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Abstract9

Computational particle fluid dynamics (CPFD) simulation is carried out to study the10

effect of petcoke and solid recovered fuel (SRF) co–firing in a full–scale cement calciner.11

The simulations are conducted using the Multi–Phase Particle–In–Cell (MP–PIC)12

approach with the Barracuda Virtual ReactorR© 17.3.1 solver. The results from the13

CPFD simulation are compared with extensive field measurements of gas temperature14

and composition at several points in different calciner cross–sections. In the simulation,15

the SRF particles are divided into three components of plastic, biomass, and inert. The16

plastic particles go through drying, melting and decomposition while the conversion of17

biomass particles involves drying, devolatilization, and char oxidation. The predicted18

concentrations of O2 and CO2 are in good agreement with the measurements, while the19

gas temperature is overpredicted, especially in the lower calciner vessel. However, the20

trends of changes in the gas temperature are well–captured. The converted fuel fraction21

and calcination factor are predicted with an acceptable degree of accuracy. The22

simulation results show that large biomass particles in SRF tend to leave the calciner23

without complete conversion. Furthermore, a recirculation pattern for SRF particles is24

observed in the lower calciner vessel and the conical section, leading to high conversion25

degree of this fuel.26
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recovered fuel, co–firing28
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Nomenclature29

Cp Specific heat capacity [J/kg.K]30

CD Drag coefficient [-]31

CS Smagorinsky coefficient [-]32

Dp Drag function [1/s],
3ρgCDUslip

4ρpdp
33

dp Particle diameter [m]34

Dt Turbulent diffusivity [m2/s]35

g Gravitational acceleration vector [m/s2]36

h Enthalpy [J/kg]37

m Mass [kg]38

MW Molecular weight [kg/mol]39

N Number of moles [mol]40

Nup Particle Nusselt number [-]41

P Gas static pressure [Pa]42

Prg Gas Prandtl number [-]43

Prt Turbulent Prandtl number [-]44

Q̇ Energy source term due to gas/particle reactions [J/m3]45

R Universal gas constant [J/mol.K]46

Rep Particle Reynolds number [-],
ρgdpUslip

µg
47
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Sct Turbulent Schmidt number [-]48

Sh Sherwood number [-]49

T Temperature [K or C]50

u Velocity vector [m/s]51

Uslip Slip velocity [m/s], | ug�p − up |52

xp Particle position vector [m]53

Yg,i Mass fraction of ith gas species [-]54

55

Greek symbols56

∆ LES filter width [m]57

εp Particle emissivity [-]58

θ Volume fraction [-]59

θCP Close–pack particle volume fraction [-]60

κg Gas thermal conductivity [W/m.K]61

κt Turbulent thermal conductivity [W/m.K]62

µg Gas molecular viscosity, [Pa.s]63

µt Turbulent viscosity, [Pa.s]64

ρ Density [kg/m3]65

σ Stefan–Boltzmann coefficient [W/m2.K4]66

τNS Particle normal stress [Pa]67
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τp Particle inertial response time [s],
ρpd2p
18µg

68

τT Particle thermal response time [s],
Cppρpd

2
p

12κg
69

φ Wadell’s degree of sphericity [-]70

71

Subscripts72

g Gas phase parameter73

i Belonging to ith gas species phase74

p Particle phase parameter75

r Reaction76

77

Symbols78

〈 〉 Time–averaged value79

[i] Concentration of gas species i [mol.m−3]80

�p Interpolated value from the Eulerian grid to the particle position81

1. Introduction82

Cement production contributes to around 18% and 5% of CO2 emission in the industry83

sector and the globe, respectively [1]. In the past two decades, there has been an increased84

interest in the cement industry toward substitution of fossil fuels with waste derived fuels,85

especially in cement calciners where around 35–60% of the total fuel of the factory is fired86

[2]. This fuel replacement is driven by both economical and environmental motivations.87

Compared to fossil fuels, firing waste derived fuels in the cement calciner is usually cheaper88
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or even free. Besides, the biomass part of waste derived fuels is considered as a CO2–89

neutral fraction [3], reducing the net CO2 emissions from cement production process.90

Furthermore, firing waste derived fuels in the cement calciner is considered as a proper91

alternative for environmentally unfriendly waste disposal methods such as landfilling.92

Cement calciners operate at high temperature conditions, typically around 850–1150◦C,93

suitable for combustion of these fuels. Moreover, the ash of the fuel will be incorporated94

in the clinker product [4], removing the need for solid residue disposal that exists in waste95

incineration plants.96

Refuse derived fuel (RDF) is typically referred to the combustible fraction of municipal97

solid waste (MSW) and/or industrial waste produced using different waste treatment98

techniques [5]. In general, RDF can be considered as any type of waste–derived fuel that99

is going to be used for energy production [6]. Solid recovered fuel (SRF) is a certified100

type of RDF that its quality is evaluated based on a series of standards, i.e., CEN/TS101

343 [7], and categorized into five classes based on calorific value and chlorine and mercury102

contents [7]. SRFs differ significantly from the conventional pulverised solid fuels (e.g.,103

coal and petcoke), both in physical and combustion properties. As a result, replacement104

or co–firing of conventional pulverised solid fuels with SRFs may change the operating105

conditions of cement calciners. Even though this replacement is investigated widely for106

other types of industrial furnaces (e.g., rotary kilns [4, 8–10], utility boilers [11–15], etc.),107

reported studies in the area of cement calciners are limited.108

One of the main challenges in firing SRF in cement calciners is incomplete burnout109

of fuel particles when they leave the calciner together with the calcined meal particles to110

the lowest cyclone stage. This phenomenon can lead to reduced cement quality [4, 16]111

and increased probability of melt–induced build–ups formation in the rotary kiln and the112

preheater system [17]. The burnout problem mainly stems from the larger size (typically113

in the millimeter– and centimeter–range) and higher moisture content (typically in the114

range of 5–30 wt.%) of SRF particles compared to the conventional solid fuel particles.115

The slow conversion rate of large fuel particles is due to the limitations in external and116

5



internal heat transfer and oxygen diffusion rates [18, 19]. Accordingly, in order to suppress117

the particle burnout problem, it is common to specify a limit for the size of SRF particles118

fired in the calciner (e.g., 90th percentile grain size smaller than 80 mm [20]). Besides119

the conversion degree, addition of waste derived fuels to the calciner alters the operating120

conditions and, in turn, changes the emission levels (e.g., NOx and CO) of the calciner.121

For example, Mikulčić et al. [21] investigated co–firing of coal and SRF in a separate line122

calciner using computational fluid dynamics (CFD) simulations; and reported reduced123

temperature peaks in the oxidation region of the calciner when SRF particles were fired124

along with the pulverized coal particles. This is due to the delay in devolatilization of125

SRF particles as the fuel moisture evaporation is extended [21].126

A direct method to study the impact of SRF co–firing on the performance of calciner127

systems is through on–site measurements. However, full–scale measurements in calciner128

are very costly and also complicated due to the intense operating conditions inside the129

reactor (i.e., dusty environment). Furthermore, some co–firing practices require a modi-130

fication of the cement calciner itself (e.g., addition of a feeding system for firing the new131

fuel) which makes a posteriori experiments impractical.132

An alternative practice to assess the effect of co–firing in the calciner systems is133

conducting CFD simulations. The two main CFD approaches for gas–solid reactive sys-134

tems are the Eulerian–Eulerian (EE) and Eulerian–Lagrangian (EL) methods. In the135

