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Abstract:

A CFD model that simulates particle impaction and sticking has developed for predicting the ash
deposition characteristics for the co-combustion of South Afridaal (SAC) and palm kernel expeller
(PKE) in an entrained flow reactor. The numerical related<roaused by interception and the improper
resolving of the flow-field within the boundary layer near deposition surface, are investigated. In order
to minimize the numerical related errors without excessieshing, a new revised particle impaction
model has been developed and accomplished using an impactiationrfactor. The particle sticking is
predicted based on the molten fraction results that have beemeabfadm the chemical equilibrium
calculations using the chemical fractionation data in ordeotwsider the short residence time of fly ash
particles. The simulation results show that a reasonable comse coupled with the revised particle
impaction model, is suitable to accurately resolve the partmabaction without using a prohibitive
meshing size. The ash deposition behaviour is determined by tletepampaction and sticking properties.
Good agreements are obtained between the predicted results apgp#renental data for the ash

deposition behaviau
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1 Introduction

Co-combustion of biomass with coal has been used as a near termeneaseniuce C@emission
from coal fired power plants [1, 2]. Currently, co-firing 20% (thermal) biomass with coal has been
widely used in power stations in the UK and Europe and a highéring rate is also used. Further, some
power stations, such as the Drax in the UK, are being converfigthg 100% biomass. With the recent
announcement of the new EU targets of reducing gas emissiohfiefitlity is likely to be one of the
key factors influencing the operation of the power statiorthérfuture, and the uses of various biomass
and waste for power in the EU are expected to substantiallgaiser Currently most large scale power
stations are using relatively clean biomass such as wood pahét$o some extent straw, olive stones and
palm kernel expeller (PKE). An addition of up to about 10-28mass has only moderate effects on the
ash deposition in the furnace. However, with an increaseding-fiate and the use of a wide range of
biomass sources, ash related problems are ranking high osttbedignificant operational constraints in
cofiring power plants [3, 4]. Ash deposition reduces the iefficy of the heat transfer through the water
walls and heat exchangers and causes corrosion of boiler tukiel, mdy lead to reduced generating
capacity and unscheduled outages [5]. Therefore, an improved undergtafiidie ash deposition in firing
various types of biomass is imperative for an efficient boileratipm and optimization in the future [6].

The optimum biomass co-firing rate in coal-fired boilers hti$ Iseen mainly determined by
experiments up to now [4]. Computational Fluid Dynamics (CR&9 been widely used for solid fuel
combustion simulations and various sub-models have been developeedioting ash depositions in lab-
scale test facilities as well as for full scale boil@4.3]. Considerable progress has been made in the last
decades in developing ash deposition models for CFD simuldBefs14-17], and more detailed and
accurate sub-models for combustion, fuel/ash particle transpait, sécking and deposition rate
predictions have been developed [3, 16]. Typically, Lagrangian oieethe employed to compute the
trajectories of ash particles, coupled with an Eularian methioflofv and gaseous phase reaction, where
the inertial impaction of particles are often considerethasonly or main mechanism for ash deposition
formation. Therefore, accurate prediction of the particlpaiction is a critical factor that affects the
modelling of the ash deposition. The impaction efficiency ofpiieicles is usually assumed to be unity
which represents the worst scenario in terms of ash depositte [3, 16]. In practice the impaction
efficiency can be much lower than this depending on the size, shdpéensity of the particles and the
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nature of the depositing surface. Weber et al. [17] investighéetequirements for accurate predictions of
the impaction efficiency of fly ashes in a 2D geometry usheg RANS- based CFD methods. It was
concluded that only when the flow-field in the neighbourhoodhef deposition surfaces is accurately
resolved can accurate predictions of the particle impactiabtzénable by using the RANS- based CFD
methods, especially for small particles since their trajestare strongly affected by the boundary layer
development. Haugen et al. [18, 19] applied direct numerical simul@®8) to investigate the particle
impaction behaviour on cylinders and superheater tube bundlesriossflow in order to accurately
resolve the boundary layers around the cylinders. It should be tlwaedn these models [118],
extremely fine grid for RANS or DNS is needed. However, tbéggiirement is difficult to be satisfied in
the simulation of an industrial boiler in order to predidt deposition behaviours [17]. Often predicting
major operational parameters such as the boiler temperatudésr mombustion properties may be
achieved byisng a reasonably coarse computer mesh. However, this reasonablyrmeshsean still lead
to a significant error in ash particle impaction efficienajculation [17]

