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Abstract: 11 

      A CFD model that simulates particle impaction and sticking has been developed for predicting the ash 12 

deposition characteristics for the co-combustion of South African Coal (SAC) and palm kernel expeller 13 

(PKE) in an entrained flow reactor. The numerical related errors, caused by interception and the improper 14 

resolving of the flow-field within the boundary layer near the deposition surface, are investigated. In order 15 

to minimize the numerical related errors without excessive meshing, a new revised particle impaction 16 

model has been developed and accomplished using an impaction correction factor. The particle sticking is 17 

predicted based on the molten fraction results that have been obtained from the chemical equilibrium 18 

calculations using the chemical fractionation data in order to consider the short residence time of fly ash 19 

particles. The simulation results show that a reasonable coarse mesh, coupled with the revised particle 20 

impaction model, is suitable to accurately resolve the particle impaction without using a prohibitive 21 

meshing size. The ash deposition behaviour is determined by the particle impaction and sticking properties. 22 

Good agreements are obtained between the predicted results and the experimental data for the ash 23 

deposition behaviour. 24 

Keywords: Ash deposition, CFD, revised particle impaction model, particle sticking, co-firing. 25 
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1 Introduction 26 

 Co-combustion of biomass with coal has been used as a near term measure to reduce CO2 emission 27 

from coal fired power plants [1, 2]. Currently, co-firing 10-20% (thermal) biomass with coal has been 28 

widely used in power stations in the UK and Europe and a higher co-firing rate is also used. Further, some 29 

power stations, such as the Drax in the UK, are being converted to firing 100% biomass. With the recent 30 

announcement of the new EU targets of reducing gas emissions, fuel flexibility is likely to be one of the 31 

key factors influencing the operation of the power stations in the future, and the uses of various biomass 32 

and waste for power in the EU are expected to substantially increase. Currently most large scale power 33 

stations are using relatively clean biomass such as wood pellets, and to some extent straw, olive stones and 34 

palm kernel expeller (PKE). An addition of up to about 10-20% biomass has only moderate effects on the 35 

ash deposition in the furnace. However, with an increased co-firing rate and the use of a wide range of 36 

biomass sources, ash related problems are ranking high on the list of significant operational constraints in 37 

co-firing power plants [3, 4]. Ash deposition reduces the efficiency of the heat transfer through the water 38 

walls and heat exchangers and causes corrosion of boiler tubes, which may lead to reduced generating 39 

capacity and unscheduled outages [5]. Therefore, an improved understanding of the ash deposition in firing 40 

various types of biomass is imperative for an efficient boiler operation and optimization in the future [6].  41 

      The optimum biomass co-firing rate in coal-fired boilers has still been mainly determined by 42 

experiments up to now [4]. Computational Fluid Dynamics (CFD) has been widely used for solid fuel 43 

combustion simulations and various sub-models have been developed for predicting ash depositions in lab-44 

scale test facilities as well as for full scale boilers [3-13]. Considerable progress has been made in the last 45 

decades in developing ash deposition models for CFD simulations [3-5, 14-17], and more detailed and 46 

accurate sub-models for combustion, fuel/ash particle transport, and sticking and deposition rate 47 

predictions have been developed [3, 16]. Typically, Lagrangian methods are employed to compute the 48 

trajectories of ash particles, coupled with an Eularian method for flow and gaseous phase reaction, where 49 

the inertial impaction of particles are often considered as the only or main mechanism for ash deposition 50 

formation. Therefore, accurate prediction of the particle impaction is a critical factor that affects the 51 

modelling of the ash deposition. The impaction efficiency of the particles is usually assumed to be unity 52 

which represents the worst scenario in terms of ash deposition rate [3, 16]. In practice the impaction 53 

efficiency can be much lower than this depending on the size, shape and density of the particles and the 54 
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nature of the depositing surface. Weber et al. [17] investigated the requirements for accurate predictions of 55 

the impaction efficiency of fly ashes in a 2D geometry using the RANS- based CFD methods. It was 56 

concluded that only when the flow-field in the neighbourhood of the deposition surfaces is accurately 57 

resolved can accurate predictions of the particle impaction be obtainable by using the RANS- based CFD 58 

methods, especially for small particles since their trajectories are strongly affected by the boundary layer 59 

development. Haugen et al. [18, 19] applied direct numerical simulation (DNS) to investigate the particle 60 

impaction behaviour on cylinders and superheater tube bundles in a crossflow in order to accurately 61 

resolve the boundary layers around the cylinders. It should be noted that in these models [17-19], 62 

extremely fine grid for RANS or DNS is needed. However, this requirement is difficult to be satisfied in 63 

the simulation of an industrial boiler in order to predict ash deposition behaviours [17]. Often predicting 64 

major operational parameters such as the boiler temperatures and/or combustion properties may be 65 

achieved by using a reasonably coarse computer mesh. However, this reasonably coarse mesh can still lead 66 

to a significant error in ash particle impaction efficiency calculation [17].  67 