EE method, the solid phase is considered as a continuum medium and additional closure136

terms are required to model the particle–particle interactions. The EE approach is usually137

utilized for mono–dispersed gas–solid systems and in the case of poly–dispersed particles,138

extra momentum and continuity equations should be solved for each size bin with the cost139

of more computational overhead [22, 23]. In the EL approach, solid particles are tracked140

in a Lagrangian frame and the solution can be readily applied for the poly–dispersed par-141

ticles. One of the challenges of this method is resolving particle–particle interactions that142

can be computationally expensive for industrial–scale and/or dense gas–solid systems. As143

a solution, hybrid EE–EL approaches, such as the Multi–Phase Particle–In–Cell (MP–144
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PIC) method, can be utilized. In the MP–PIC method, the particle–particle interactions145

are modelled by employing a particle stress term in Lagrangian equations of the particle146

motion [24, 25]. This method has been successfully applied in simulation of reactive gas–147

solid systems [26–29]. In the case of reactive calciner systems, the EL method [30–37] is148

utilized more frequently than the EE method [38], while to the authors’ knowledge, the149

application of the MP–PIC method has not been explored yet.150

The existing CFD simulation studies of calciner systems are mostly focused on either151

the aerodynamics of the gas–solid flow (without reactions) [33, 39–45] or the combustion152

of conventional fossil fuels in the calciner [30–32, 34–37, 46–51]. There are only a limited153

number of literature studies that investigate calciners operating with alternative fuels154

including car tyre chips [52], co–firing of coal and biomass [53], and co–firing of fossil155

fuels and SRF [21, 54]. In most of the mentioned studies, either no validation (of any156

kind) of the CFD model is provided [33, 39, 40, 44, 45, 49] or the sub–models used157

in the CFD study are separately validated without any direct comparison of the CFD158

predictions results with the full–scale measurements [21, 34–36, 50, 53]. For studies159

that have compared the CFD simulation results with the full–scale measurements, the160

comparison is usually qualitative [30, 43], or only at the calciner exit [31, 32, 37, 41, 48, 51].161

Only in few studies of reactive calciners, the comparison of CFD predictions with the full–162

scale measurements is carried out at a number of points along the calciner height, i.e.,163

a total number of 6 point measurements of gas temperature and velocity at 2 different164

calciner cross–sections [46], gas temperature and velocity measurements at around 5165

calciner cross–sections [47], and gas temperature and NOx measurements at around 5166

calciner cross–sections [54].167

Based on the literature survey above, it can be stated that CFD simulation of SRF168

co–firing in a cement calciner supported by extensive comparison with full–scale measure-169

ments has not been reported in open literature. In the present study, the performance of170

a full–scale calciner operating with SRF and petcoke is evaluated experimentally through171

extensive measurements of gas temperature and gas species concentration at different172
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locations of the calciner. Furthermore, a computational particle fluid dynamic (CPFD)173

model is adopted to simulate the calciner. In the CPFD model, solid particles are tracked174

in a Lagrangian frame using the MP–PIC approach. The sub–models used for conversion175

of different SRF particle types are previously developed and validated [55, 56]. Finally,176

predictions from the CFD simulations and the measurements are compared throughout177

the calciner, and suggestions for improving the accuracy of the simulation are provided.178

2. Experimental179

In the present study, full–scale measurements are carried out for an in–line calciner180

(ILC) system operating with a mixture of SRF and petcoke. A schematic representation181

of the studied ILC system is presented in Fig. 1. The calciner is approximately 80 m182

high and comprised of a riser section, two main vessels divided by a constriction, and a183

swanneck. During the measurement period, it has been attempted to maintain a stable184

operating condition of the cement plant. On average, the clinker production rate is 3488185

tonnes per day, and the thermal shares of fuel fired in the calciner and the rotary kiln186

are 61 and 39%, respectively. In the calciner, both petcoke and SRF are fired with187

approximate mass flow rates of 0.4 and 5.1 kg/s, respectively. Samples of petcoke and188

SRF fired in the calciner are taken from the cement plant during the measurements and189

the proximate and ultimate analysis of these fuels are provided in Table 1. The preheater190

system is composed of 5 stages of cyclones, and 45% of the raw meal materials from the191

3rd cyclone stage are split and fed to the upper calciner vessel. The amount of split is192

regulated to maintain the temperature at the constriction to around 1000◦C. The rest193

of the raw meal is supplied from the 4th cyclone stage to the lower calciner vessel, while194

the raw meal feed pipe to the riser section was blocked during the measurements. As195

a result of fractionating the raw meal between the upper and lower calciner vessels, the196

endothermic calcination reaction takes place less strongly in the lower calciner vessel,197

leading to an increased gas temperature in this vessel. The gas temperature in the lower198

calciner vessel can influence the calciner performance, such as fuel burnout degree, NOx199
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emission, etc.200

The reported parameters in this study correspond to the time–averaged values during201

the stable period of operation. The gas temperature and species concentrations are202

measured at different locations throughout the calciner. The cross–sections at which203

the measurements are carried out are also presented in Fig. 1. In each measurement204

cross–section, the measurements are conducted at several points with the number of205

point–measurements depending on the number of accessible holes on the calciner walls.206

2.1. Temperature measurements207

The temperature measurements are conducted using sets of 3 K–type thermocouples208

carried by bundles of steel tubes. Each tube bundle is composed of 3 steel tubes of 4, 3,209

and 2 m, long. The arrangement is in a way that the tip of each thermocouple is placed210

outside of the corresponding steel tube and distanced 1 m from the neighbouring ther-211

mocouple(s). For most of the cross–sections, all three thermocouples are used, with the212

tips of thermocouples distanced 1, 2, and 3 m from the internal calciner refractory wall.213

If the cross–sectional area of the measurement plane is limited, only two thermocouples214

of the tube bundle are used for the measurements. The temperature measurements are215

carried out for a minimum time span of 15 minutes, while for some of the measurements,216

this period was extended to more than 1 hour.217

The used thermocouples belong to the tolerance class 1, i.e. ± 2.5◦C. Thermocouples218

had either Inconel–600 protective sheath (used in the riser section and reduction zone)219

or AISI–314 (used in calciner vessels and swanneck) with maximum measurable temper-220

atures of 1350 and 1100◦C, respectively. The main uncertainty in the gas temperature221

measurements stems from the radiative heat transfer between the thermocouple and the222

surroundings (e.g., calciner refractory wall and fuel or raw meal particles). An estimation223

of this uncertainty is presented in the supplementary material (section 1). According to224

this estimation, it can be stated that for gas and environment temperatures of 1000◦C225

900◦C, the measured temperature can be lower than the actual gas temperature by 56 and226

47◦C for the superficial gas velocities of 35 and 5 m/s, respectively. In the present study,227
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no correction for this uncertainty is provided due to lack of a quantitative measurement228

for the environment temperature at the measurement cross–sections.229

2.2. Gas species measurements230

The gas species concentration is measured using a system of a water–cooled probe,231

a filter, a gas conditioning unit, and a gas analyser connected by polyethylene tubes.232

Two water–cooled probes with different lengths are used, both made of three concentric233

stainless steel tubes. The inner tube, with approximate outer diameter of 10 mm, is234

used for gas extraction while the rest of the tubes are used for water flows. For each235

point measurement, it is aimed to extract the gas for a period of 8 minutes providing a236

useful signal period of 5–6 minutes. For some measurements, this measurement period is237

shortened due to blockage of the inner gas tube with the materials from the calciner, e.g.,238

dust, char, etc. Compressed air is used for cleaning or reopening the inner gas tube after239

each measurement. Apart from the mentioned probes, KilnLoqTM water–cooled probe240

