposit formation in the lab/pilot scale furnaces could be different froraahieoilers and this is due to the
much lower particle Stokes number and particle kinetic energy.

The ash deposition rate is characterised by the ratio of the deposit mass to the depositibinetideposition
time of four/six hourss used in order to ensure that enough deposits are collected before thegsbeciatis. The
experimental uncertainties for the ash deposition rate mainly result from the repeatability error and thigyvariabil
the fuel feed rate and fuel properties (ash content, ash composition, etc.). The repeat a&ndequesiments of
coal combustion have been undertaken twice. The relative variability (represented by the ttagicstahdard
deviation to the averaged value of the deposition rate) in the twice-repeated ash deposition esparicoaht
combustion is approximately 12%. Since the biomass combustion has a much higher ash deposition rateghan the ¢
combustion, this could help to reduce the variability [20]. Therefore, it is assumed that the kelagbility for
biomass combustion is not higher than coal combustion and the repeated experiments of biomass comhastion are
undertaken for the reason of the experimental expense. The relative variability in teedugltés are within 5% in
order to maintain the excess oxygen level in the flue gas of 3.5% (dry basis). Due toitredyrédat ash content,
the relative variabilities of the ash contentékarge values of 29% and 34% for coal and biomass, respectively. The
relative variabilities of the major ash composition (represented by, §I@0, AbOs, FeOs, etc.) are within
approximately 10%, which may not greatly affect the ash composition. Also, the retatafgilities of the averaged
diameter of the particle size distribution are within a small value of 3%. Thereforethemariabilities in the
repeatability erroandthe ash content have been taken into account in this study, whicls neshik combined
standard uncertainties (represented by the root sum of the squaresvad thlative variabilities [21)]in the ash

deposition rate of 32% and 35% for coal combustion and biomass combustion, respectively.

3 Mathematical models

3.1 Combustion modeling

Pulverized fuel combustion is modeled by Edlexgrange approaches through three-dimensional (3D) CFD-
based mathematical models. Mathematical submodels, such as the Reynolds Stress model (RSM), Biisatete Or
model (DOM), the eddy-dissipation model (EDM) and Discrete Phase Model (DPM), areouseddtlling the
turbulence, radiation heat transfer, gas combustiod particle trajectories, respectively. The combustion of the
solid fuel particles can be modelled by the sequential processes of inert heating, moéedses delvolatilisation,

char combustion, and finally inert heating/cooling of ash particles. In order to take into accolgtt tembéentration

8



194  of CO; under oxy-fuel conditions, the in-house developed radiation property models (the full-spectrlatezbk

195 (FSCK) model and Mie theory based data) are used [22-24]. The previous stwgishidwan a relatively hotter

196 flame after using the refined radiation property models while the effect on the temperdh@relatvnstream of

197 furnace is small [23]. In addition, reasonable agreements have been obtairehiietvexperimental data and the

198 predicted results for the in-flame gas species, the flue gas species and the sudeceradiation on the furnace

199 walls. More details of the 3D CFD combustion models may be found from our previous work [23, 25, 26].

200 It should be noted that the particle combustion models are not directly developed for ash depeditiborpr

201 Inthis study, since the deposit formation is relevant to the post-combustion region, digfoohash particles are

202 predicted by the original coal particle size distribution and the ash content [27] while the density of the ash particles
203 are predicted by employing the original ash composition. The fly ash formation routes (ig¢hadimentations of

204  coal/char/excluded minerals, coalescence of included minerals, and vaporization/agglomeration/condensation of
205 salts/organic-bound inorganics [28, 29]) are often neglected in the particle combustion modellitag tioeie

206  complexity. Up to date, it is still a challenge to directly incorporate the detailegtilyormation models into the

207 CFD based combustion modelling [29, 30]. However, this limitatian lead to the uncertainties in the

208 physicochemical properties (ash composition, size, density, etc.) of the fly ash particlesaretdationg the key

209 factors in dictating the ash deposit formation. More details of the uncertainty anallsiefiétt of fly ash formation

210 on ash deposition are discussed in the next section.
211 3.2 Ash deposition models
212 The trajectories of the coal particles are modelled in a Lagrangian reference framegtih@i&§PM. They are

213 governed by the particle motion equation, which is a balance of the drag, gravity, and other body flamoescdsd

214  in the equation [31]:

dv, <18ug CpRe,
P

> > g(pp - pg)) 2 (1)
m,—— = Vyg—Vp)+————
P dt ppdl 24 (% )

Vp + F
p

215 where, s, p, u andd are the velocity, density, viscosity and diameter of the particles, respectivedyibbaipty