In addition to the particle impaction, the stickiness of déise particles plays a critical role in the
formation of ash deposit and related slagging and fouling. Tibkiness of an ash particle can be
determined based on such as the viscosity, kinetic energy arekdegfigmolten of fly ash particles. In
terms of viscosity based sticking models, a reference vigdssused to determine the stickiness. The
value of the reference viscosity ranges withih®Pa.s which makes the sticking model strongly sensitive
to the reference viscosity and may contribute to an inaccstiakéness prediction [4, 20]. In addition, the
kinetic energy thresholding sticking model, based on the Jotfsodall-Roberts (JKR) theory [14, 21,
22], has been proposed which takes into account the kinetic erfetgy marticles and the surface energy
of both the particle and the impacted surface. However, a fifingess was necessary to develop the
effective Young’s modulus versus the particle temperature and the particle diameter by matching the
experimental data with the simulation results [14]. Further,nolten fraction-based sticking model has
been developed using slag calculations based on the chemical aguildfrthe ash composition and it
was found that deposition models based on the molten fractiorh gfaaicles calculated from chemical
equilibrium are promising [20]

Therefore, this paper aims to develop an improved ash depdskibmmodel through (i) a new revised

particle impaction model to minimize the numerical relatetbrer with an affordable number of
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computational mesh, and (ii) an appropriate particle sticking nmzmi®d on the ash chemistry and the
particle momentum for the PKE where there is relatively acecamount of data available. The model
developed has been tested using the experimental data from Imperial College’s entrained flow reactor [23,

24], where PKE with the high level of phosphorus has been considered.

2 Sour ce of experimental data

Figure 1 shows a schematic geometry of the entrained flagtare(EFR) located at Imperial College
London. It consists of four electrically heated furnaces willameter of 0.1 m and a length of about 5 m.
The burner consists of a primary inlet through which the puedrcoal and the primary air are fed, and a
secondary inlet for the heated air. The uncooled ceramic prokecedpht the sample port 2 to collect the
ash deposits, which has a furnace temperature of approximately’@2®bre details of reactor can be
found in [23, 24]

EFR has been used in coal/biomass studies for many years ianid thecause it can provide
information on volatile release, char combustion, as welhsts deposition of the fuel combustion
processes in an environment that is close to that observed industrial furnace [23]. The time-
temperature history of fuel particles in the EFR is one okélyeparameters for the design and operation of
EFR tests to achieve a similar condition as in a power plaheistudy of ash deposition. This has been
carefully designed and operated in the experiments where gdutitle with the residence time of
approximately 3 seconds has been achieved [23]. The probe thedl ifousollecting deposits is placed in
the cross section of the EFR to simulate the depositiomafiton on the heat exchanger which are
governed mainly by the cross-flow flue gas streams [17, 28Ur&i2 shows a schematic diagram of the
typical structure of the deposition layers formed on the &arface of a heat exchanger tube. The initial
layer is typically formed due to the thermophoresis of spaticles and the condensation of alkali vapour
compounds, such as NaCl, KCl, #8&, and kSO, [25-33]. This initial layer is usually porous and has a
low thermal conductivity. The lower surface temperaturehefttbe enhances the growth of the initial
layer and as a result the surface temperature of the deplbsitcvease to a point that can facilitate the
melt and sintering to form a slag/sintered layer. The furgiewth of the slag/sintered layer is then

dictated by the inertial impaction of larger fly ash mdes. The slag/sintered layer will has a higher
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thermal conductivity compared to the initial layer becausesaféhse structure and the more melt formed
at the layer, and the grain size is also larger than that formediattitidayer [2629].

A range of scenarios of co-firing coal and biomass fuels baea experimentally investigated with
the Imperial College EFR, where ash depositions were collemtedd subsequently analysed. The
experimental data for the co-combustion of palm kernel expeldE)(Rith South African coal (SAC) has
been employed in this paper. The fuel properties, including préiamal ultimate analysis, as well as ash
compositions, of both coal and PKE are summarized in Table 1 [285B84As expected, PKE has much
lower values of fixed carbon and ash contents than the SAC bgher hiolatile content. With regard to
the ash composition, SAC is mainly composed of acid oxides ¢siicd aluminium) whereas PKE is
mainly composed of phosphorus, potassium and alkaline earth .nBitatgeass with an ash rich in alkali
metals and chlorine have shown a tendency to accelerate thespobckeposition, slagging and fouling on
the boiler surfaces [30-32]. The situation for phosphorus-rimtmass fuels is more complex and relatively
few research works and data are available. In very genenas,tdigh potassium and high phosphorus
ashes tend to have a low fusion temperature and thus shogher tElagging tendency. However,
depending on the overall compositions of the fuel and ash, phosphorusrodime with the reactive
alkali/alkaline species, e.g. potassium, calcium and magnesidonptdiigher melting temperature phases
[36, 37], and it can also influence the release of potassium deooimipustion, thus it can reduce the
overall ash depositions tendency [36, 37]. In the experimentsrpred at the EFR, an uncooled ceramic
probe is employed and placed at the sample port 2 (which hasacdutemperature of approximately
1250 °C) to collect the ash deposits, representing a slag/sintered [28e24, 38]. Therefore, in the
current study, the initial layer is not modelled and the imleihpaction of particles is considered as the

main factor in controlling the ash deposition on the tube [8]