     In addition to the particle impaction, the stickiness of the ash particles plays a critical role in the 68 

formation of ash deposit and related slagging and fouling. The stickiness of an ash particle can be 69 

determined based on such as the viscosity, kinetic energy and degree of molten of fly ash particles. In 70 

terms of viscosity based sticking models, a reference viscosity is used to determine the stickiness. The 71 

value of the reference viscosity ranges within 8-108 Pa.s which makes the sticking model strongly sensitive 72 

to the reference viscosity and may contribute to an inaccurate stickiness prediction [4, 20]. In addition, the 73 

kinetic energy thresholding sticking model, based on the Johnson-Kendall-Roberts (JKR) theory [14, 21, 74 

22], has been proposed which takes into account the kinetic energy of the particles and the surface energy 75 

of both the particle and the impacted surface. However, a fitting process was necessary to develop the 76 

effective Young’s modulus versus the particle temperature and the particle diameter by matching the 77 

experimental data with the simulation results [14]. Further, the molten fraction-based sticking model has 78 

been developed using slag calculations based on the chemical equilibrium of the ash composition and it 79 

was found that deposition models based on the molten fraction of ash particles calculated from chemical 80 

equilibrium are promising [20].  81 

      Therefore, this paper aims to develop an improved ash deposition CFD model through (i) a new revised 82 

particle impaction model to minimize the numerical related errors with an affordable number of 83 
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computational mesh, and (ii) an appropriate particle sticking model based on the ash chemistry and the 84 

particle momentum for the PKE where there is relatively a scarce amount of data available. The model 85 

developed has been tested using the experimental data from Imperial College’s entrained flow reactor [23, 86 

24], where PKE with the high level of phosphorus has been considered.  87 

2 Source of experimental data 88 

      Figure 1 shows a schematic geometry of the entrained flow reactor (EFR) located at Imperial College 89 

London. It consists of four electrically heated furnaces with a diameter of 0.1 m and a length of about 5 m. 90 

The burner consists of a primary inlet through which the pulverized coal and the primary air are fed, and a 91 

secondary inlet for the heated air. The uncooled ceramic probe is placed at the sample port 2 to collect the 92 

ash deposits, which has a furnace temperature of approximately 1250 oC. More details of reactor can be 93 

found in [23, 24].  94 

      EFR has been used in coal/biomass studies for many years and this is because it can provide 95 

information on volatile release, char combustion, as well as ash deposition of the fuel combustion 96 

processes in an environment that is close to that observed in an industrial furnace [23]. The time-97 

temperature history of fuel particles in the EFR is one of the key parameters for the design and operation of 98 

EFR tests to achieve a similar condition as in a power plant in the study of ash deposition. This has been 99 

carefully designed and operated in the experiments where a fuel particle with the residence time of 100 

approximately 3 seconds has been achieved [23]. The probe that is used for collecting deposits is placed in 101 

the cross section of the EFR to simulate the deposition formation on the heat exchanger which are 102 

governed mainly by the cross-flow flue gas streams [17, 23]. Figure 2 shows a schematic diagram of the 103 

typical structure of the deposition layers formed on the front surface of a heat exchanger tube. The initial 104 

layer is typically formed due to the thermophoresis of small particles and the condensation of alkali vapour 105 

compounds, such as NaCl, KCl, Na2SO4, and K2SO4 [25-33]. This initial layer is usually porous and has a 106 

low thermal conductivity. The lower surface temperature of the tube enhances the growth of the initial 107 

layer and as a result the surface temperature of the deposit will increase to a point that can facilitate the 108 

melt and sintering to form a slag/sintered layer. The further growth of the slag/sintered layer is then 109 

dictated by the inertial impaction of larger fly ash particles. The slag/sintered layer will has a higher 110 
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thermal conductivity compared to the initial layer because of its dense structure and the more melt formed 111 

at the layer, and the grain size is also larger than that formed at the initial layer [26-29].  112 

      A range of scenarios of co-firing coal and biomass fuels have been experimentally investigated with 113 

the Imperial College EFR, where ash depositions were collected and subsequently analysed. The 114 

experimental data for the co-combustion of palm kernel expeller (PKE) with South African coal (SAC) has 115 

been employed in this paper. The fuel properties, including proximate and ultimate analysis, as well as ash 116 

compositions, of both coal and PKE are summarized in Table 1 [24, 34, 35]. As expected, PKE has much 117 

lower values of fixed carbon and ash contents than the SAC but a higher volatile content. With regard to 118 

the ash composition, SAC is mainly composed of acid oxides (silicon and aluminium) whereas PKE is 119 

mainly composed of phosphorus, potassium and alkaline earth metals. Biomass with an ash rich in alkali 120 

metals and chlorine have shown a tendency to accelerate the process of deposition, slagging and fouling on 121 

the boiler surfaces [30-32]. The situation for phosphorus-rich biomass fuels is more complex and relatively 122 

few research works and data are available. In very general terms, high potassium and high phosphorus 123 

ashes tend to have a low fusion temperature and thus show a higher slagging tendency. However, 124 

depending on the overall compositions of the fuel and ash, phosphorus can combine with the reactive 125 

alkali/alkaline species, e.g. potassium, calcium and magnesium, to form higher melting temperature phases 126 