216 andg refer to the particle and gas, respectivélyjs the drag coefficient, anfdis the other body forces, such as the
217  thermophoretic force, etc. In the deposition experiments, there is no initial deposition itaymenparticles and

218 the leeward section of the uncooled deposition tube is clean. Hence, it is reasonable to nebkrchdiphdretic

219 force for the uncooled probe in this study. The effect of fluid turbulence on the patrticle trajectories (or tehmed as
220 turbulent diffusion) has been considered by the Discrete Random Walk (DRW) model, which integrpseticle

221  motion equation of a sufficient number of particles using the instantaneous fluid velocitgeRpilot-scale cases,

9
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due to the low Re(nggmebe)/ug ~ 70-80) in the downstream region and the particle turbulent diffusion is not
considered. In order to resolve the boundary layer, the enhanced wall treatment is enabled. Hathik mesh is
fine enough to be able to resolve the fluid viscous sublayer (y=phighen the enhanced wall treatment can be
similar to the traditional two-layer zonal model [32].

After the arrival rate of the ash particlds, 4, IS predicted by the models mentioned abavrelit is required
to incorporate a particle sticking model in order to predict the sticking efficiency of paifigles. Then the ash
deposition rate can be determined by the product of the arrival rate and the particle sticking efficiencyuttythis st
the in-house developed particle sticking model, based on the energy conservation analysis, is used [13], and this has
been validated by the particle sticking behaviours for particles with Stokes number up to apprpxenas|
(comparable to the particle Stokes number in a full scale furnace) and the ash depositibanfdrora coal
combustion in a down-fired furnace for particles vatrelativdy small Stokes number. The sticking model takes
into account the particle properties relevant to the ash chemistry, particle kinetic andrfyrnace operation
conditions and considers the partial sticking behaviour and the deposit layer. The particle sticking effigiency,

can be determied by the following formula:

(L ifE*<0 2)
Esticr = { e(_9-21*E*(1_fmelt)), if E*>0

1 2 3
E* ==d2(1 — cosf) + —— — 0.00536 * d,, "% * (1 — c0s6)*5°1 — 1 3)

4 3dp,
dyp =1+ 0.259 x We®317 (4)

where,E* is the excess energy normalized by the surface engrgy.is the liquid phase content (or termed as the
melt fraction) of the deposit surface, which was estimated by the deposit composittempadature through the
chemical equilibrium method,, is the maximum spread rati@,is the contact angl&/e = (ppUpzDO)/yLV is the
particle Weber numbep,, is the particle density/, is the normal component of the particle impact veloéltyis
the particle diameter andy, is the liquid-vapour surface tension.

It is necessary to clarify how the parameters in the particle sticking model have beeimddterrthis study
The ash patrticle diameter is estimated from the original coal particle size distributtbe ast content as mentioned
earlier. The ash particle density and the liquid-vapour surface tension is estimated by the bulk ash composition [33]
Due to the difficulty in diretly considering the viscous effect on the ash particle sticking behavioundirisctly
considered by the wetting behaviour [13]. Thg;; is determined by the melt fraction as mentionedqguaiion (2)

Then, the contact angle is determined by matching the predicted results with the experimentakidatsh

10
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deposition rate. For the coal ash deposition case, the contact anglé f d$8d when the predicted liquid phase
content of the deposit surface chemical equilibrium was 83%, which is employed as the fighueiothis model.

For the biomass air combustion case, the same contact anglé & 0€€d due to the similar melting curves between
the biomass and coal ashes. Howeverfithe with a value of 41.5% is half of the predicted liquid phase content in
order to match the predicted results with the experimental data. This can be due to twndrgitrations in the
silicon and calcium and the low potassium concentration in the woody biomass ash and its heterogetiety. Fo
biomass oxyfuel combustion case, the same assumption is employed as in the biomass aiorcaabesiThe
normal component of the particle impact velocity is directly obtained from the CFD mgdsiialysis. The detailed

values of these parameters can be found in the Supplementary Materials.