[57] is used for gas extraction at point 6–1 cross–section (see Fig. 1) during the whole241

measurement campaign. The gas extraction section of this probe is cleaned automatically242

using pressurized air with a time interval of 10–15 minutes.243

The gas extracted by KilnLoqTM probe is analysed by URAS–10 gas analyser, measur-244

ing NO, CO, O2, and SO2 gas concentrations in dry conditions. The normal water–cooled245

probes are connected to URAS–14 gas analyser, providing measurements of NO, CO, O2,246

and CO2 gas concentrations in dry conditions. The gas analysers were calibrated prior to247

the measurements. In the present study, only O2 and CO2 concentrations are reported.248

3. Numerical model description249

In this study, the CPFD simulations are conducted using Barracuda Virtual Reactor R©
250

17.3.1 solver. This solver has been successfully applied for CFD simulation of reactive/non–251

reactive dense/dilute transport of gas–solid flows, e.g., circulating fluidized beds [27, 58],252

fluid catalytic cracking risers [59], a cold pilot calciner [60], etc. In this section, a summary253

of the modelling details is presented.254
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3.1. Governing equations of the fluid and particles255

The gas–solid flow in the calciner is solved using an Eulerian–Lagrangian approach256

for the carrier fluid and the suspended particles (i.e., raw meal and fuel particles), re-257

spectively. In the Lagrangian tracking of particles, the Multi–Phase Particle–In–Cell258

(MP–PIC) algorithm [26] is used. This approach has been widely utilized for CFD sim-259

ulation of dense and dilute gas–solid systems (for example, see [28, 61, 62]). Large eddy260

simulation is applied to resolve energy containing structures of the flow while the unre-261

solved structures are modelled using the classical Smagorinsky model [63]. The Eulerian262

equations of mass, momentum, energy, and gas species transport as well as the Lagrangian263

equations of solid particles are summarized in Table 2.264

In the presented table, the LES filtering symbol is not shown for simplicity and the265

vector or tensor variables are shown as bold characters. g and p subscripts indicate the266

gas and solid phases, respectively. The term δṁp is the production rate of gas mass per267

unit volume due to heterogeneous reactions, and ṁi,chem is the gas species source term268

due to homogeneous and heterogeneous reactions. Q̇g is the source term of gas energy per269

unit volume. It is assumed that the turbulent Prandtl and Schmidt numbers, Prt and Sct,270

are constant all over the domain and equal to 0.9 [26]. As the gas flow is compressible,271

the partial pressure of the gas species i with molecular weight of MWi can be related to272

the gas density through the equation of state for ideal gasses as below,273

Pi =
ρgYg,iRTg
MWi

(1)

and the gas pressure, P , is the sum of partial pressures of all gas species. The molecular274

viscosity, µg, molecular thermal conductivity, κg, gas specific heat, Cpg, and gas enthalpy275

hg are calculated according to a mass–based weighting of different gas species. In the276

solution provided by the solver, the gas temperature is approximated from the gas species277

mass fractions and enthalpies using a piecewise linear approximation [26].278
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For grid cell ζ with the volume of Vζ and containing Np computational particles, the279

gas–solid coupling terms in continuity, momentum, and energy equations can be written280

as follows [26],281

δṁp =
1

Vζ

Np∑
1

Sζ,pnp
dmp

dt
(2)

Fpζ =
1

Vζ

Np∑
1

Sζ,p

{
mp

[
Dp (ug�p − up)−

∇∇∇Pg�p
ρp

]
+ up

dmp

dt

}
np (3)

FTpζ
=

1

Vζ

Np∑
1

Sζ,p

(
mpCpp

dTp
dt

+ hp
dmp

dt

)
np (4)

where np and mp are the number of real particles in each particle cloud and the mass of282

each particle, respectively, and Sζ,p is the operator for interpolating the particle variables283

into the Eulerian grid.284

3.2. Particle drag models285

In the present study, SRF fuel particles are classified into three groups of plastic,286

biomass, and inert particles. Wind sieve experiments are carried out for the SRF sample287

taken during the measurements, dividing these three groups into 5 subgroups each. The288

particles of each subgroup have a specific terminal velocity in the ranges of <2, 2–3,289

3–5, 5–7, and >7 m/s. For each subgroup, the distribution of particle size and shape290

is selected based on the previously measured values reported in [55], and summarized in291

the supplementary material (section 2).292

For petcoke fuel particles, the homogeneous Wen–Yu drag model [64, 65] is used. For293

the biomass fraction of SRF particles, according to the physical and aerodynamic study of294

individual SRF particles in [55], the non–spherical Ganser drag model [66] with a constant295
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multiplier is employed. For the plastic particles in SRF, it is assumed that the shape of296

particles changes to a near–spherical shape after the melting process. Hence, the particle297

shape is considered constant and close to spherical during the whole conversion process.298

The Ganser drag model [66] is used for aerodynamic modeling of plastic particles.299

The drag model used for the raw meal particles is a combination of the Wen–Yu300

drag model and EMMS multipliers [67, 68]. Two sets of EMMS/matrix multipliers are301

generated for the raw meal particles fed to the lower and upper calciner vessels. The302

parameters that are used for generating the EMMS/matrix multipliers are summarized303

in section 2 of the supplementary material. The EMMS drag model is successfully applied304

in the previous CPFD study by the authors for the gas–solid flow in a cold pilot–scale305

calciner [60]. It is worthy to mention that the parameters that are important in gen-306

eration of the EMMS/matrix multipliers (e.g., solid mass flux, particle size, superficial307

gas velocity, etc.) change as a function of calciner height due to the homogeneous and308

heterogeneous reactions. However, it is reported that even if the EMMS/matrix is made309

based on operating conditions different from the actual system operating conditions, still310

reasonable predictions can be obtained [69].311

3.3. Chemical Reactions312

The gas phase homogeneous reactions considered in this study are oxidation of methane313

as the two–step global reaction proposed by Westbrook and Drier [70], with rate constants314

according to [71]. The heterogeneous reactions of raw meal as well as solid fuel particles315

are described briefly here and summarized in section 3 of the supplementary materials.316

3.3.1. Reactions associated with raw meal particles317

The most important reaction that the raw meal particles go through in a calciner is318

calcination. In this study, the calcination reaction rate is considered to be a function319

temperature while being inhibited by the presence of CO2 in the gas phase. The forward320

reaction rate coefficient is derived by fitting the model to the experimental data of [72, 73]321

while the reverse reaction is determined from the forward rate and the knowledge of CO2322
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equilibrium pressure. The reaction temperature is weighted with the gas and particle323

temperatures with factors of 0.9 and 0.1, respectively, because the original experimen-324

tal data are based on the operating gas temperature of the corresponding reactor. It is325

assumed that the raw meal particles are composed of CaO, CaCO3, and an inert com-326

pound and the particle shrinks as the calcination reaction proceeds. The effect of belite327

formation is taken into account by reducing the enthalpy of the calcination reaction.328

3.3.2. Conversion of petcoke particles329

The petcoke particles are assumed to be composed of ash (inert content), fixed car-330

bon and volatiles. Solid petcoke particles go through devolatilization and char oxidation331

reactions during the conversion process. As the moisture content in petcoke is not signifi-332

cant, the evaporation process is incorporated in the devolatilization. The devolatilization333

process takes place as a single step first order reaction and the products are considered334

to be H2O, CH4, and CO. The devolatilization reaction temperature, Tr, is weighted by335

0.2 and 0.8 with the gas and particle temperatures, respectively, which are the default336

(and non–changeable) values in the software.337

In the existing studies of petcoke char oxidation, three reaction zones are identified338

depending on the oxidation temperature [74, 75]. In the present study, the reaction339

rates of Young and Smith [74], which are derived for the temperature range of 1000–340