[36, 37], and it can also influence the release of potassium during combustion, thus it can reduce the 127 

overall ash depositions tendency [36, 37]. In the experiments preformed at the EFR, an uncooled ceramic 128 

probe is employed and placed at the sample port 2 (which has a furnace temperature of approximately 129 

1250 oC) to collect the ash deposits, representing a slag/sintered layer [23, 24, 38]. Therefore, in the 130 

current study, the initial layer is not modelled and the inertial impaction of particles is considered as the 131 

main factor in controlling the ash deposition on the tube [8].  132 

3 Mathematical models   133 

3.1 Combustion models  134 

     In this paper, the combustion of coal and biomass is modelled in a combined Eularian-Lagrangian 135 

frame of reference where the volatile combustion is modelled in the Eularian frame of reference and the 136 

fuel/ash particles are tracked in a Lagrangian frame of reference. As stated in our previous papers, the 137 

single kinetic rate model was employed for the devolatilizations of the coal and biomass, where the rate of 138 



6 
 

devolatilization depends on both the temperature and the volatile content of the particles [1, 39]. We have 139 

used the values of the Arrhenius rate constants, pre-exponential factor and activation energy that have been 140 

previously used and validated [1, 39, 40]. The combustion of the volatile gases was modelled using the 141 

Eddy Dissipation Model with a two-step global reaction mechanism [41]. Also it is assumed that the 142 

particle size remains constant, while the particle density reduces during the release of the volatile gases 143 

from the fuel particles [4, 39]. 144 

Char combustion was modelled with the intrinsic char combustion model, which assumes that the order 145 

of the surface reaction is unity and that the surface reaction rate includes the effects of both the bulk 146 

diffusion and chemical reaction rates [1]. The same model constants were employed as [41-43]. In the 147 

Smith intrinsic model, the variation of the char particle size and density is related to the fractional degree 148 

of burnout, U, in terms of the burning mode, Į, as follows [7, 42]: 149 ൫݀ ݀ǡΤ ൯ ൌ ሺͳ െ ܷሻఈ (1) 

ܷ ൌ ሾͳ െ ሺ݉ ݉ǡΤ ሻሿ (2) 

where ݀  and ݉  are the char particle size and mass, respectively, and the subscript zero refers to the 150 

initial conditions (at the start of the char combustion). For the coal, the value of ߙ used was 0.25, and this 151 

corresponds to a decrease in both the particle size and density during combustion [7, 42]; for the biomass, 152 

it is believed that the particles would most likely maintain their original size during combustion, and 153 

therefore the value of zero was used for ߙ, and this corresponds to a constant size but with a decreasing 154 

density of the particle during combustion [40]. 155 

      The trajectories of the coal and biomass particles are governed by the particle momentum equation, 156 

which is a balance of the drag, gravity, and other body forces as formulated in the following equation [7, 157 

ݐԦ݀ݒ݀ 158 :[44 ൌ ͳͺߤߩ݀ଶ ܴ݁ʹͶܥ ൫ݒԦ െ Ԧ൯ݒ  Ԧ݃ሺߩ െ ߩሻߩ   Ԧ (3)ܨ

where ݒԦ, ߤ ,ߩ and ݀  are the velocity, density, viscosity and diameter of the particles, respectively; the 159 

subscripts  and ݃  refer to the particle and gas, respectively, ܥ is the drag coefficient, and ܨԦ is other body 160 

forces, such as the thermophoretic force, virtual mass force, etc. The thermophoretic force, which is caused 161 

by the temperature gradient in the gas stream close to a solid depositing surface may be neglected when 162 
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modelling a heavily deposited surface such as the slag/sintered tube surface where a high surface 163 

temperature exists.  The virtual mass force, which is due to the acceleration of the fluid around the particle, 164 

may also be ignored when the density of the particle is much greater than the density of the fluid.  165 

       In order to better resolve the particle trajectories in the boundary layer, the gas flow boundary layer 166 

has to be modelled carefully [17] and the enhanced wall treatment was used. If the near-wall mesh is fine 167 

enough to be able to resolve the fluid viscous sublayer, then the enhanced wall treatment will be identical 168 

to the traditional two-layer zonal model [45]. If  a coarse mesh is used together with a wall-function, the 169 

accuracy of the near wall modelling will not significantly be reduced when the enhanced wall treatment is 170 

used, where a single wall law for the entire wall region is generated by blending the linear (laminar) and 171 

the logarithmic laws of the wall [46]. 172 

       The energy balance equation of the particles, which are solved along the trajectories of the particles in 173 

order to obtain the corresponding particle temperatures, is given as follows [1, 7, 11]: 174 

݉ܿ ݀ ܶ݀ݐ ൌ ൫ܣ݄ ஶܶ െ ܶ൯  ோସߠ൫ߪܣߝ െ ܶସ൯ െ ܳ (4) 

where ݉ , ܿ , ܶ , ܣ, and ߝ are the mass, specific heat, temperature, surface area and emissivity of the 175 

particles, ܶ ஶ  is the gas temperature, ߪ  is the Stefan–Boltzmann constant, andߠோ  is the radiation 176 

temperature. ܳ, which is the latent heat or the heat of reaction is determined by the following equations: 177 