3.3 Case satp and uncertainty analysis

The ‘steady state’ assumptions of the deposition rates are emplogd to develop the ash deposition sub-models.
This is because the thermal boundary is relatively stable for the uncooled tube and the depositliigh2imm,
which ismuch smakrcompared to the outer diameter (37 mm) of the tube. This does not greatly change the geometry
of the deposit surface and affect the particle impaction and deposition behaviour. Kupka et al. [84peiqigr
found a linear ash deposition ratethe early stage, which also suppahts ‘steady state’ assumption in this study.
The two-dimensional (2D) mesh is used as the focus of this study is on the ash defoositonby the inertial
impaction at the windward section of the uncooled tube while 3D can have an effect on the fume astndaposi
the leeward section [35]. The 2D geometry is 0.9m*0.9m with a deposition tube oflmmeter 37mm placed in
the central region while the boundary conditions are determined from the combustion cases (tenpasapecies,
velocity, ash patrticle flow rates, etc.). In order to resolve the flow-fieldmiti@ boundary layer near the deposition
surface, Weber et al. [36] suggested the employment of at least twelve grid nodesieéihithickness (represented
by the boundary layer thickness where the velocity reaches 99% of the free strean)wsloait a first-order
numerical scheme is used while Haugen et al. [37] and Bouhairie et al. [38] emgbmy@dmately three nodes to
be located within the boundary layer by using a higher-order discretization scheme. In thithstsdgond-order
discretization scheme is enabled and the first node is placed at approximately 0.2 mm fobe Wiedh meets the
mesh requirement proposed by Weber et al. [36] for the deposition cases in the pilatrseake {An additional
mesh with the first node displacement of 0.05 mm is tested for the higher velocit asés) and the difference
in the particle arrival rate is marginal compared to the current mesh. Therefore, in order to reduce the computational
resource, the same mesh (0.2 mm) has been used for the higher velocity conditielhsadsolr meets the criteria

used by Haugen et al. [37] and Bouhairie et al. [38]. The averaged y-plus at the depositioa QuB% and 0.74 for
11



277 the low velocity condition (approximately 0.5 m/s) and high velocity condition (25 m/pgatdgely. Again, this
278 indicates that the current boundary mesh should basically meet the requirement for the enhameadmeait.
279  More details of the geometry and mestmbe found in the Supplementary Materials.

280 The uncertainty analysis in the CFD modelling is significant in order to understand winethemulation
281  conclusions are reasonable. In this study, for the CFD modelling of the ash deposiiteopost-combustion region,
282  the source of errors in the modelliogncome from (i) the experimental measurements, (ii) the numerical parameters
283  and (iii) the model parameters. As mentioned in Section 2.2, for the experimental measuremehtspthtersts
284  the major source of error, being 29% and 34% for coal and biomass, respectively. For theahparameters,
285 mesh resolutiorand quality, and the discretization scheme could be the major source of errors. However, these
286  numerical error sources are neglected in this study since a fine mesh with a highsquséiti and the second-order
287  discretization scheme are enabled. For the model parameters, the error sources could be getreratsddiys
288 turbulence model, the radiation model and the parameters employed in the ash deposition modéty Saakits
289  of different viscous models (including the standard k-epsilon, realizable k-epsilon, k-omegad3¥&dynolds stress
290 model)! and two different types of radiation property models (the in-house developed radiation prawkrtyand
291 the traditional radiation property model) have been carried out. The effects of both turbulence modelistoma r
292  property models are marginal. Hence, the study neglects the uncertainties in the viscous miatbégiangroperty
293 model since their errors are small compared to other source of errors. However, for firte gepbsition, the
294  uncertainties in the transient modelling (URANS, LES, etc.) of particle-laden flow dhetddten into account. For
295 the model parameters, the number of particle size intervals and number of tries RWhex@lel could affect the
296 particle arrival rate. The fluctuations in the predicted arrival catebe minimized by increasing the number of
297  particle size intervals and number of tries. In this study, 50 intervals and 10 tiisedyghich results in the relative
298 variability in the deposition rate within approximately 2%. Another major contributitne ierror source is generated
299 by the fly ash properties. The first one is the particle size distribution. Becknman3&t] ahdasured the particle
300 size of the original coal particles and the bulk fly ash particles, where the fipdisthes showed 7% higher averaged
301 size and 28% lower spreading factor of the Rosin-Rammler distribution than the predictetywakiag the current
302 assumption in this study. This represents that the current assumption under predictsctbesigartiistribution in
303 the coarse and fine ranges, which correspondingly over predicts the distribution in the peatiiclerange. This

304 is because the detailed fly ash formation mechanisms are not considered in the current assumptiams, teeref

! Note: For the pilot-scale cases, the laminar model is used due to the {&WR80); while the turbulence model is
used for high velocity conditions with high Re: @300-4300).
12
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sensitivity analysis of £10% in the average size and -30% in the spreadingisatetoen into account by the
modelling uncertainty. The second fly ash property is the heterogeneity in the fly ash gharhistr can affect the
particle density and the melting/sticking behaviour. The major mineral species in the pwaristes from El
Cerrejon coal are Si}2.65 g/m), CaALSi;Og (2.73 g/ni), and AbSiOs (3.67 g/m) while the major species in the

fly ash particles from the recycled wood may be 265 g/ni), CaSiQ (2.9 g/nf) and CaO (3.4 g/fh Therefore,