1800 K, are used. In this temperature range, char oxidation lies in ”Zone II” where341

the internal pore diffusion is rate limiting. The overall reaction rate for petcoke char342

oxidation [75, 76] is considered as a combination of inherent chemical reaction rate [74]343

and external oxygen diffusion rate [77]. It is assumed that CO is the only product of char344

oxidation. It is possible that the particles would have a higher temperature than the gas345

due to the exothermic char oxidation reaction. Accordingly, the reaction temperature,346

Tr, is weighted by 0.1 and 0.9 with the gas and particle temperatures, respectively. The347

gas weighting factor of 0.1 is considered to improve stability of the solution.348
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3.3.3. Conversion of SRF plastic particles349

It is assumed that the plastic particles constitute moisture, volatile, and ash con-350

tents. The plastic particles in SRF are assumed to go through moisture evaporation [78],351

melting and decomposition processes [56]. The particles are considered as isothermal352

with constant sphericity and emissivity throughout the conversion process. It is reported353

that in calciner operating conditions and for plastic particles lighter than 1000 mg, the354

total conversion time predicted using an isothermal model is within ±30% of the value355

predicted by a detailed non–isothermal model [56].356

The original heats of melting and decomposition for plastic particles are 207 and 365357

kJ/kg, respectively [56, 79]. In the present study, for plastic conversion, it is assumed358

that: CH4 is the only product of decomposition, the specific heat capacities of solid and359

liquid phases change with temperature and are equal to the gaseous CH4 specific heat360

capacity, and the heats of melting and decomposition are modified in a way that the361

total thermal energy required for complete particle heating, melting, and decomposition362

would be the same compared to a plastic particle with original heats of melting and363

decomposition and specific heat capacity. Furthermore, the mass flow rate of SRF plastic364

fraction is modified to conserve the energy input to the system from oxidation of CH4365

released from plastic decomposition. Using this method, the decomposition heat for366

plastics is fixed to a constant value independent of the decomposition temperature.367

3.3.4. Conversion of SRF biomass particles368

The conversion of biomass particles in suspension condition is widely studied in the369

literature (e.g., see [80–82]). Various complexities may arise for modelling the conversion370

of large biomass particles in gas–solid systems, e.g., combined effects of particle shrinkage371

and intra–particle heat transfer [83] and a possible change in the Geldart classification372

during the conversion of biomass particles [84] in fluidized beds. Furthermore, even373

though this subject is widely investigated in the literature, in most of the studies, the374

focus is limited to a specific type of biomass such as wood [18, 85]. In the current study,375
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the biomass particles are assumed to be composed of ash, fixed carbon, volatile, and376

moisture contents. Similar to the plastic particles, the biomass particles in SRF are377

modelled as isothermal particles of constant sphericity and emissivity. The conversion378

model is comprised of moisture evaporation [78] and devolatilization [18] at fixed particle379

size, and char oxidation [8, 86, 87], considering a shrinking particle model.380

It is considered that biomass volatiles are composed of a mixture of CH4 and CO. The381

reaction rates of devolatilization and char oxidation [8] are chosen according to predicted382

total devolatilization and char oxidation times and comparison with the existing literature383

data of different types of biomass [4, 88–90] in a wide range of oxygen concentrations and384

gas temperatures. Using the presented model, the maximum average deviation of the385

predicted devolatilization and char oxidation times compared to the existing experimental386

data, is below 15% and 20%, respectively [8]. The biomass moisture evaporation reaction387

rates are similar to the ones for plastic fraction.388

The inert particles are comprised of only moisture and ash contents and they only go389

through moisture evaporation.390

The assumed volatiles composition considered in this study, to conserve the energy391

input to the system from fuels conversion, can change the amount of O2 required for com-392

plete combustion of the whole fuel. The air–fuel equivalence ratio of the whole calciner,393

λ, changes from 1.36 to 1.32 after implementing this assumption. Subsequently, as λ is394

reduced slightly, the conversion rates that depend on the oxygen concentration in the gas395

(e.g., petcoke and biomass char oxidation) may be attenuated to some extent.396

4. Operating and boundary conditions397

An overview of the studied calciner along with the location of boundary conditions398

is presented in Fig. 2 and a detailed description of each boundary condition is provided399

in Table 3. To have a better characterization of the gas flow in the riser section, besides400

the calciner itself, a part of the rotary kiln with removed volume of the raw meal filling401

is considered as the simulation domain.402
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At the raw meal particle inlets in the lower and upper calciner vessels, special spreader403

plates with curved surfaces are placed with a downward angle in order to properly dis-404

tribute the flow of raw meal particles in the calciner cross–section. The raw meal particles405

are fed to the calciner with a velocity in the range of 5–10 m/s. The distribution of the406

amount of raw meal fed to the lower and upper calciner vessels (or the amount of split407

from stage 3 cyclone to the upper calciner vessel) is determined based on an energy bal-408

ance of the preheater system and corresponding temperatures in the cyclones and the409

calciner. The accuracy of this method depends on the uncertainties from temperature410

sensors placed in the cyclones and the calciner.411

The petcoke fuel particles along with their corresponding transport air are fed to the412

riser section of the calciner The gas and particle velocities are calculated based on the413

volumetric gas flow in the fuel transport pipes. The three fractions of SRF (i.e., biomass,414

plastic, and inert) are fed only from one location, slightly downstream of the petcoke415

injection.416

The main gas inlets of the calciner are the flue gas from the rotary kiln and the417

tertiary air. Both of these streams are laden with dust particles. The dust particles are418

assumed to be fully calcined, composed of only CaO, and have the same velocity as that419

of the carrier gas when they enter the computational domain. Some of the gas and laden420

dust particles (around 7%) entering the simulation domain from the kiln inlet leave from421

a bypass placed upstream of the riser section. The main outlet of the domain is placed422

at the exit of the swanneck.423

To reduce the complexity of the problem, calciner walls are considered as adiabatic.424

Instead, the enthalpy of the calcination reaction is added by around 41 kJ/kg of CaCO3425

to account for the expected heat transfer loss from the walls. This distributes the wall426

heat transfer loss over the extent of calcination which may cause some uncertainty in the427

predicted gas temperature profiles. A no–slip gas velocity boundary condition is assumed428

at the walls and the k − ε wall function is considered for the computational cells close429

to the wall [25, 91]. It should be noted that the contribution of any possible buildups430
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on the internal geometry of the calciner is not taken into account. The formation and431

destruction of buildups on the calciner walls can happen dynamically and as a result, the432

internal geometry may be slightly different from the assumed geometry.433

5. Computational details434

In the finite volume solver of the software, the advection terms in mass, momentum,435

energy, and gas species transport equations are estimated at the cell faces using the partial436

donor cell approach; which is a weighted average between central differencing and upwind437

convection schemes [91]. Other fluid parameters such as pressure and temperature are438

calculated at the cell centres.439

A Cartesian cut cell grid is generated using the build–in module available in Bar-440

racuda Virtual reactor R© version 17.3.1. In the riser section and lower calciner vessel, the441

numerical cells have almost the same aspect ratios in all directions. For the upper calciner442

vessel and the swanneck, the cell size in the stream–wise direction increases with a linear443

growth factor. In total, the grid contains around 753,000 computational elements. The444

simulations are carried out for a period of 90 seconds with the time–averaging procedure445

starting after the solution has already reached a steady state condition, i.e., at 45 seconds.446