ܳ ൌ ۔ۖەۖ
ۓ Ͳǡ݀݉݀ݐ ݄ǡ݂ ݀݉݀ݐ ܪ ǡ 

if under the step of inert heating or cooling 

(5) if under the step of devolatilization 

if under the step of char combustion 

where ݄  is the latent heat, ݂ is the fraction of the heat absorbed by the particles, and ܪ is the heat of 178 

reaction released by the surface reaction. The radiative heat transfer was modelled using the Discrete 179 

Ordinates model and the gas absorption coefficient was calculated with the domain based Weighted Sum 180 

of Gray Gases Model (WSGGM). 181 

3.2 Revised particle impaction model 182 

       Due to the influence of the gas flow, not all the particles carried by the gas stream will impact on the 183 

depositing surface. The amount of ash particles that may hit a depositing surface can be estimated by the 184 

particle impaction efficiency, which is defined as the percentage of particles of given size in the projected 185 

area of deposition surface in the upstream gas flow that can impact on the deposition surface [17]. The 186 
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impaction efficiency is dependent on the particle Stokes number [47, 48] that is defined as follows for 187 

particle impaction on a circular cylinder: 188 St ൌ ሺߩ݀ଶݑሻ ሺͻߤܦሻൗ  (6) 

where ߩ, ݀ , ݑ, and ߤ are the particle density, particle diameter, bulk particle velocity and gas dynamic 189 

viscosity, respectively, and ܦ is the outer diameter of the deposition pipe. Particles with larger Stokes 190 

number are less likely to be affected by the gas flow and more likely to impact on the surface of the 191 

deposition pipe; however, particles with smaller Stokes number follow more closely to the fluid 192 

streamlines and are less likely to impact on the surface [48]. Therefore, accurately predicting the gas flow 193 

in the boundary layer near the deposition surface is very important for accurate predicting the particle 194 

impaction efficiency, in particular for particles with a small Stokes number. However, this often requires 195 

an extremely fine computer mesh close to the deposition surface in order to resolve the flow boundary 196 

layer accurately and this is often prohibitively expensive computationally for modelling real combustors 197 

and industrial boilers. In most cases, as seen in most publications, a reasonably coarse mesh is employed to 198 

satisfy the mesh independency requirement for the bulk of the gas flow. However, with this reasonably 199 

coarse mesh the particle impacting efficiency is often over-estimated [12, 17], since the trajectory of small 200 

ash particles close to a deposition surface is very sensitive to details of the boundary layer flow, leading to 201 

errors in the deposition rate prediction.  202 

       Further, during the particle tracking in CFD, the particle is usually treated as a point in the 203 

computational domain and whether a particle hits a wall or not is determined by the position of the center 204 

of the particle without considering the effect of the size of the particle [17, 18]. However, in reality, a 205 

particle will hit the surface with a distance equal to the particle radius away from the centre of the particle 206 

[17, 18]. This interception effect of the particle size on the impaction efficiency can be described using the 207 

interception parameter, ܴ, defined as follows [17, 18]: 208 ܴ ൌ ݀ Τܦ  (7) 

where ݀  and ܦ are referred to the diameters of the particles and the deposition probe. Clearly the larger 209 

the ratio of particle diameter and the tube diameter, the larger is the interception. In order to remove the 210 

errors resulting from using a coarse computational mesh in the boundary layer and from the particle 211 

interceptions, an impaction correction factor, ܨ, may be introduced which can be defined as the ratio of the 212 

real particle impaction efficiency and that predicted using a reasonably coarse computational mesh for a 213 
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particular particle stream, i.e. for the ith particle stream, ܨ ൌ  ǡ can be estimated by using a small computational domain that only contains part of the furnace that is 215ܫ ௦ǡ. The real impaction efficiency 214ܫ/ǡܫ

close to the superheat tubes where extremely fine meshing may be used.  The boundary conditions for flue 216 

gas and ash particle flows may be taken from the existing results obtained using the reasonably coarse 217 

computational mesh. If the interception parameter is also considered then the impaction correction factor 218 

may be calculated using the following equation: 219 ܨ ൌ ሺܫǡ  ܴ)/ܫ௦ǡ (8) 

where ܫǡ is the predicted particle impaction efficiency from a well resolved boundary layer, ܫ௦ǡ is 220 

the impaction efficiency from a reasonably coarse mesh, and ܴ is the interception parameter, of the ݅ th 221 

particle stream; This impaction correction factor can be used to correct the CFD predicted mass flux, i.e. 222 

the arrival rate of the particles to the deposition surface still using a reasonably coarse computational mesh 223 

in the CFD simulation as illustrated in Figure 3. 224 

      In order to validate the proposed approach for improving the accuracy of particle impaction efficiency 225 

calculations, particle impactions on a two-dimensional cylinder have been simulated and compared with 226 

the results from the direct numerical simulation (DNS) reported by Haugen and Kragset [18]. Figure 4 227 

shows the flow configuration and boundary conditions employed. A computational domain of 6D×12D is 228 

employed with the tube being placed in the centre of the domain. The diameter of the tube D=40mm. Gas 229 