3 Mathematical models

3.1 Combustion models

In this paper, the combustion of coal and biomass is modilled combined Eularian-Lagrangian
frame of reference where the volatile combustion is matiéfiehe Eularian frame of reference and the
fuel/ash particles are tracked in a Lagrangian frame oferefe. As stated in our previous papers, the

single kinetic rate model was employed for the devolatilizatafrike coal and biomass, where the rate of
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devolatilization depends on both the temperature and the vaatitent of the particles [1, 39]. We have
used the values of the Arrhenius rate constants, pre-exponentigldadtactivation energy that have been
previously used and validated [1, 39, 40]. The combustion of dlegile gases was modelled using the
Eddy Dissipation Model with a two-step global reaction mecharil]. Also it is assumed that the

patticle size remains constant, while the particle density redus@sgdthe release of the volatile gases
from the fuel particles [4, 39].

Char combustion was modelled with the intrinsic char combustiatelnehich assumes that the order
of the surface reaction is unity and that the surface oeactite includes the effects of both the bulk
diffusion and chemical reaction rates [1]. The same model amsstvere employed as [41-43]. In the
Smith intrinsic model, the variation of the char particlesand density is related to the fractional degree

of burnout, U, in terms of the burning modeas follows [7, 42]:
(dp/dp,()) = (1 - U)a (1)

U=[1-(mp/myo)] &)
whered,, andm, are the char particle size and mass, respectively, and theigulasco refers to the
initial conditions (at the start of the char combustion). Forctied, the value o& used was 0.25, and this
corresponds to a decrease in both the particle size and dengity cambustion [7, 42]; for the biomass,
it is believed that the particles would most likely maintdiair original size during combustion, and
therefore the value of zero was useddpmand this corresponds to a constant size but with a decreasing
density of the particle during combustion [40].

The trajectories of the coal and biomass particles are govesnéte particle momentum equation,

which is a balance of the drag, gravity, and other body forcezmsilfited in the following equation [7,

44):
df?p 18ug CpRey ., g(pp —Pg) | =
dt  ppdi 24 (T = 5) + Pp + )

wherev, p, u andd are the velocity, density, viscosity and diameter of theighest respectively; the

subscripty andg refer to the particle and gas, respectivélyis the drag coefficient, anidis other body
forces, such as the thermophoretic force, virtual mass forel e thermophoretic force, which is caused

by the temperature gradient in the gas stream close tadadeplositing surface may be neglected when
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modelling a heavily deposited surface such as the slag/sintebed surface where a high surface
temperature exists. The virtual mass force, which is due tactteeration of the fluid around the particle,
may also be ignored when the density of the particle is muctegtban the density of the fluid.

In order to better resolve the particle trajectorieshan hioundary layer, the gas flow boundary layer
has to be modelled carefully [17] and the enhanced wall treatm@ntised. If the near-wall mesh is fine
enough to be able to resolve the fluid viscous sublayer, themtiameed wall treatment will be identical
to the traditional two-layer zonal model [45] a coarse mesks used together with a wall-function, the
accuracy of the near wall modelling will not significantly educed when the enhanced wall treatment is
used, where a single wall law for the entire wall regiogeserated by blending the linear (laminar) and
the logarithmic laws of the wall [46].