The steady state condition is checked through tracking different parameters in time such447

as the total number of computational particles in the domain and the mass flow rates of448

different particle and gas species exiting the calciner.449

6. Results and discussions450

6.1. Comparison between the CPFD predictions and the measurements451

In the below two sections, overall and cross–sectional comparisons between the mea-452

sured and predicted gas temperature and species concentrations along the calciner are453

presented.454
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6.1.1. Overall comparison455

Presented in Fig. 3 are comparisons of mass flow–averaged and area–averaged gas456

O2 and CO2 concentrations predicted from CPFD simulation with the measured values457

along the calciner. In this plot, the symbols are arithmetic average of different point458

measurements in each cross–section while the error bars correspond to the maximum459

and minimum (time–averaged) measured values. The area–averaged and mass flow–460

averaged values are integrated over the whole cross–section at each height, and deviate461

from each other, mainly because of non–uniformity of stream–wise gas velocity in the462

cross–section. According to the authors’ opinion, it is more reasonable to compare the463

measurement data with the area–averaged values from the CPFD simulations because464

the point measurements are conducted without any knowledge of local mass flow rate465

of the gas over each cross–section. However, to provide a more accurate picture of the466

process along the reactor, the mass flow–averaged values are also reported which are more467

meaningful from mass and energy balance points of view. In summary, gas O2 and CO2468

concentrations are predicted with an acceptable degree of accuracy.469

According to Fig. 3, the O2 concentration decreases abruptly from the riser to the470

reduction zone due to fast oxidation of volatiles released from the fuel while at the end of471

the reduction zone, the O2 concentration increases again when the tertiary air is added472

to the main flow. CO2 increases abruptly from the riser to the reduction zone due to473

the calcination and fuel oxidation reactions while at the end of the reduction zone, it474

decreases because of addition of the tertiary air.475

Downstream of the reduction zone, the fuel oxidation and calcination reactions mainly476

take place in the lower and upper calciner vessels. In the swanneck, the O2 concentration477

is slightly overpredicted while no information regarding CO2 at this point is available478

from the measurements. More discussion regarding the progress of different reactions479

throughout the calciner is provided in section 6.2.480

Comparison of the predicted and measured gas temperature along the calciner is481

presented in Fig. 4. The gas temperature increases rapidly in the reduction zone and482
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afterwards, decreases in the lower and upper calciner vessels mainly because of exothermic483

fuel oxidation and endothermic calcination reactions, respectively. The gas temperature is484

overpredicted by around 100–150◦C in the lower and upper calciner vessels. The amount485

of overprediction is, however, reduced to below 50◦C in the swanneck. The overall trends486

of the measured gas temperature are well–captured by the CPFD simulations.487

It will be shown in subsequent sections that the calcination of the raw material fed488

to the lower calciner vessel is predicted to be almost completed at the constriction, while489

according to Fig. 4, the temperature is overpredicted especially in the lower calciner490

vessel. This can be attributed to the assumption that belite formation proceeds along491

with the calcination reaction, while in reality, it takes place after CaO is produced from492

calcination. As a result, the gas temperature may be overpredicted to some extent in493

the lower parts of the calciner where the belite formation is less strong. Other possible494

reasons for the gas temperature discrepancy are: the uncertainly in the gas temperature495

measurement method described in section 1 of the supplementary material, considering496

a simplified gas phase chemistry for oxidation of volatiles, and uncertainty in the amount497

of hot meal split from the third stage cyclone to the calciner.498

6.1.2. Detailed cross–sectional comparison499

Cross–sectional distribution of gas temperature and O2 and CO2 species concentra-500

tions predicted from CPFD simulation are presented in Figs. 5, 6, and 7 and compared501

with the data from full–scale measurements. In these figures, the comparison is provided502

at point measurements as well as cross–sectional area–averaged values.503

In the riser cross–section (i.e., point 1–2), the predicted distributions of gas temper-504

ature and species concentration are uniform. This indicates that no reaction takes place505

upstream of the riser section and the predicted parameters are equal to the values set as506

the kiln inlet boundary condition. However, the cross–sectional distributions of measured507

gas temperature and species concentration are slightly non–uniform which is due to the508

false air entering the calciner from the kiln seal (i.e., connection between the rotary kiln509

and the calciner).510
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In the reduction zone (i.e., point 2–1), high CO2 and low O2 concentrations are pre-511

dicted in the east side of the cross–section most likely due to recirculation of solid species512

in this region. Furthermore, the gas temperature in this region is somewhat lower espe-513

cially near the wall indicating higher contribution of calcination reaction from recircula-514

tion of solids. High O2 concentration spot in the southwest region of the cross–section515

corresponds to the trace of transport air carrying RDF particles to the calciner. Compar-516

ing the CPFD simulation results with the measurements, it can be stated that for most517

of the point measurements, the predicted values are different from the measured ones.518

However, as the measurements are limited to the points close to the calciner walls and519

not in the central regions, the actual distributions cannot be completely identified over520

the whole cross–section.521

In the lower calciner vessel (i.e., point 3–1), the predicted gas temperature is higher522

than the measured value; but the uniformities of the measured and predicted gas tem-523

perature over the cross–section are qualitatively similar. At the points where the mea-524

surements are carried out, the measured and predicted gas temperatures are in the range525

of 909–986◦C and 1059–1103◦C, respectively. From the predicted gas species concen-526

trations, the tertiary air gas stream (fed to the calciner approximately 9 m upstream527

of the cross–section and from the southeast side) can be traced in the west side of the528

cross–section which is in agreement with the measurements. In total, the non–uniformity529

of the gas species concentrations from the simulation is overpredicted compared to the530

measurements. The measured O2 and CO2 concentrations are in the range of 5.1–7.0531

and 19.1–22.7 (vol.% dry), respectively. While at the locations where the measurements532

are carried out, the predicted values of O2 and CO2 concentrations are in the range of533

3.8–10.0 and 16.4–25.7 (vol.% dry), respectively.534

In the upper calciner vessel (i.e., point 4–1), a slightly higher gas temperature is535

observed in the northern region of the cross–section both in the measurements and the536

CPFD predictions. The gas temperature from CPFD simulation is overpredicted. The537

measured gas temperature is in the range of 870–937◦C while the predicted gas temper-538
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ature at the location of point measurements is in the range of 903–1019◦C. The non–539

uniformity of the gas species concentration is still overpredicted. The measured O2 and540

CO2 concentrations are in the range of 3.0–4.5 and 25.7–29.3 (vol.% dry), respectively.541

From the north to the south side, the measured O2 concentration decreases while the542

CO2 concentration increases. At locations where the measurements are carried out, the543

predicted values of O2 and CO2 concentrations are in the range of 3.4–5.4 and 25.8–30.6544

(vol.% dry), respectively.545

In the swanneck and at measurement points 5–1 and 6–1, only the gas temperature546

is measured at different points over the cross–section. The predicted gas temperature547

is slightly higher and less uniform compared to the measured one. Overall, the gas548

temperature is overpredicted around 21 and 57◦C, respectively, at the measurement points549

5–1 and 6–1.550

Overprediction in non–uniformity of cross–sectional profiles of gas composition and551

temperature, can be attributed to several phenomena. Firstly, as no dispersion model is552

considered for particles, and as a consequence, particle dispersion level may be underpre-553

dicted (overprediction in the level of stratification). Furthermore, the effect of drag model554

on the dispersion of solid particles in a calciner at cold conditions has been reported to555

be important [60]. As it is stated earlier, the EMMS/matrix model used in the present556

study is based on fixed values for gas superficial velocity and solid mass flux while these557

parameters change along the calciner due to reactions as well as change in the cross–558

sectional area of the calciner. Using a more advanced EMMS drag model may improve559

the non–uniformity of profiles. Finally, effective diffusivity in the gas species transport560

equation may be underpredicted due to underprediction of turbulent viscosity. This leads561

to high skewness degree in the gas species distributions over different cross–sections.562