the possible range of the ash particle density could be 2.65-3.67fgforoal ash and 2.65-3.4 g/gfior biomass

ash. In addition, with the decrease in the ash particle size, the content in the basic corampkretaccumulation

of potassium in the fine ash particles due to the vaporisation/agglomeration/condensation [40]y gecresges

and the acid component of silicon generally decreases. This may result in the increased meltinidyprbems
small particles than the large particles. Therefore, a sensitivity analysis of the heterdgeheigsh chemistrig
considered by the assumption of using a particle size dependent particle contact angle: (i) thearniallebas
relatively low contact angle of 9@Qwhich represents the particle itself being easy to stick) and the largest particle
has a relatively high contact angle of 1 {@&hich represents the particle itself being difficult to stick) while the
averaged particle had the contact angle of;1@Pother medium particles are linearly located between these values.
Therefore, the combined modelling uncertainties can be determined by the lower bound and upper beund of t
uncertainty analysis of the above error sources (the ash content, the particle density, parig&ibution, and the
heterogeneity in the ash chemistry), which results in 9*14=126 CFD cases that hamarbegoally investigated

More details of the model parameters for the uncertainty anabsize found in the Supplementary Materials.

4 Results and discussion

4.1 Measured and predicted ash deposition behaviour

Figure 3 shows the measured and predicted ash deposition behaviour. First, thesdepady formed at the

windward section of the uncooled tube while there is almost no deposit on the leeward sesttimmnam Figure

a). This indicates that both the thermophoretic effect and the eddy impaction are insigmifithetuncooled

probe and under a low Reynolds numbei7Q-80) in the downstream region of the pilot-scale furnace. Second, as

shown in Figure B(b), experimentally, the ash deposition rate for coal air combustion casen®®®)gis much

lower than the recycled wood combustion cases (24.2 and 22 Btgj(fior air and oxyfuel cases, respectively)
This is mainly due to the overall particle impaction efficiency for coal, ranging fromtb.56%%, being much lower

than the recycled wood, ranging from 8.6 to 15.4% and 6.6% to 12.1% for air combustion and oxyfuel combustion,

respectively, as shown|in Figurg 3(c). Weber et al. [41] also found that biomass fuelsrheehigher deposition
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rate and particle impaction efficiency than the South African Middleburg coal. However, the predjztetion
efficiency by Weber et al. [43$ much higher than in the current study. This discrepancy can be attributed to the
particle size of the fly ash being assumed to be constant during combustion process by Welddi ettale the

fly ash size is assumed to be reduced based on the ash content in this study. On the otherdamdll farticle
sticking efficiency for coal has a value of about 0.8, which was approximately twice thatvaiues (about 0.4) for
biomass. It is interesting that the values of the sticking efficiency in this studgraparable to those presented by
Weber et al. [41], which are approximately 0.8 and 0.4 for the coal and mixed wood under disimaitar velocity.

In this study, the lower sticking efficiency of the biomass ash particles could be thesheterogeneity in the fly
ash composition and the larger particle size. For the recycled wood investigated, the naimpasition are silicon
and calcium in the relevant phases. When these two inorganic components separately occyrastthiaén they
can be difficult to melt and this can decrease their sticking efficiency.li{fhitee recycled wood air combustion
case hwe a slightly lower but similar deposition rate compared to the oxyfuel combustion casehsirsraail

difference in the deposition rate is within the experimental uncertainty. Further,the predicted ash depositien rate

a similar trend to the measurements, as shown in Figure 3(b).
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o 50{ =
(a) Deposit images REC-air
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Windward Leeward i

N
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1 (b) Deposition rate
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Figure 3 Measured and predicted ash deposition behaviour 2: (a) Deposit images on the tube; (b)
Comparison of the measured and predicted ash deposition rate; (c) Predicted OIE (overall impaction
efficiency); (d) Predicted OSE (overall sticking efficiency).

2 Note: (i) The overall impaction efficiency is calculated by the ratio @foerall arrival rate of particles onto the
deposition surface to the mass flux of the particles at the projected soffiece of the deposition surface. (ii) The overall
sticking efficiency is calculated by the ratio of the deposition ratedootierall arrival rate of the particles onto the
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Figure 4 shows the predicted ranges for the impaction efficiency and sticking efficiency as a function of particle

size. Interestingly, for size <60-30n (correspondingly, particle Stokes numbers were from 0.3-0.5), the particle
impaction efficiencyis close to zero. Weber et al. [36] found that the critical particle Stokes number should be
between 0.3-0.4 for Reynolds number between 42.6-106 when only considering the inertia impaction, which is
similar to the current predictions. The particle impaction efficiency gradually increasethwiincrease in the
particle size(>60-90 um). This is because, for inertia impaction, smaller particles follow more closely to tthe flui
streamlines and they are less likely to impact on the surface, however, the paitictbee varger Stokes numbers

are less likely to be affected by the gas flow and more likely to impact on the depasitame [26, 27]n addition,

coal and biomass-air cases generallyetfdigher impaction efficiency than the biomass-oxy27 case and this is due

to the decrease in the gas velocity under the oxyfuel combustion condftion. In Figure 4, tleegtiakicg efficiency

generally increases with the reduction in the particle size. In addition, the narrow variations in thedopediicie

sticking efficiency are found and this is due to the impacted particles are coarse particles.