The energy balance equation of the particles, which are sdbwegl the trajectories of the particles in

order to obtain the corresponding particle temperatures, is gifelhoass [1, 7, 11]:

dT,
MpCo g = hAp(Teo = Tp) + £, Ap0 (6% — T3') — @y )
wherem,, ¢,, T,, A,, ande, are the mass, specific heat, temperature, surface area anignogshe

particles, T, is the gas temperature, is the StefanBoltzmann constant, arft} is the radiation

temperatureQ,, which is the latent heat or the heat of reaction is determined fgllhweing equations:

( 0, if under the step of inert heating or cooling

dm,

Qp = thg' if under the step of devolatilization (5)
dm

fd—tpHr, if under the step of char combustion

wherehs, is the latent heaf, is the fraction of the heat absorbed by the particles Hansl the heat of
reaction released by the surface reaction. The radiative heafetravas modelled using the Discrete
Ordinates model and the gas absorption coefficient was calculdtethes domain based Weighted Sum

of Gray Gases Model (WSGGM).
3.2 Revised particle impaction model

Due to the influence of the gas flow, not all the particlegezhby the gas stream will impact on the
depositing surface. The amount of ash particles that may hjtasitiag surface can be estimated by the

particle impaction efficiency, which is defined as the percerdégarticles of given siza the projectd

area of deposition surface in the upstream gas flowctraimpact on the deposition surface [17]. The
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impaction efficiency is dependent on the particle Stokes numberd8lhat is defined as follows for
particle impaction on a circular cylinder:

St = (ppd2u,)/(9uyD) (6)
wherep,, d,,, u,, andu, are the particle density, particle diameter, bulk partielecity and gas dynamic
viscosity, respectively, anll is the outer diameter of the deposition pipe. Particléh larger Stokes
number are less likely to be affected by the gas flow and til@ly to impact on the surface of the
deposition pipe; however, particles with smaller Stokes numbéswfomore closely to the fluid
streamlines and are less likely to impact on the surfk Therefore, accurdiepredicting the gas flow
in the boundary layer near the deposition surface is very targofor accurate predicting the particle
impaction efficiency, in particular for particles withsmall Stokes numbeHowever, this often requires
an extremely fine computer mesh close to the deposition suiriacrder to resolve the flow boundary
layer accurately and this is often prohibitively expensive computtiofor modelling real combustors
and industrial boilers. In most cases, as seen in most gidiig;aa reasonably coarse mesh is employed to
satisfy the mesh independency requirement for the bulk of the ayasHlowever, with this reasonably
coarse mesh the particle impacting efficiency is ofteerestimated [12, 17], since the trajectory of small
ash particles close to a deposition surface is very sensitietails of the boundary layer flow, leading to
errors in the deposition rate prediction.

Further, during the particle tracking in CFD, the particleugally treated as a point in the
computational domain and whether a particle hits a wall or ragtermined by the position of the center
of the particle without considering the effect of the sizehef particle [17, 18]. However, in realitg,
particle will hit the surface with a distance equal to thtigla radius away from the centre of the particle
[17, 18]. This interception effect of the particle size anithpaction efficiency can be described using the
interception parameter, defined as follows [17, 18]:

R=4d,/D (7
whered,, andD are referred to the diameters of the particles and thesitiepoprobe. Clearly the larger
the ratio of particle diameter and the tube diameter, tigerdas the interception. In order to remove the
errors resulting from using a coarse computational mesh ibdbedary layer and from the particle
interceptions, an impaction correction fact®ormay be introduced which can be defined as the ratio of the
real particle impaction efficiency and that predicted usimgasonably coarse computational mesh for a

8
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particular particle stream, i.e. for the ith particle streBrs I qq; i/Icoarse;- The real impaction efficiency
Ieq; Can be estimated by using a small computational domain that@mtigins part of the furnace that is
close to the superheat tubes where extremely fine meshing nuzgdhe The boundary conditions for flue
gas and ash particle flows may be taken from the existingtgesbtained using the reasonably coarse
computational mesh. If the interception parameter is also considenedhe impaction correction factor
may be calculated using the following equation:

F; = (Ufinei + R)llcoarse,i (8)
wherely;,,; is the predicted particle impaction efficiency from a wedlolved boundary layel,,q;se,; is

the impaction efficiency from a reasonably coarse meshRaisdthe interception parameter, of thth
particle stream; This impaction correction factor can be usedrtect the CFD predicted mass flux, i.e.
the arrival rate of the particles to the deposition surtiteising a reasonably coarse computational mesh
in the CFD simulation as illustrated in Figure 3.