6.2. Degree of fuel conversion and calcination563

In order to assess the progress of overall fuel oxidation and calcination reactions564

throughout the calciner, two parameters of fuel fraction converted, FFC, and calcination565

factor, CF , are calculated for both measurements and simulations and depicted in Fig.566
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8. A complete description of the procedure for calculation of FFC and CF is provided567

in the supplementary material (section 4). The estimated values from the measurements568

are only provided at two cross–sections in the lower and upper calciner vessels. It can be569

stated that the fuel fraction converted, FFC, is slightly underpredicted by around 3.8–570

4.6% in the lower and upper calciner vessels. Nevertheless, the discrepancies in predicted571

values of FFC lie in the degree of uncertainty of the values from the measurements.572

Predicted FFC, becomes almost constant in the swanneck with the final value of 95.0%573

at the exit of the calciner. The calcination factor, CF , is predicted by an acceptable574

degree of accuracy. The calcination reaction mainly takes place in the lower and upper575

calciner vessel and it progresses further in the swanneck, with the final predicted value576

of CF being 96.4% at the exit of the calciner.577

In order to better understand the progress of different processes in fuel conversion578

along the calciner, extents of consumption or release of O2, CO2, and H2O are presented579

in Fig. 9 (top). Also provided in this figure are the degree of conversion of individual580

fuel types along the calciner based on the remaining mass of combustibles in each fuel581

(middle plot) and the degree of calcination reaction and LOI (loss on ignition) for the582

raw meal particles fed to the upper and lower calciner vessels (bottom plot). Contour583

plots of time–averaged particle volume fraction, gas temperature, and gas O2 and H2O584

concentrations are shown in Fig. 10.585

If it is assumed that complete fuel conversion and calcination take place in the cal-586

ciner, according to the information provided in Table 3, the contribution of fuel moisture587

evaporation to the total H2O released in the calciner is around 34% and the rest is the588

product of methane oxidation. According to Fig. 9 (top), H2O is released mainly in the589

riser section, reduction zone, and the lower calciner vessel. In the middle of the reduction590

zone (approximately 31 m high), a smooth change in the slope of H2O release is observed591

that can be attributed to the completion of the moisture evaporation in SRF. However,592

some large SRF particles may still penetrate downstream of this location without being593

fully dried, mainly because of a slow heat transfer rate to them. The release of water594
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vapor is completed at an approximate height of 53 m in the upper calciner vessel, indicat-595

ing that the fuel moisture evaporation as well as the release and oxidation of volatiles is596

terminated at this location. The spacial distribution of water vapor in the gas can also be597

observed in Fig. 10. According to this plot, the release of water vapor is initially started598

in the riser section and then intensified in the conical section as a consequence of solid599

fuel moisture evaporation and volatiles (methane) oxidation. After the addition of ter-600

tiary air, H2O is diluted slightly and then starts to increase again before the constriction.601

Downstream of the constriction, the H2O concentration is diluted further.602

The consumption of O2 (Fig. 9, top) is rapid in the lower calciner vessel and becomes603

slower in the upper vessel. In the swanneck, the oxygen consumption is almost negligible,604

in line with the progress of FFC in this area according to Fig. 8. Based on Fig. 9605

(middle), in the reduction zone and the lower calciner vessel, individual solid fuel particles606

(i.e, petcoke and plastic and biomass fractions in SRF) are converted with almost the same607

mass loss rate with the only difference that the plastic conversion is almost completed608

at the exit of the lower calciner vessel (around 96% conversion). In the upper calciner609

vessel and the swanneck, the conversion of biomass and petcoke particles takes place610

at a slower rate. At the exit of the calciner, petcoke is almost fully converted while611

the biomass overall conversion is around 97%. This corresponds to around 95% of the612

oxygen required for complete fuel oxidation. It is important to mention at the calciner613

exit, the char conversion degree of the lighter biomass particles in SRF (i.e., terminal614

velocity below 3 m/s) is above 92% while for heavier biomass fractions (i.e., terminal615

velocity higher than 3 m/s), the char oxidation degree is in the range of 48–75%. The616

lowest predicted char oxidation degree is around 48% for biomass particles belonging to617

a terminal velocity range of 5–7 m/s.618

According to Table 3 and by assuming full fuel conversion and calcination reactions in619

the calciner, around 76% of the released CO2 is the contribution of calcination reaction620

while the rest is from fuel oxidation. At the exit of the lower calciner vessel, the overall fuel621

fraction converted, FFC, is above 84% and according to Fig. 9 (bottom), the calcination622
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of the raw material fed to the lower calciner vessel is almost completed (calcination degree623

of around 96%). Accordingly, it can be concluded that the amount of CO2 release in the624

lower calciner vessel stems from both calcination and fuel oxidation reactions while in the625

upper calciner vessel, CO2 is formed mainly from calcination. The rate of CO2 release is626

higher in the lower calciner vessel compared to the upper one, while in the swanneck, it is627

the slowest. At the exit of the calciner, the amount of released CO2 is approximately 95%628

of the nominal amount that can be released in the calciner, assuming full fuel conversion629

and calcination.630

One of the important events that can be observed in Fig. 10 is high particle concentra-631

tion regions near the walls, especially in the reduction zone, and lower and upper calciner632

vessels. This trend is further studied by presenting instantaneous locations of biomass,633

plastic and raw meal particles in Fig. 11. In the mentioned regions, solid particles travel634

with a slow pace either in the upward or the downward directions. The near–wall accu-635

mulation of particles provides them a longer residence time compared to other particles636

passing from core regions of the calciner. This behaviour is more pronounced in the con-637

ical section of the lower calciner vessel where the near wall biomass and plastic particles638

tend to travel in the downward direction. For raw meal particles, this behaviour is less639

noticeable. Accordingly, the calcination of raw meal particles increases the CO2 con-640

centration and reduces the gas temperature in these regions (especially in the right side641

of lower calciner vessel). At the same time, due to the intensified moisture evaporation642

and devolatilization rates, the concentrations of water vapor and released volatiles are643

increased in the near wall regions. This is followed by partly oxidation of volatiles and644

substantial decrease of O2 concentration. In summary, the progress of calcination and645

fuel conversion processes is improved due to this behaviour.646

7. Conclusion647

A full–scale calciner operating with petcoke and SRF is studied by conducting CPFD648

simulation using Barracuda Virtual ReactorR© software. The results from simulation are649
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compared with extensive measurements of gas temperature and O2 and CO2 concentra-650

tions at different locations along the calciner. The gas O2 and CO2 concentrations are651

predicted with an acceptable degree of accuracy, while the gas temperature is overpre-652

dicted by around 50–150◦C. However, the overall trends in the gas temperature along653

the calciner are well–captured. A discussion regarding possible causes of discrepancies in654

the predicted gas temperature is provided. A comparison of the predicted cross–sectional655

profiles of O2 and CO2 and gas temperature with the measurements reveals that the over-656

all trends are well–captured. However, for some of the cross–sections, an over–prediction657

in non–uniformity of the gas temperature and composition profiles is observed. The fuel658

fraction converted, FFC, is predicted with an acceptable degree of accuracy. Among659

different fuel types fed to the calciner, heavy biomass particles, i.e., particles with termi-660

nal velocity higher that 3 m/s, leave the calciner without complete combustion. These661

particles have a char oxidation degree in the range of 48–75% at the exit of the calciner.662