o
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| Coal-aif\\] REC-air ]
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Sticking efficiencylmpaction efficiency

Figure 4 Predicted particle impaction efficiency and sticking efficiency asa function of particle size (the
shaded region isthe modelling uncertainty).

4.2 The effect of oxyfuel combustion condition

Figure § shows the effect of the oxyfuel combustion condition (the overall oxygen concentrationlatgher

the ash deposit formation. Generally, the predicted ash deposition rates are sirailarafegs investigated, but the

oxyfuel cases hee slightly lower rates than the air combustion case. The Oxy24 case shows a clear higher overall

deposition surface. (iii) Ash deposition rate is based on the probe aj&édierror bars in Figure 3(b) including both the
experimental uncertainties and the modelling uncertainties. The other arsgpriesented in other figures (Figure 3 (c)
and (d), Figures 5, 6 and 8) only represent the modelling uncertainties.
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impaction efficiency and lower sticking efficiency and this is due to the increasegastirelocity (by 15% compared

to the air combustion case) and decrease in the gas temperature @yctdipared to the air combustion case).
However, the overall particle impaction for the Oxy27 and Oxy30 cases are approximate&d@@twer than the

air case while the sticking efficiencies are close to each other. Therefore, this sugg€pts\thah the temperature
profile/heat transfer under oxyfuel conditions are adjusted to match the air conditions, wehgmitar to the
scenarios for Oxy27 and Oxy30, the slight change in the temperature and velocity does not haveantsignifi
influence on the sticking behaviour; (ii) The change in the gas density and veluaigduce the particle impaction

efficiency, but the level of the change in the particle impaction behasidigtated by the ash size range.
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Figure5 The effect of the oxyfuel combustion condition on the ash deposit formation: (a) Ash deposition rate
(g/(m?*hr); (b) OIE, Overall impaction efficiency; (c) OSE, Overall sticking efficiency.
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Figure 6 The predicted OIE (overall impaction efficiency) and OSE (overall sticking efficiency) under
different flue gas velocity conditions relevant to the boiler conditions®.

3 Note: the evaluated velocity for the oxy27 cases were assumed to be 20% lowvibe thia combustion case.
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Figure 7 Therelative differencein the particle impaction efficiency (defined astheratio of the difference of
the impaction efficiency between the air case and the Oxy27 baseline cases to the impaction efficiency of the

air case) asafunction of particlesize.

4.3 The effect of flue gas velocity

The main difference in the furnace conditions between the pilot-scale fuaratfefi-scale boilers is the much

lower flue gas velocity in the pilot-scale furnaces [4je furnace velocity condition is a significant factor in

dictating the Reynolds number, particle Stokes number and patrticle kinetic energy. Hence, the dhangasn

velocity can lead to uncertainties in the ash deposit formation.

Figure 6

shows the changes in the overall impaction and sticking behaviours after increasing thedloeityas

close to a value used in the boilers. Generally, due to the increase in the particle Stokes nupaltclaridnetic

energy, the particle impaction efficiency increases from approximately 3% to 50% and ¥0% for coal and

biomass, respectively, while the sticking efficiency decreases from 75% to 20% and@%otacoal and biomas

respectively. Also, under the higher velocities (15-25 m/s), the difference in theguarpektion efficiency between

the air and oxyfuel cases is relatively small, while the difference is much higltlee fafot-scale furnace, as shown

in

Figure 1. In the pilot-scale furnace, the effect of the oxyfuel condition on decreasing the impaction efficiency can

effectively increase with the decrease in the particle size. This indicates that the effect aah taeger for fly ash

with alarge portion of particles located close to the critical Stokes number.
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Figure 8 The predicted ash deposition rate under different flue gasvelocity conditions relevant to boiler

conditions.
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407 Figure 9 Predicted deposition efficiency asa function of particle size under the gas velocity conditions

408 relevant to the pilot-scale furnace and the velocity being 20 m/s (the shaded region isthe modelling

409 uncertainty).