In order to validate the proposed approach for improvingticeracy of particle impaction efficiency
calculations, particle impactions on a two-dimensional cylindee feen simulated and compared with
the results from the direct numerical simulation (DNS) reggbby Haugen and Kragset [18]. Figure 4
shows the flow configuration and boundary conditions employed. Aetational domain of 6Dx12D is
employed with the tube being placed in the centre of the domlagndidmeter of the tube D=40mm. Gas
(viscosity=4.6x18 Pa.s and density=0.245 kgimvhich represent a stream of hot flue gas under 1500 K
[17]) enters into the domain with a given free streamoigloU,. Two velocitieslUy= 0.47 m/s and 7.91
m/s have been considered, which corresponding to a Reynolds nuRepebgsed on deposition tube
diameter) approximately 100 and 1685, respectively. In ordebtainothe impaction efficiency with a
well resolved boundary layer mesh, i.ge,| RANS simulation with a fine mesh of approximately 400
nodes Re, = 100) and 1600 nodesRe, = 1685) on the tube circumference have been employed as
suggested by [17, 18, 49]. Figure 5 compares the predicted @artjmhction efficiencies with and without
the corrections for the two cases investigated with the EBNMts obtained from [18]. Reasonably coarse
meshes with approximately 140 nodes and 180 nodes on the feirenoe of the tube for the, = 100
andRe, = 1685 cases respectively have been employed. It shows thamghetion correction factor
increase with larger particle Stokes number and the value obthextion factor is approaching one when
the Stokes number is greater than 1. Also, it can be foundppiting the revised particle impaction

9
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model can substantially to decrease the errors in the prbgiaticle impaction efficiency when a coarse

mesh is used, compared with the results from the DNS.
3.3 Patrticle sticking model

After particles reach a deposition surface, not all thigiagr particles will stick to the surface. If the
particle, or the deposition surface, is sticky then the partiglg deposit [10]. On the other hand, particles
with high impact energy may rebound back into the gas floer &ftting the wall [13, 15]. The sticking
efficiency of the impacting particles is defined as the rdtiihhv@ number of particulates depositing on the
surfaces to the number of the particles impacting on the ssrféte There are at least two factors
influencing the particle sticking efficiency, namely, (i) whethgarticle is sticking or not and (ii) whether
the particle will rebound back from the surface. In this wir&,stickiness of the particles was determined
by the degree of melting of the particle, i.e. the moltenibadif the particles [20] calculated based on the
thermodynamic equilibrium of the particles. Since not all ashpoments can reach chemical equilibrium
when arriving at the deposition surface, in particular for EFR tmnditions [50], the chemical
fractionation analysis data is employed from a stepweiaehiing of the relevant fuels in order to consider
the short residence time of the ash particles in the refs@pr The chemical thermodynamics software
package FactSage 6.4. is employed to perform the thermodynamibraguilcalculations based on the
minimization of the Gibbs free energy from the system subjetiet mass balance constraints [51, 52].

In the thermodynamic equilibrium calculations, the gas composip, O,, CO, and HO are taken
from the CFD predictions and their amounts are dictated by lteainfuel ratio. The reactants in the ash
are obtained from the ash analysis shown in Table 1 and thécehémactionation data from [53, 54] for
both SAC and PKE as shown in Table 2. Potassium and sodium campketely leached with chemicals
such as water and acetate for PKE whereas only part afrsadin be leached for SAC. Phosphorus is
more difficult to be leached for both PKE and SAC. The amourth@fnon-reactive fraction of the
inorganic mater in the ash particles which can reach equitibduring combustion is difficult to
determine through the experiments and this amount is typicaltheirange 0 to 25% depending on
particle size, temperature and residence time, etc. [15, 585586]. Hence, in this paper, a middle value
of 10% was chosen [50]. For particles impactigiagging/sintered surface, the value for the non-reactive

fraction is less significant in predicting the overall stigkéfficiency than impacting on a new tube surface
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The calculations were performed for a temperature range be806enK and 1750 K at a temperature
interval of 20 K and at atmospheric pressure. The possibldugts selected are the entire compound
species (ideal gases and pure solids) from the ELEM, FToxid|tFAlreh FACTPS databases. The slag
model chosen in the calculations was the ‘SLAGC’ with possible 2-phase immiscibility to consider the
relative high amount of phosphorus in the ash [57, 58], which cox&te liquid solutions of MgO, FeO,
N&O, Si0, TiO,, Ti,0; CaO, AbO; and phosphates as {R0,), Ca(POy),, Mgs(POy), and Fe(POy),,
KsPO, and FePQ

As mentioned earlier, whether an impacting particle actuallyssticknot depends on whether the
particle rebounds from the deposition surface or not, and tpisnds on the deformation after particle
impacts on the surface and the momentum of the particlesT[#. particle energy balance model,
developed by Mueller et al. [15] and Mao et al. [3s employed to assess the excess endgfgywhich
is the excess rebounding energy particles possess after impandi@an be calculated using the following

empirical formula [13, 15, 59]:

D? 23
E, = T(l — cosa) — 75

2
1— 0.63 -1 9
(1 —cosa)?°® + 3D 9)

whereD is the ratio of the maximum deformation in the particle diemtt the actual particle diameter
anda is the static contact angle of the partiélds related to the particle Weber numiéte, and the

Reynolds numbeRe, as follows:

D = (12 + We)°5 - [3(1 — cosa) + 4(We/Re®5)]%> (10
We = (p,Uid)/o (11)
Re = (ppUnd)/uyp (12)

whereU,, is the impact velocity component normal to the impact surfando is the particle surface
tension. If a particle possesses the necessary excess éhergy, the particle will bounce off the surface,

otherwise it will stick.