(viscosity=4.6×10-5 Pa.s and density=0.245 kg/m3, which represent a stream of hot flue gas under 1500 K 230 

[17]) enters into the domain with a given free stream velocity, ܷ. Two velocities, ܷ = 0.47 m/s and 7.91 231 

m/s have been considered, which corresponding to a Reynolds number (ܴ݁௧, based on deposition tube 232 

diameter) approximately 100 and 1685, respectively. In order to obtain the impaction efficiency with a 233 

well resolved boundary layer mesh, i.e. Ifine, RANS simulation with a fine mesh of approximately 400 234 

nodes (ܴ ݁௧ ൌ ͳͲͲ) and 1600 nodes (ܴ݁ ௧ ൌ ͳͺͷ) on the tube circumference have been employed as 235 

suggested by [17, 18, 49]. Figure 5 compares the predicted particle impaction efficiencies with and without 236 

the corrections for the two cases investigated with the DNS results obtained from [18]. Reasonably coarse 237 

meshes with approximately 140 nodes and 180 nodes on the circumference of the tube for the ܴ݁௧ ൌ ͳͲͲ 238 

and ܴ ݁௧  = 1685 cases respectively have been employed. It shows that the impaction correction factor 239 

increase with larger particle Stokes number and the value of the correction factor is approaching one when 240 

the Stokes number is greater than 1. Also, it can be found that applying the revised particle impaction 241 
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model can substantially to decrease the errors in the predicted particle impaction efficiency when a coarse 242 

mesh is used, compared with the results from the DNS. 243 

3.3 Particle sticking model 244 

      After particles reach a deposition surface, not all the arriving particles will stick to the surface. If the 245 

particle, or the deposition surface, is sticky then the particle may deposit [10]. On the other hand, particles 246 

with high impact energy may rebound back into the gas flow after hitting the wall [13, 15]. The sticking 247 

efficiency of the impacting particles is defined as the ratio of the number of particulates depositing on the 248 

surfaces to the number of the particles impacting on the surfaces [6]. There are at least two factors 249 

influencing the particle sticking efficiency, namely, (i) whether a particle is sticking or not and (ii) whether 250 

the particle will rebound back from the surface. In this work, the stickiness of the particles was determined 251 

by the degree of melting of the particle, i.e. the molten fraction of the particles [20] calculated based on the 252 

thermodynamic equilibrium of the particles. Since not all ash components can reach chemical equilibrium 253 

when arriving at the deposition surface, in particular for EFR test conditions [50], the chemical 254 

fractionation analysis data is employed from a stepwise leaching of the relevant fuels in order to consider 255 

the short residence time of the ash particles in the reactor [50]. The chemical thermodynamics software 256 

package FactSage 6.4. is employed to perform the thermodynamic equilibrium calculations based on the 257 

minimization of the Gibbs free energy from the system subject to the mass balance constraints [51, 52]. 258 

 In the thermodynamic equilibrium calculations, the gas composition N2, O2, CO2 and H2O are taken 259 

from the CFD predictions and their amounts are dictated by the inlet air/fuel ratio. The reactants in the ash 260 

are obtained from the ash analysis shown in Table 1 and the chemical fractionation data from [53, 54] for 261 

both SAC and PKE as shown in Table 2. Potassium and sodium can be completely leached with chemicals 262 

such as water and acetate for PKE whereas only part of sodium can be leached for SAC. Phosphorus is 263 

more difficult to be leached for both PKE and SAC.  The amount of the non-reactive fraction of the 264 

inorganic mater in the ash particles which can reach equilibrium during combustion is difficult to 265 

determine through the experiments and this amount is typically in the range 0 to 25% depending on 266 

particle size, temperature and residence time, etc. [15, 50, 53, 55, 56]. Hence, in this paper, a middle value 267 

of 10% was chosen [50]. For particles impacting a slagging/sintered surface, the value for the non-reactive 268 

fraction is less significant in predicting the overall sticking efficiency than impacting on a new tube surface.  269 
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The calculations were performed for a temperature range between 1500 K and 1750 K at a temperature 270 

interval of 20 K and at atmospheric pressure. The possible products selected are the entire compound 271 

species (ideal gases and pure solids) from the ELEM, FToxid, FTsalt and FACTPS databases. The slag 272 

model chosen in the calculations was the ‘SLAGC’ with possible 2-phase immiscibility to consider the 273 

relative high amount of phosphorus in the ash [57, 58], which covers oxide liquid solutions of MgO, FeO, 274 

Na2O, SiO2, TiO2, Ti2O3, CaO, Al2O3 and phosphates as Na3(PO4), Ca3(PO4)2, Mg3(PO4)2 and Fe3(PO4)2, 275 