410 Interestingly, ir{ Figure |8, the predicted ash deposition rate increases from approximately 7 to 30htGag/m

411 coal while the rate decreases from approximately 25 to 5-1&hy/fior biomass, and thisanresult in an higher

412  deposition rate for coal than biomass under the higher veldcities. Figure 9 shows the particle sitepoagearh

413 efficiency (defined as the impaction efficiency*sticking efficierfaypder the furnace velocity in the pilot-scale
414  furnace and the velocity being 20 m/s as an example. Interestingly, larger/heaviezsphaia higher deposition
415  efficiency in the pilot-scale furnace and the deposition efficiency for particlesesmielh the critical Stokes number
416  was close to zero. This suggests that, due to the low furnace velocity conditions, thejalbirsace favours the
417  coarse particle deposition and, when only considering the inertia impaction, theg#édisrrnace can have a ‘cut-

418  off” effect for the particles (smaller than the critical Stokes number) on the ash deposit formation. However, after
419 increasing the velocity to 20 m/s, the highest deposition efficiencies changes from the coates mathe fine

420 particles (approximately 20-30m). This suggests that, in the velocity relevant to boiler conditions, the furnace

421  favours the fine-medium particle deposition.

422 4.4 Discussions

423  4.4.1 Oxyfuel combustion

424 After retrofitting from air combustion to oxyfuel combustion, the reduction in the @asatie leads to a decrease
425 inthe flue gas velocity (approximately 20% in this study) and the high concentration wfd@€ases the gas density
426  (approximately 40% in this study), which results in the slight increase by approximateiy t@¥Reynolds number

427 and the decrease by approximately 20% and 36% in the particle Stokes number and particle kinetic energy,

4 Note: Deposition efficiency represents the possibility of particles being able tatdépsisould be noted that, in
addition to deposition efficiency, particle size distribution is the other impomatdrfin dictating the contribution of
differently-sized ash particles on deposition.

18



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

respectively. Therefore, regarding the aerodynamics, the major effects of the oxyfuel combuosish deposit
formation are mainly caused by the decrease in the particle Stokes number and particle kinetic energy.

Under the low velocity condition in the pilot-scale furnace, 20% reduction in the parb&lesStumber shows
a clear effect on the particle impaction efficiency due to the low Reynolds number ([@Qk8¢€ $tudy and low
particle Stokes number (1@, 0.8-1; 5@m, 0.2-0.3; 14m, 0.05-0.1 in this study). The degree in the variation of
the overall particle impaction efficiency is dictated by the particle size distibu@enerally, with more particles
having Stokes number close to the critical Stokes nurfibgf,;.4;, the decreased particle impaction efficienap
be largerWhenonly considering the inertia impaction, the correlat&m, ., = 0.865 * Re %211 is suggested
to estimate the critical Stokes number for Reynold numbers ranging from 21.3 to 1065¢($oitéid pilot-scale
furnace), derived from the CFD predicted data (critical Stokes number and Reynold numbief)dryet al. [36].
On the other hand, the reduction in the particle kinetic energy could not lead toeffeletann the overall particle
sticking behaviour in this study. This may be attributed to the low velocity conditiooh wdsults in the particle
kinetic energy to be located in the low value region and the predicted particle stickiraneyfis less sensitive to
the particle kinetic energy.

Under the high velocity condition, which is relevant to full-scale boilers, the reductibe iparticle Stokes
number does not have an obvious effect on the particle impaction efficiency due to the high Reyrimdd$2800-
4300 in this study) and high particle Stokes numbery(iQ@2-45; 5Qm, 5-11; 1@m, 0.2-0.4 in this study). This
suggests the change cannot have an obvious effect on the particle impaction behaviour. On the other hand, the
decrease in the particle kinetic energy clearly increases the overall particle stickieg@ffity approximately 30%
in this study. This may be attributed to the high velocity condition, which results ingtlietpd particle sticking
efficiency being sensitive to the particle kinetic energy.

Therefore, this study suggests that: in the pilot-scale furnace, oxyfuel comuemtidecrease the particle
impaction but the degree in the variation is dictated by the fly ash size distribution; amaosfaialistion could not
have a clear effect on the particle sticking behaviour for the recycled wood, but furtheratediesded for more
fuels as the particle sticking efficiency is also dictated by the ash chemistry. For retrofitting coosidietzilers,
unlike the pilot-scale furnace, oxyfuel combustion cannot effectively decrease the particle impactencgffbut
the reduction in particle kinetic energy may increase the particle sticking behaviour.