In the lower and upper calciner vessels, the calcination factor, CF , is well–predicted. It is663

shown that in the lower calciner vessel and specially the conical section, the biomass and664

plastic particles from SRF tend to accumulate near the calciner walls and generate a recir-665

culation pattern. This increases their residence time and subsequently the corresponding666

fuel conversion degree.667
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evaluation of different pulverized coal and solid recovered fuel co-firing modes inside740

a large-scale cement calciner, Applied Energy 184 (2016) 1292–1305. doi:10.1016/741

j.apenergy.2016.05.012.742

[22] V. Mathiesen, T. Solberg, B. Hjertager, Predictions of gas-particle flow with an743

Eulerian model including a realistic particle size distribution, Powder Technology744

112 (1-2) (2000) 34–45. doi:10.1016/S0032-5910(99)00303-4.745

[23] M. A. Rizk, Mathematical modeling of densely loaded, particle-laden turbulent746

fLows, Automization and Sprays 3 (1) (1993) 1–27.747

[24] M. Andrews, P. O’Rourke, The multiphase particle-in-cell (MP-PIC) method for748

dense particulate flows, International Journal of Multiphase Flow 22 (2) (1996) 379–749

402. arXiv:arXiv:1011.1669v3, doi:10.1016/0301-9322(95)00072-0.750

29

https://doi.org/10.1016/j.energy.2015.11.025
https://doi.org/10.1016/j.energy.2015.11.025
https://doi.org/10.1016/j.energy.2015.11.025
https://doi.org/10.1016/j.combustflame.2011.04.016
https://doi.org/10.1016/j.combustflame.2011.04.016
https://doi.org/10.1016/j.combustflame.2011.04.016
https://doi.org/10.1177/0734242X12440484
https://doi.org/10.1177/0734242X12440484
https://doi.org/10.1177/0734242X12440484
https://doi.org/10.1016/j.apenergy.2016.05.012
https://doi.org/10.1016/j.apenergy.2016.05.012
https://doi.org/10.1016/j.apenergy.2016.05.012
https://doi.org/10.1016/S0032-5910(99)00303-4
http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.1016/0301-9322(95)00072-0


[25] D. Snider, P. O’Rourke, The multiphase particle-in-cell (MP-PIC) method for751

dense particle flow, Computational Gas-Solids Flows and Reacting Systems: The-752

ory, Methods and Practice, IGI Global, 2010. arXiv:arXiv:1011.1669v3, doi:753

10.4018/978-1-61520-651-3.ch009.754

[26] D. Snider, S. Clark, P. O’Rourke, Eulerian-Lagrangian method for three-dimensional755

thermal reacting flow with application to coal gasifiers, Chemical Engineering Science756

66 (6) (2011) 1285–1295. doi:10.1016/j.ces.2010.12.042.757

[27] Y. Jiang, G. Qiu, H. Wang, Modelling and experimental investigation of the full-758

loop gas-solid flow in a circulating fluidized bed with six cyclone separators, Chemical759

Engineering Science 109 (2014) 85–97. doi:10.1016/j.ces.2014.01.029.760

[28] S. Kraft, F. Kirnbauer, H. Hofbauer, Influence of drag laws on pressure and bed761

material recirculation rate in a cold flow model of an 8 MW dual fluidized bed762

system by means of CPFD, Particuology 36 (2018) 70–81. doi:10.1016/j.partic.763

2017.04.009.764

[29] S. Yang, H. Wu, W. Lin, H. Li, Q. Zhu, An exploratory study of three-dimensional765

MP-PIC-based simulation of bubbling fluidized beds with and without baffles, Par-766

ticuology 39 (2018) 68–77. doi:10.1016/j.partic.2017.10.003.767

[30] D. Fidaros, C. Baxevanou, C. Dritselis, N. Vlachos, Numerical modelling of flow and768

transport processes in a calciner for cement production, Powder Technology 171 (2)769

(2007) 81–95. doi:10.1016/j.powtec.2006.09.011.770

[31] L. Huang, J. Lu, S. Wang, Z. Hu, Numerical simulation of pollutant formation in771

precalciner, The Canadian Journal of Chemical Engineering 83 (4) (2008) 675–684.772

doi:10.1002/cjce.5450830408.773

[32] Z. Hu, J. Lu, L. Huang, S. Wang, Numerical simulation study on gas-solid two-phase774

flow in pre-calciner, Communications in Nonlinear Science and Numerical Simulation775

11 (3) (2006) 440–451. doi:10.1016/j.cnsns.2004.07.004.776

30

http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.4018/978-1-61520-651-3.ch009
https://doi.org/10.4018/978-1-61520-651-3.ch009
https://doi.org/10.4018/978-1-61520-651-3.ch009
https://doi.org/10.1016/j.ces.2010.12.042
https://doi.org/10.1016/j.ces.2014.01.029
https://doi.org/10.1016/j.partic.2017.04.009
https://doi.org/10.1016/j.partic.2017.04.009
https://doi.org/10.1016/j.partic.2017.04.009
https://doi.org/10.1016/j.partic.2017.10.003
https://doi.org/10.1016/j.powtec.2006.09.011
https://doi.org/10.1002/cjce.5450830408
https://doi.org/10.1016/j.cnsns.2004.07.004


[33] Z. Ghizdavet, A. Volceanov, A. Semenescu, CFD simulations of gases flow in calcin-777

ers, Revista de Chimie 59 (5) (2008) 511–514.778
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Tables973

Table 1: Ultimate and proximate analysis of petcoke and SRF fired in the studied calciner.

Parameter petcoke SRF

LHV a (kJ/kg) 33.2 14.0

proximate analysis b

Moisture content (wt. %) 0.9 25.0

Volatile matter (wt. %) 11.8 55.0

Fixed carbon (wt. %) 84.6 7.2

Ash content (wt. %) 2.7 12.8

ultimate analysis b

C (wt. %) 84.7 36.7

H (wt. %) 3.5 5.2

S (wt. %) 5.0 0.4

N (wt. %) 1.9 0.6

O (wt. %) 1.3 19.3

a Lower heating value at 0◦C

b As–received basis
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Table 2: Eulerian and Lagrangian equations of the gas flow and solid particles in the full–scale reactive
calciner.

Eulerian equations of the carrier gas [26, 92, 93]

Continuity equation
∂θgρg
∂t +∇∇∇ · (θgρgug) = δṁp (5)

Momentum equations
(∂θgρgug)

∂t +∇∇∇·(θgρgugug) = −∇∇∇P −Fp+θgρgg+∇∇∇·(θgτττg) (6)

Energy equation [94]

(∂θgρghg)
∂t +∇∇∇ · (θgρghgug) = −FT p +∇∇∇ · (θgug · τττg) −∇∇∇ ·

(−θgκeff∇∇∇Tg) + q̇D + Q̇g
(7)

Transport equation for

species i

(∂θgρgYg,i)
∂t +∇∇∇·(θgρgYg,iug) =∇∇∇·(θgρgDt∇∇∇Yg,i)+δṁi,chem (8)

Fluid stress tensor τgij = µeff

(
∂ugi
∂xj

+
∂ugj
∂xi

)
− 2

3µeffδij
∂ugk
∂xk (9)

Turbulent viscosity [63] µt = C2
Sρg∆

2

√(
∂ugi
∂xj

+
∂ugj
∂xi

)2
(10)

Effective viscosity µeff = µg + µt (11)

Enthalpy diffusion term ˙qD =
∑Ns
i=1∇∇∇ · (θgρghg,iDt∇∇∇Yg,i) (12)

Effective thermal conduc-

tivity
κeff = κg +

Cpgµt
Prt (13)

Turbulent diffusivity Dt = µt
ρgSct (14)

Lagrangian equations of particles

Particle acceleration [25]
u̇p =

dup
dt =

RepCD
24τp

(ug�p − up) − 1
ρp
∇∇∇P�p + g −

1
θpρp
∇∇∇τNS�p

(15)

Particle velocity [25] up =
dxp
dt (16)

Particle normal stress [25,

95]
τNS =

Psθ
β
p

max(θCP−θp,0)+ε(1−θp) (17)

Particle temperature
dTp
dt =

Nup
2φτT

[
(Tg�p − Tp) + εpσ

dp
Nupκg

(
T 4
env − T 4

p

)]
+

Q̇p
mpCpp (18)

Particle Nusselt number

[96]
Nup = 2.0 + 0.6Re

1
2
p Pr

1
3
g (19)
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Table 3: Simulation boundary conditions for the studied calciner system. The heating value, moisture,
volatile, fixed carbon, and ash contents of petcoke and SRF are from the fuel analysis.