4 EFR CFD model set up and results

4.1 Model set up

In this paper, co-firing PKE with South Africa coal with fodifferent co-firing rates have been

investigated, namely the SAC are blended with 0, 20, 40 and 60 @ft the PKE. The same EFR

11
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operational conditions as indicated in Figure 1 were employedlfdour cases investigated. The coal
flow rate of 0.014 g the primary air flow rate of 0.067 kst 70°C, and the secondary air flow of
1.167 kgd at 300°C [8] have been used for all the cases. Only the biomass additiere different to
make PKE 0, 20, 40 and 60 wt.% of the fuel flow ratgpically EFR was operateal a relatively low
Reynolds number of approximately 400, to acquire near laminardtmditionsin the reactor although
low turbulence occurs near the burner region [23]. To imptbeeconvergence of the CFD model, the
Transition SST turbulence model which is applicable to lownBiels number flows, was chosen to
simulate the gas flow [60, 61]. The particle size of the $&€d ranged between 1 um and 95 um with a
mean diameter of 50 um and the particle size of the PKE rdrgfesten 105 pm and 355 pm, with a
mean diameter of 130 um [16, 17, 20]. The temperature of tdmmah wall of the EFR has been specified
according to the experimental conditions as indicated in FigufEhé. adiabatic condition has been
employed at the surface of the deposition probe to considendsoled condition. The commercially
available CFD software package ANSYS Fluent version 15.0 hasdmeployed to perform the basic
calculations of the coal and biomass combustion incorporatingntheuse developed User Defined
Functions and Memories in order to model the ash depositaress with the revised particle impaction
model and the particle sticking model.

Six different meshes consisting of 0.5, 0.7, 1.1, 1.6, 2.0,3ahdnillion hexahedral cells have been
employed to investigate the effect of mesh on the CFD solufidresmesh is refined in the vicinity of the
probe and the injection region, as well as in the burner reBith. the typical gas flow properties, such as
the distributions of the gas temperatarglgas velocity and the arrival rate of fly ash particles ithaact
the probe surface were examined. It was found that independatibrs® for the gas temperature and
velocity in the bulk of the EFR may be obtained using a mehnei less than 0.7M cells which may be
regarded as a reasonable coarse mesh. However, mesh independendyaghi&ved for the predicted
arrival rate of fly ash particles until a mesh with d namber of over 1.6M was used, as shown in Figure
6. It can be seen from Figure 6, if the 0.7M cell mesh is emg|dfen the arrival rate of the impacting
particles would be overestimated by approximately 40% compared testhiesrobtained using 1.6M cells.
This is because higher impaction efficiency is predicted for all the paeichs shown in Figure &

should be noted that for industrial boilers, the gas flowighly turbulent (Re> 100000) and a very thin
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flow boundary layer will be formed, thus achieving a grid indepeindelution for particle impaction is
usually very difficult in a 3D geometry [17].

In this particular case of the Imperial EFR, the particle impacesults obtained from, using the 1.6M
grid was taken ak;,. since they are mesh independent solutions for the particle iopaahd the
particle impaction results from the 0.7M grid was takernl.gg. Since they are mesh independent
solutions of the gas flows. For the case investigated, thedption parameter, is in the range 2.90°
to 7.5x10° which give an overall effect on the particle collection efficiy in the rangef 7-8% and

therefore cannot be ignored.

4.2 Predicted impaction efficiency and sticking effray

The modelling of the particle impaction and sticking is caitfor predicting ash deposition formation
and growth. As discussed in Section, ®@th the improper resolving of the gas flow within the bownda
layer near the deposition surface and particle interception et tfe accuracy of the predictparticle
impaction in CFD modelling. Figure 7 shows the calculated d@tipra correction factoF; and particle
impaction efficiency as a function of the Stokes numbers ofdbband biomass particles employed in the
EFR simulation for the four co-firing cases investigated. Ithmfound that the correction factor increases
with an increase in the particle Stokes number. The value isagng one when the Stokes number is
greater than one because the particles are mainly driven byiriegia and the imperfection in the
prediction of the boundary flow field is of secondary importaiide 18]. However, particles with small
Stokes number have a small value of the correction factor asdntlicates that the numerical related
errors are large when a coarse mesh was used and thicaissédahe particle trajectories are strongly
affected by flow field within the boundary layer which need¢oaccurately modelled [17-19]. &h
predicted impaction efficiencies for particles with aiEmStokes number are similar for different levels
of the PKE addition, in particular for low co-firing ratéhis is because the air and fuel flow rates are
almost the same for the four cases and this resultsimilarsflow distribution, including in the boundary
layer flow.