K3PO4 and FePO4.  276 

      As mentioned earlier, whether an impacting particle actually sticks or not depends on whether the 277 

particle rebounds from the deposition surface or not, and this depends on the deformation after particle 278 

impacts on the surface and the momentum of the particles [8]. The particle energy balance model, 279 

developed by Mueller et al. [15] and Mao et al. [59], was employed to assess the excess energy , ܧ௫, which 280 

is the excess rebounding energy particles possess after impaction and can be calculated using the following 281 

empirical formula [13, 15, 59]: 282 

௫ܧ ൌ ଶͶܦ ሺͳ െ ሻߙݏܿ െ ଶǤଷʹͷܦ͵ ሺͳ െ ሻǤଷߙݏܿ  ܦ͵ʹ െ ͳ (9) 

where ܦ is the ratio of the maximum deformation in the particle diameter to the actual particle diameter, 283 

and ߙ is the static contact angle of the particle. ܦ is related to the particle Weber number, ܹ ݁, and the 284 

Reynolds number, ܴ ݁, as follows: 285 ܦ ൌ ሺͳʹ ܹ݁ሻǤହ ή ሾ͵ሺͳ െ ሻߙݏܿ  Ͷሺܹ݁Ȁܴ݁ǤହሻሿǤହ (10) ܹ݁ ൌ ሺߩܷଶ݀ሻ Τߪ  (11) ܴ݁ ൌ ሺߩܷ݀ሻ Τߤ  (12) 

where ܷ  is the impact velocity component normal to the impact surface, and ߪ is the particle surface 286 

tension. If a particle possesses the necessary excess energy, ܧ௫  Ͳ, the particle will bounce off the surface, 287 

otherwise it will stick.  288 

4 EFR CFD model set up and results 289 

4.1 Model set up 290 

 In this paper, co-firing PKE with South Africa coal with four different co-firing rates have been 291 

investigated, namely the SAC are blended with 0, 20, 40 and 60 wt.% of the PKE. The same EFR 292 
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operational conditions as indicated in Figure 1 were employed for all four cases investigated. The coal 293 

flow rate of 0.014 gs-1, the primary air flow rate of 0.067 kgs-1 at 70 oC, and the secondary air flow of 294 

1.167 kgs-1 at 300 oC [8] have been used for all the cases. Only the biomass additions were different to 295 

make PKE 0, 20, 40 and 60 wt.% of the fuel flow rate. Typically EFR was operated at a relatively low 296 

Reynolds number of approximately 400, to acquire near laminar flow conditions in the reactor although 297 

low turbulence occurs near the burner region [23]. To improve the convergence of the CFD model, the 298 

Transition SST turbulence model which is applicable to low Reynolds number flows, was chosen to 299 

simulate the gas flow [60, 61]. The particle size of the SAC used ranged between 1 µm and 95 µm with a 300 

mean diameter of 50 µm and the particle size of the PKE ranged between 105 µm and 355 µm, with a 301 

mean diameter of 130 µm [16, 17, 20]. The temperature of the internal wall of the EFR has been specified 302 

according to the experimental conditions as indicated in Figure 1. The adiabatic condition has been 303 

employed at the surface of the deposition probe to consider its uncooled condition. The commercially 304 

available CFD software package ANSYS Fluent version 15.0 has been employed to perform the basic 305 

calculations of the coal and biomass combustion incorporating the in-house developed User Defined 306 

Functions and Memories in order to model the ash deposition process with the revised particle impaction 307 

model and the particle sticking model. 308 

      Six different meshes consisting of 0.5, 0.7, 1.1, 1.6, 2.0, and 3.3 million hexahedral cells have been 309 

employed to investigate the effect of mesh on the CFD solutions. The mesh is refined in the vicinity of the 310 

probe and the injection region, as well as in the burner region. Both the typical gas flow properties, such as 311 

the distributions of the gas temperature and gas velocity and the arrival rate of fly ash particles that impact 312 

the probe surface were examined. It was found that independent solutions for the gas temperature and 313 

velocity in the bulk of the EFR may be obtained using a mesh with no less than 0.7M cells which may be 314 

regarded as a reasonable coarse mesh. However, mesh independency was not achieved for the predicted 315 

arrival rate of fly ash particles until a mesh with a cell number of over 1.6M was used, as shown in Figure 316 

6. It can be seen from Figure 6, if the 0.7M cell mesh is employed, then the arrival rate of the impacting 317 

particles would be overestimated by approximately 40% compared to the results obtained using 1.6M cells. 318 