Production Fuels used (energy basis) Bypass
Excess air,

λ

3488 tpd 85.0% SRF + 15.0% petcoke 7.0% 1.38

Gas composition

Inlet name Mass flow rate Temperature Composition (vol.% wet)

(kg/s) (K) H2O O2 CO2 N2

Kiln inlet 30.6 1410 5.6 7.4 11.1 75.9

Bypass 2.1 1410 5.6 7.4 11.1 75.9

TAD 29.4 1099 0.8 20.7 0.0 78.5

Transport air 1.7 293 0.8 20.7 0.0 78.5

Raw meal + dust properties

Inlet name Mass flow rate Temperature Composition (wt.%)

(kg/s) (K) CaO CaCO3 inert LOIa (%)

Dust to riser 6.8 1410 100.0 0.0 0.0 0.0

Dust to TAD 1.5 1099 100.0 0.0 0.0 0.0

Meal to lower

calciner
42.7 1114 12.3 63.2 24.5 27.8

Meal to upper

calciner
31.5 992 1.6 75.8 22.6 33.7

Fuel properties

Inlet name Heating valueb mass flow rate composition (wt.%)

(kJ/kg) (kg/s) moisture ash
fixed

carbon
vol.

RDF–overall 16468 4.3 27.6 14.0 8.5 49.9

RDF–biomass 8231 3.0 35.8 11.0 12.2 41.0

RDF–plastic 41877 1.1 10.0 6.0 0.0 84.0

RDF–inert -122 0.2 5.0 95.0 0.0 0.0

Petcoke 33230 0.4 0.9 2.7 84.6 11.8

a Loss on ignition (measured from samples taken during from the plant).

b Wet basis lower heating value at 0◦C.

41



Figure Captions974

Figure 1. Schematic representation of the studied in–line calciner (ILC) system with975

a high temperature split along with the cross–sections at which the measurements are976

carried out. The figure is modified and reproduced from [97].977

Figure 2. Overview of the studied calciner geometry along with the location of boundary978

conditions.979

Figure 3. Area–averaged and mass flow–averaged O2 and CO2 concentrations of dry gas980

predicted from CPFD simulations and compared with the measured values along the cal-981

ciner. The symbols and errorbars represent arithmetic average and maximum/minimum982

(time–averaged) values of the point measurements in each cross–section. The discontinu-983

ity in the area–average curve corresponds to the turning region of swanneck.984

Figure 4. Area–averaged and mass flow–averaged gas temperature predicted from CPFD985

simulation and compared with full–scale measurement values along the calciner. The sym-986

bols and errorbars represent arithmetic average and maximum/minimum (time–averaged)987

values of the point measurements in each cross–section. The discontinuity in the area–988

average curve corresponds to the turning region of swanneck.989

Figure 5. Spacial distributions of gas temperature and species concentrations predicted990

from CPFD simulation and compared with the full-scale measurements at points 1–2991

(left) and 2–1 (right).992

Figure 6. Spacial distributions of gas temperature and species concentrations predicted993

from CPFD simulation and compared with the full-scale measurements at points 3–1994

(left) and 4–1 (right).995

Figure 7. Spacial distributions of gas temperature predicted from CPFD simulation and996

compared with full-scale measurements at points 5–1 (left) and 6–1 (right).997

Figure 8. Fuel fraction converted (FFC) and calcination factor (CF ) predicted from998

the CPFD simulation and compared with the estimated values from the measurements999

along the calciner. The symbols and errorbars represent arithmetic average and maxi-1000

mum/minimum (time–averaged) values of the point measurements in each cross–section.1001

1002

Figure 9. Predicted extents of O2 consumption and CO2 and H2O production (top),1003

individual fuel conversion degrees based on the time–averaged mass flow rate of particles1004
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passing through different cross–sections (middle), and the calcination degree and LOI1005

of raw meal particles based on the time–averaged mass flow rates of particles passing1006

through different cross–sections (bottom), along the calciner.1007

Figure 10. Predicted spacial distribution of time–averaged particle volume fraction, gas1008

temperature, and gas O2 and H2O concentrations, respectively from left to right, along1009

calciner height.1010

Figure 11. Example of an instantaneous distribution of biomass (left), plastic (middle),1011

and raw meal (right) particle clouds from the CPFD simulation in a vertical slice of the1012

calciner. The upward and downward moving particles are shown as red and blue colors,1013

respectively.1014
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Figure 1: Schematic representation of the studied in–line calciner (ILC) system with a high temperature
split along with the cross–sections at which the measurements are carried out. The figure is modified
and reproduced from [97].
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Figure 3: Area–averaged and mass flow–averaged O2 and CO2 concentrations of dry gas predicted from
CPFD simulations and compared with the measured values along the calciner. The symbols and errorbars
represent arithmetic average and maximum/minimum (time–averaged) values of the point measurements
in each cross–section. The discontinuity in the area–average curve corresponds to the turning region of
swanneck.
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Figure 4: Area–averaged and mass flow–averaged gas temperature predicted from CPFD simulation and
compared with full–scale measurement values along the calciner. The symbols and errorbars represent
arithmetic average and maximum/minimum (time–averaged) values of the point measurements in each
cross–section. The discontinuity in the area–average curve corresponds to the turning region of swanneck.
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Figure 5: Spacial distributions of gas temperature and species concentrations predicted from CPFD
simulation and compared with the full-scale measurements at points 1–2 (left) and 2–1 (right).
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Figure 6: Spacial distributions of gas temperature and species concentrations predicted from CPFD
simulation and compared with the full-scale measurements at points 3–1 (left) and 4–1 (right).
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Figure 7: Spacial distributions of gas temperature predicted from CPFD simulation and compared with
full-scale measurements at points 5–1 (left) and 6–1 (right).
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Figure 8: Fuel fraction converted (FFC) and calcination factor (CF ) predicted from the CPFD simu-
lation and compared with the estimated values from the measurements along the calciner. The symbols
and errorbars represent arithmetic average and maximum/minimum (time–averaged) values of the point
measurements in each cross–section.
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Figure 9: Predicted extents of O2 consumption and CO2 and H2O production (top), individual fuel
conversion degrees based on the time–averaged mass flow rate of particles passing through different cross–
sections (middle), and the calcination degree and LOI of raw meal particles based on the time–averaged
mass flow rates of particles passing through different cross–sections (bottom), along the calciner.
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Figure 10: Predicted spacial distribution of time–averaged particle volume fraction, gas temperature,
and gas O2 and H2O concentrations, respectively from left to right, along calciner height.

51



Figure 11: Example of an instantaneous distribution of biomass (left), plastic (middle), and raw meal
(right) particle clouds from the CPFD simulation in a vertical slice of the calciner. The upward and
downward moving particles are shown as red and blue colors, respectively.
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