Further, the figure shows that the Stokes number of most ofihedrticles is less than 1 and the
maximum Stokes number is approximately 1.5, and this indicatessiginificance of the impaction

correction factor in predicting the ash deposition rate. FiguoerBpares the results of the predicted
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overall impaction efficiencies both with and without applythg particle impaction correction. It can be
observed that for all the cases, there is 30-50% over ficedin the overall impaction efficiency and this
may be resulted if a coarse mesh is employed and no correctioade Also the figure shows that on
increasing the co-firing rates from 0-60%, the overall impaatificiency increases from about 3.1% to
4.6%. This is due to the fact that the biomass particles hawgharhialue for the Stokes number than that
of the coal particles due to the much larger particle sizethasdesults in a higher impaction efficiency
than that of the SAC particles.

Figure 9 shows the predicted overall sticking efficiency (ddfiethe ratio of the overall mass flow
rate of the deposited particles to the overall mass flow ofitthe impacting particles) taking into
consideration both the stickiness of the ash particles and thesititepcsurface for the four cases
investigated. The figure shows that the overall sticking efiicy for the 60% PKE co-firing ratio is
approximately 33%, which is the lowest of the four casesstigated. The overall sticking efficiencies are
similar for the 20% and 40% ratio cases which lie in thgeanom 53% to 56%. This is because the
molten fraction increases on adding 20% and 40% PKE co-figitig due to the larger amount of molten
phases formed than in the case of 0% PKE co-firing ratiothed the sticking efficiency increases.
However, the sticking efficiency decreases on adding 60% PKE. Ftdse to the formation of high
temperature solid phases (such ag(Bay),, MgsP.0g, AIPO,, and KAISpOg) with increasing the alkaline
earth metals (calcium and magnesium) by further adding the PKE.

It was noted that the sticking efficiencies for particlesensimost the same for all Stokes numbers,
with only a slightly increase with an increase in the Stokesber. This is because the particles were at
the cooling stage at the end of the char combustion, the smatiggaool earlier and more quickly and

thus have a lower temperature and are less sticky than thdeelafger particles [14]

4.3 Predicted ash deposition

In the experiments reported in [23, 2#{e deposition efficiency, whiclwas calculated for each EFR
run based on the mass percentage of the fuel ash that impabts gnojected surface area of the probe
that was retained in the collected deposit, was employed to evéheateposition propensity. Figut8
shows a quantitative comparison between the computed depositsafwitivithout the revised particle
impaction model) and the experimental data in terms of thesdigpoefficiency. In general, the predicted
deposition efficiency without the revised particle impactiondehois much higher than both the
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experimental data and the results obtained with the revisedlpartipaction model. T predicted
deposition efficiency with the revised particle impactinadel varies between 6.1% to 9.5% for the four
cases investigated, which is in good agreement with the expeainuzia Also the calculation results
show that the deposition efficiency at the 60% PKE co-firatgplis lower than that at 40% PKE co-firing
ratio and the deposition efficiency is the highest for diroag ratio of 40% of PKE. The reason for this
modelling outcome is due to the decreasing trend of the ovecdingtiefficiency at 60% PKE co-firing
ratio. However, in the experimental data, the deposition effigianiih a value of 8.5% at 60% PKE co-
firing ratio is still slightly higher than that at 40% Bko-firing ratio which is 8.4%. The repeatability
error for the measurement of the deposition efficiency can bt ugd.7% [24]. Therefore, the small

|disagreemeht in preded the deposition efficiency between is acceptable [24, 62piNious increase of

deposition efficiency for co-combustion of PKE with South Afnic2oal was found comparing with pure
coal comustion both in the experimental results and the siomlegsults which is controlled by both the
particle impaction and sticking, although higher sintering degfethe deposits was shown in the
experiments. This is because the viscosity of the deposit wasadedrwith the decrease in giéhd

increase in MgO, CaO and® in the ash composition by adding PKE [24].