This is because a higher impaction efficiency is predicted for all the particles as shown in Figure 6. It 319 

should be noted that for industrial boilers, the gas flow is  highly turbulent (Re ≥ 100000) and a very thin 320 
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flow boundary layer will be formed, thus achieving a grid independent solution for particle impaction is 321 

usually very difficult in a 3D geometry [17]. 322 

     In this particular case of the Imperial EFR, the particle impaction results obtained from, using the 1.6M 323 

grid was taken as ܫ  since they are mesh independent solutions for the particle impaction, and the 324 

particle impaction results from the 0.7M grid was taken as ܫ௦  since they are mesh independent 325 

solutions of the gas flows. For the case investigated, the interception parameter, ܴ , is in the range 2.9×10-5 326 

to 7.5×10-3 which give an overall effect on the particle collection efficiency in the range of 7-8% and 327 

therefore cannot be ignored.  328 

4.2 Predicted impaction efficiency and sticking efficiency 329 

  The modelling of the particle impaction and sticking is critical for predicting ash deposition formation 330 

and growth. As discussed in Section 3.2, both the improper resolving of the gas flow within the boundary 331 

layer near the deposition surface and particle interception can affect the accuracy of the predicted particle 332 

impaction in CFD modelling. Figure 7 shows the calculated impaction correction factor ܨ  and particle 333 

impaction efficiency as a function of the Stokes numbers of the coal and biomass particles employed in the 334 

EFR simulation for the four co-firing cases investigated. It can be found that the correction factor increases 335 

with an increase in the particle Stokes number. The value is approaching one when the Stokes number is 336 

greater than one because the particles are mainly driven by their inertia and the imperfection in the 337 

prediction of the boundary flow field is of secondary importance [17, 18]. However, particles with small 338 

Stokes number have a small value of the correction factor and this indicates that the numerical related 339 

errors are large when a coarse mesh was used and this is because the particle trajectories are strongly 340 

affected by flow field within the boundary layer which needs to be accurately modelled [17-19]. The 341 

predicted impaction efficiencies for particles with a similar Stokes number are similar for different levels 342 

of the PKE addition, in particular for low co-firing rates. This is because the air and fuel flow rates are 343 

almost the same for the four cases and this results in a similar flow distribution, including in the boundary 344 

layer flow.  345 

   Further, the figure shows that the Stokes number of most of the fuel particles is less than 1 and the 346 

maximum Stokes number is approximately 1.5, and this indicates the significance of the impaction 347 

correction factor in predicting the ash deposition rate. Figure 8 compares the results of the predicted 348 
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overall impaction efficiencies both with and without applying the particle impaction correction. It can be 349 

observed that for all the cases, there is 30-50% over prediction in the overall impaction efficiency and this 350 

may be resulted if a coarse mesh is employed and no correction is made. Also the figure shows that on 351 

increasing the co-firing rates from 0-60%, the overall impaction efficiency increases from about 3.1% to 352 

4.6%. This is due to the fact that the biomass particles have a higher value for the Stokes number than that 353 

of the coal particles due to the much larger particle size, and this results in a higher impaction efficiency 354 

than that of the SAC particles. 355 

   Figure 9 shows the predicted overall sticking efficiency (defined as the ratio of the overall mass flow 356 

rate of the deposited particles to the overall mass flow rate of the impacting particles) taking into 357 

consideration both the stickiness of the ash particles and the deposition surface for the four cases 358 

investigated. The figure shows that the overall sticking efficiency for the 60% PKE co-firing ratio is 359 

approximately 33%, which is the lowest of the four cases investigated. The overall sticking efficiencies are 360 

similar for the 20% and 40% ratio cases which lie in the range from 53% to 56%. This is because the 361 

molten fraction increases on adding 20% and 40% PKE co-firing ratio due to the larger amount of molten 362 

phases formed than in the case of 0% PKE co-firing ratio and then the sticking efficiency increases. 363 

However, the sticking efficiency decreases on adding 60% PKE. This is due to the formation of high 364 

temperature solid phases (such as Ca3(PO4)2, Mg3P2O8, AlPO4, and KAlSi2O6) with increasing the alkaline 365 

earth metals (calcium and magnesium) by further adding the PKE.  366 

  It was noted that the sticking efficiencies for particles were almost the same for all Stokes numbers, 367 

with only a slightly increase with an increase in the Stokes number. This is because the particles were at 368 

the cooling stage at the end of the char combustion, the small particles cool earlier and more quickly and 369 

thus have a lower temperature and are less sticky than those of the larger particles [14].  370 

4.3 Predicted ash deposition  371 

  In the experiments reported in [23, 24], the deposition efficiency, which was calculated for each EFR 372 

run based on the mass percentage of the fuel ash that impacts on the projected surface area of the probe 373 

that was retained in the collected deposit, was employed to evaluate the deposition propensity. Figure 10 374 

shows a quantitative comparison between the computed deposits (with and without the revised particle 375 

impaction model) and the experimental data in terms of the deposition efficiency. In general, the predicted 376 

deposition efficiency without the revised particle impaction model is much higher than both the 377 
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experimental data and the results obtained with the revised particle impaction model. The predicted 378 

deposition efficiency with the revised particle impaction model varies between 6.1% to 9.5% for the four 379 

cases investigated, which is in good agreement with the experimental data. Also the calculation results 380 

show that the deposition efficiency at the 60% PKE co-firing ratio is lower than that at 40% PKE co-firing 381 

ratio and the deposition efficiency is the highest for a co-firing ratio of 40% of PKE. The reason for this 382 

modelling outcome is due to the decreasing trend of the overall sticking efficiency at 60% PKE co-firing 383 

ratio. However, in the experimental data, the deposition efficiency with a value of 8.5% at 60% PKE co-384 