4.4.2 From pilot-scale to full-scale

The pilot-scale furnace favours the coarse particle deposition due to the low velocity conklifgothevfull-
scale furnace favours the deposition of fine-medium particles due to the high velmoiyion. When only
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458  considering thenertia impaction, the low velocity condition even has a ‘cut-off’ effect on the particle deposition
459  with the particle Stokes number smaller than the critical Stokes number, which does not ocdhetrigkivelocity
460 conditions. Therefore, the conclusions of ash deposition behaviours from the pilot-scale furnackecdiraotly
461 employed for the full-scale boilers. In this study, the recycled wood lmgh higher deposition rate (three times)
462 than the El Cerrejon coal in the pilot-scale furnace while the biomass may not be abésatbipher ash deposition
463 rate than the coal when increasing the flue gas velocity conditions to a level in a Bsdethé study indicates that
464  solid fuels witha high sticking efficiency (ash contains a large portion of the inorganic species with lowgmelt
465 pointg canhaveahigher deposition rate under the velocities that occur in boilers than the pilot-scale furrace whi
466 the solid fuel withalow sticking efficiency (ash contains a large portion of the inorganic species with &itihgm
467  points)canhave an opposite ash deposition behaviour.

468 The study suggests the importance of understanding the detailed fly ash properties (firgatissize based
469 density, size based ash composition. etc.) to provide a better estimation of the astodguopinsity in boilers. It

470 is confident to propose that, besides furnace temperature, the aerodynamics and fly ash physicpobeeniizes

471  can dictate the deposit formation, as shayrable 3 In the pilot-scale furnace, the fume and fine particles contribute

472  to the deposit formation of the initial layer due to the condensation and the thermopharetjomifile the coarse
473  and medium particles contribute to the major deposit formation of the other layers. In éhetheifume and fine
474  particles contribute to the deposit formation of the initial layer due to the condansatdy impaction and the
475  thermophoretic effect, the fine-medium particles contribute to the deposit formationaihéndayers, while the
476  coarser particles can not only be more difficult to deposit but also cause erosion and reduce theiashrdapos.

477 It should be noted that there is a difference in the deposit formation mechanism between slagginggritiié to

478 the change in the flue gas temperature. For fouling, due to the much lower flue gas tempkeainajor ash deposit
479  formationcanbe dependent on the stickiness of the initial layer of the deposits and the stickiness ofdlee parti
480 surface resulting from the heterogeneous condensed gaseous alkali species. Therefore, the conoéritrations
481 gaseous species and fume particles of potassium/sodium relevant phases are significantl@rgteanding of the
482  fouling formationandthe determining of the solutions to control the fouling issues. For slagging, thechigh flue

483 gastemperature, both the ash particles and the deposit surface are possible to be stitleyeffieiit: of the gaseous
484  alkali species are less important [27]. For woody biomass, potassium and chlgriaesiglaificant contribution in

485  causing serious ash deposit issues due to the low melting temperatures of the potassium related minerals to generat
486  a sticky deposit surface and increase the particle stickiness itself under the pulverised combustionscdndi

487  addition, high concentrations of potassium in the depasitsincreases the degree of sintering [43], which
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deteriorates the deposit removal. For the recycled woody biomass with a low concentioi@assitim used in this
study, the ash deposition should not be serious as boitaBiCaO are less reactive and refractive.

Table 3 Relationship between the particle properties and ash deposit formation for woody biomass (silicon
and calcium asthe major ash components) in pilot-scale fur naces and full-scale boiler s°.

. Deposition severity
] . ) Deposition _ )
Particle type Deposition mechanism o (depending on particle
efficiency . )
melting potential)

Fine particles

) ] ] ) Low: Si0,, Ca0, AbOs, etc.;
(fume-submicron Evaporation/nucleation/condensatic
Low FeOs;, etc.;

sized, micron Thermopheresis. )
High: KCI, K>SOy, etc.;

sized)
Pilot- ] Low: SiO,, CaO, AbOs, etc.;
Medium ¢ 10- ) o ] )
scale 70um) Thermopheresis, Inertia impaction Low FeOs, CaSiQ, etc.;
um

High: KxO-SiO,, etc.;

Low: Si0,, CaO, AbOs, etc.;
Coarse (>7@um) Inertia impaction High Fe0s, CaSiQ, etc.;

High: K2O-Si0,, etc.;

Fine particles

) Evaporation/nucleation/condensatic Low: Si0,, CaO, AbOs, etc.;
(fume-submicron ) . )
] ) Thermopheresis, eddy impaction,  Low FeO;, etc.;
sized, micron o ] ) ) )
) Inertia impaction (micron sized) High: KCI, KoSQy, etc.;
sized)
Full- ] ) Low: Si0,, CaO, AbOs, etc.;
Fine-Medium ¢ o . _ _
scale Inertia impaction High FeOs, CaSiQ, etc.;
10-70pum)