5 Conclusions

An ash deposition model based on modelling the particle ingpaatid sticking has been developed
for the modelling of ash deposition for co-combustion of coal paich kernel A revised particle
impaction modelling approach is proposed in order to minirtfieenumerical related errors and avoid

using an excessive mesh si2eparticle impaction correction factor that takes account tf thee effect of

particle interception and errors in the particle impacgicediction when a coarse computational mesh is

employed. Tk particle sticking is predicted based on the molten fracticheparticle obtained from the
chemical equilibrium calculation using the chemical fractionatioa détfuels in order to consider the
short residence time of the fly ash particles

The deposition efficiencies of co-firing SAC with PKE of falifferent ratios in the EFR have been
calculated using the model and the results obtained have been acbmdrehe experimental data
obtained in the EFR. Reasonably good agreement was obtained amdbitstrated that the proposed

model can reduce the numerical related errors in the ash depgsi¢idiction using a reasonable coarse
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computational mesh adagit for the combustion process simulatiorre$tks suggested that the overall
impaction efficiency of the particles increase with the iaseein the co-firing ratio of PKE, whilst the
overall stickiness efficiency may depend on the relative amount gbf- Fdand low- melting point
compounds that are formed and this is dictated by the ash compasitie fuels.

It is noted that the Stokes numbers of most of the ash pasrelésss than one and thus a significance
correction to the predicted ash deposition rate may be reqaiéddthis depends on the number of
computational meshes employed. When the particle Stokes number approaishgreater than one then
the particles are mainly driven by their inertia and the imgacrection factor approaches one and

therefore using a relatively coarse mesh may be acceptable.
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Table 1. Coal and PKE propertiesused in the calculations[24, 34, 35].

Ash composition (wt.%)

Proximate analysis (wt.%)(ar)

SAC PKE SAC PKE
Sio, 54.1 15.1 Volatiles 26.4 71.6
Al,05 33.5 3.2 Fixed carbon 60.2 28.4
Fe0s 3.1 5.3 Ash 12.1 4.2
CaO 4.1 10.7 GCV(MJ/kg) 27.3 18.7
MgO 1.3 12.0 Ultimate analysis (wt.%)(daf)
K0 0.7 9.7 C 70.0 44.2
N&O 0.1 0.3 H 3.9 7.0
TiO, 1.7 0.1 0] 7.3 46.2
MnO 0.0 1.0 N 1.7 2.6
P,Os 11 42.7 S 0.6 0.5

Table 2. Chemical fractionation (percentage) of ash componentsleached from fuels[53, 54].

SlOZ Al 203 FeO; CaO MgO K,O Na,O T|02 P,Os
SAC 0 0 0 70 0 2 40 0 0
PKE 1 0 0 5 3 100 100 0 3
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Figure Captions

Figure 1. A schematic diagram of the geometry of the EFR based [23, 24].

Figure 2. Schematic diagram of the main formation of the different dépodayers on the front surface
of the cylindrical probe.

Figure 3. The methodology for the revised particle impaction model.

Figure 4. The flow configuration and boundary conditions of the 2D computatiomahiio

Figure 5. The impaction correction factor and comparisons of the predpgagicle impaction efficiency
using a coarse mesh and the DNS, with and without particle iropaection when (a)Re,=100 and (b):
Re;=1685 as a function of the Stokes number.

Figure 6. The arrival rate of fly ash particles that impact the pmiréace as a function of the number of
cells and the impaction efficiency of particles as a funatibthe particle Stokes number for 0.7M and
1.6M.

Figure 7. The impaction correction factor and impaction efficiency of plagias a function of the particle
Stokes number.

Figure 8. The overall impaction efficiency for SAC and for differdenels of PKE with and without the
revised particle impaction model.

Figure 9. The overall sticking efficiency for SAC and for different lisvef PKE.

Figure 10. A comparison between the computed and the experimental datadeftbgition efficiency for

the SAC with different levels of PKE.
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Figure 1. A schematic diagram of the geometry of the EFR based [23, 24].
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Figure 2. Schematic diagram of the main formation of the different deposai®rs on the front surface

of the cylindrical probe.
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Figure 6. The arrival rate of fly ash particles that impact the pslnéace as a function of the number of
cells and the impaction efficiency of particles as a funatibthe particle Stokes number for 0.7M and

1.6M.
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Figure 7. The impaction correction factor and impaction efficiency of pasias a function of the particle

Stokes number.
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Figure 8. The overall impaction efficiency for SAC and for different levef PKE with and without the

revised particle impaction model.
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Figure 9. The overall sticking efficiency for SAC and for different lesvef PKE.
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Figure 10. A comparison between the computed and the experimental data of theidegdiciency for

the SAC with different levels of PKE.
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