firing ratio is still slightly higher than that at 40% PKE co-firing ratio which is 8.4%. The  repeatability 385 

error for the measurement of the deposition efficiency can be up to  4.7% [24]. Therefore, the small 386 

disagreement in predicted the deposition efficiency between  is acceptable [24, 62]. No obvious increase of 387 

deposition efficiency for co-combustion of PKE with South African Coal was found comparing with pure 388 

coal comustion both in the experimental results and the simulation results which is controlled by both the 389 

particle impaction and sticking, although higher sintering degree of the deposits was shown in the 390 

experiments. This is because the viscosity of the deposit was decreased with the decrease in SiO2 and 391 

increase in MgO, CaO and P2O5 in the ash composition by adding PKE [24]. 392 

5 Conclusions 393 

       An ash deposition model based on modelling the particle impaction and sticking has been developed 394 

for the modelling of ash deposition for co-combustion of coal and palm kernel. A revised particle 395 

impaction modelling approach is proposed in order to minimize the numerical related errors and avoid 396 

using an excessive mesh size. A particle impaction correction factor that takes account of both the effect of 397 

particle interception and errors in the particle impaction prediction when a coarse computational mesh is 398 

employed. The particle sticking is predicted based on the molten fraction of the particle obtained from the 399 

chemical equilibrium calculation using the chemical fractionation data of fuels in order to consider the 400 

short residence time of the fly ash particles.  401 

       The deposition efficiencies of co-firing SAC with PKE of four different ratios in the EFR have been 402 

calculated using the model and the results obtained have been compared with the experimental data 403 

obtained in the EFR. Reasonably good agreement was obtained and it demonstrated that the proposed 404 

model can reduce the numerical related errors in the ash deposition prediction using a reasonable coarse 405 

Comment [a1]: ?? 



16 
 

computational mesh adaqit for the combustion process simulation. The results suggested that the overall 406 

impaction efficiency of the particles increase with the increase in the co-firing ratio of PKE, whilst the 407 

overall stickiness efficiency may depend on the relative amount of high- and low- melting point 408 

compounds that are formed and this is dictated by the ash composition of the fuels.    409 

       It is noted that the Stokes numbers of most of the ash particles are less than one and thus a significance 410 

correction to the predicted ash deposition rate may be required and this depends on the number of 411 

computational meshes employed. When the particle Stokes number approaches or is greater than one then 412 

the particles are mainly driven by their inertia and the impact correction factor approaches one and 413 

therefore  using a relatively coarse mesh may be acceptable. 414 
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Table 1. Coal and PKE properties used in the calculations [24, 34, 35]. 

Ash composition (wt.%) Proximate analysis (wt.%)(ar) 

 SAC PKE  SAC PKE 

SiO2 54.1 15.1 Volatiles 26.4 71.6 

Al 2O3 33.5 3.2 Fixed carbon 60.2 28.4 

Fe2O3 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) 

K2O 0.7 9.7 C 70.0 44.2 

Na2O 0.1 0.3 H 3.9 7.0 

TiO2 1.7 0.1 O 7.3 46.2 

MnO 0.0 1.0 N 1.7 2.6 

P2O5 1.1 42.7 S 0.6 0.5 

 

 

 

 

 

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

 SiO2 Al 2O3 Fe2O3 CaO MgO K2O Na2O TiO2 P2O5 

SAC 0 0 0 70 0 2 40 0 0 

PKE 1 0 0 5 3 100 100 0 3 

 

 

 

 

 

 

 



20 
 

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 deposition layers 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 computational domain. 

Figure 5. The impaction correction factor and comparisons of the predicted particle impaction efficiency 

using a coarse mesh and the DNS, with and without particle impact correction when (a): ܴ݁ ௧=100 and (b): ܴ݁௧=1685 as a function of the Stokes number. 

Figure 6. The arrival rate of fly ash particles that impact the probe surface as a function of the number of 

cells and the impaction efficiency of particles as a function of the particle Stokes number for 0.7M and 

1.6M. 

Figure 7. The impaction correction factor and impaction efficiency of particles as a function of the particle 

Stokes number. 

Figure 8. The overall impaction efficiency for SAC and for different levels of PKE with and without the 

revised particle impaction model. 

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

Figure 10. A comparison between the computed and the experimental data of the deposition 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 deposition layers on the front surface 

of the cylindrical probe. 
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Figure 3. The methodology for the revised particle impaction model. 
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Figure 4. The flow configuration and boundary conditions of the 2D computational domain. 
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Figure 5. The impaction correction factor and comparisons of the predicted particle impaction efficiency 

using a coarse mesh and the DNS, with and without particle impact correction when (a): ܴ݁ ௧=100 and (b): ܴ݁௧=1685 as a function of the Stokes number. 
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Figure 6. The arrival rate of fly ash particles that impact the probe surface as a function of the number of 

cells and the impaction efficiency of particles as a function of the particle Stokes number for 0.7M and 

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

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

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

the SAC with different levels of PKE. 

 

 

 

 

 

 

 

 