High: KxO-SiO,, etc.;
Low, or Low: Si0,, CaO, AbOs, etc.;
Coarse Inertia impaction (>7@m) even cause FeOQs, CaSiQ, etc.;
erosion High: K2O-Si0;, etc.;

4.4.3 Modelling ash deposition

An initial uncertainty analysis in the RANS-based CFD modelling of ash depositfmnrhas been undertaken.
Generally, the experimental measurements, the numerical parameters and the model parameters areigonsidered
this study. This study suggests that the model parameters relevant to the fly ash formdtiemajor contributors
to the modelling errors while the uncertainties in the particle tracking can be mihibyizesing a fine mesh and a
high resolution of the particle size distribution. Fly ash formation dictates thenhflyizes distribution, density and

size based ash composition. In this study, the possible range in the size distribution and size ctesstighang

5> Trace elements were not discussed in this study for ash deposititordue to their low concentrations. In addition,
the ash composition is represented by the oxides of the ash elements.
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efficiency might be overestimated since the modelling errors are much larger than the entpérimcertainties,
especially for the coal ash deposition case in the pilot-scale furnace and the biomass astndegsestunder high
velocity conditions. A detailed fly ash formation model is urgently needed to better pinedish deposit formation
[29, 44]; alternatively, the experimentally detailed information of the fly ash propeatiebe used to improve the
CFD prediction of the ash deposition. Also, better fly ash properdiebe used to accurately derive the particle
sticking behaviours from combining the CFD results and experimental measurements [#&].obet hand, for a
cooled heat exchanger tube, dynamic CFD models are required to predict the whole ash deposit fionats
[27, 46]. In addition to the uncertainties mentioned abamencertainty analysis relevant to the deposit properties

(thermal conductivity, porosity, etc.) is needed.

5 Conclusions

(i) Although the recycled wood has a much higher deposition rate than the El Cerrejon hegpilotiscale
furnace, the new waste fuel can numerically have a lower deposition rate than the coal ghdegladity condition
that is similar those employed in full-scale boilers. Tdaabe due to the much lower sticking efficiency of the
recycled wood, which has high concentrations of calcium and silicom,lbwt potassium concentration. Ash with
a high sticking efficiency can have higher deposition rate under boiler velocity conditions than tisegldatnes
while ash witha low sticking efficiencycanhave an opposite trend. In addition, the oxyfuel combustion condition
shows a similar deposit formation to the air combustion condition for the recycledmimatti the pilot-scale furnace
and the high velocity conditions, where the differences are within the experimental uncertainties.

(ii) The effect of oxyfuel combustion condition on ash deposition is different betweematisgaie furnace and
the high velocities in the full-scale boilers. Due to the decrease in the flue gas velocitgxyfidelrcondition, both
the particle Stokes number and particle kinetic energy can decrease. The decrease in the overathpacticin
efficiency is clearer in the pilot-scale furnace than in the full-scale velocity condition. This is due to the much lower
Reynolds number and particle Stokes number in the pilot-scale furnace. Also, the degree of the debeease in
impaction efficiency is dictated by the particle size distribution in the pilot-fgalace. When there is more ash
particles close to the critical Stokes number, the degree of the decrease can be larger. Omérelptherdecrease
in the particle kinetic energy has a cleared effect on the increase in the overall pgatkiclg sfficiency in the full-
scale velocity conditions than the pilot-scale furnace. This could be due to the much higher velokighend
particle kinetic energy in the full-scale conditions. However, further studies are requitieel particle sticking

behaviour is relevant to the ash chemistry as well.
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(iii) The selective deposition behaviour is different between the pilot-scale furnace and the highigr veloci
conditions relevant to full-scale boilers. The pilot-scale furnace favours the coarser gapad#@ion due to the low
velocity condition while the full-scale furnace favours the deposition of fine-mediuroleadue to the high velocity
condition. It should be cautious to perform transfer of the deposition observations in tseglédiurnace to full-
scale boiler. In this study, the predicted ash deposition rate of the recycled wood can be nyioeraaihan the
El Cerrejon coal when using the full-scale boiler velocity conditions. A relationshie®etthe fly ash particle
properties and the deposition propensity for woody biomass is suggested, which is didfateakbgdynamics and
ash physicochemical properties.

(iv) The CFD based ash deposition model presents a qualitative agreement with the measurerimatids. An
modelling uncertainty analysis has been carried out. Uncertainties in the modelling paramdiersgiyoash
properties (size distribution, size-based ash chemistry, density, etc.) are responsible foortiseurzg of errors
along with the possible experimental uncertainties in the fuel analysis of the ash cidmgemhcertainties in the

particle trackingcanbe minimized by using fine mesh and high resolution in the particle size distribution.
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