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Abstract 15 

Currently waste incineration is a widely used method of waste management in China. 16 

Effective incineration requires understanding and tools to analyze the incineration process 17 

leading to good incinerator performance and efficiency as well as lower emissions. In this 18 

work, a Chinese circulating fluidized bed (CFB) incinerator firing municipal solid waste 19 

(MSW) and coal is modeled with a three-dimensional CFB furnace model to evaluate the 20 

incineration process. First, the modeling results are verified with measurement data from the 21 

incinerator. Then, the furnace model is applied in the simulation of a case with more dry 22 

MSW without coal. The objective of the research is to provide insight and increase 23 

understanding of the MSW incineration process. The simulation case of MSW with the lower 24 

moisture content highlights the possible reductions of fossil carbon emissions associated with 25 
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the utilization of coal. To achieve this, a moderate reduction in the moisture content of MSW 26 

is required. A comparison between the MSW and coal versus only the MSW shows minor 27 

differences in the performance of the incinerator. Utilization of modeling in incinerator 28 

studies can aid in development of more efficient CFB incinerators, improving the waste 29 

management and reducing the utilization of fossil coal. 30 

 Introduction 31 

The amount of waste produced by the society has been increasing in China along with the 32 

economic growth. At the same time, methods and policy for handling the amount of 33 

accumulating waste have to be developed, as only landfilling the waste is no longer 34 

considered as a viable option. (Nie 2008, Song et al 2016) The European Union has 35 

addressed this issue with a waste hierarchy, where the preferred option is the prevention of 36 

waste, followed by reuse, recycling, recovery and disposal as the last resort (European 37 

commission 2008). As waste generation cannot currently be avoided, and reuse and recycling 38 

of all materials is not always feasible, this leaves the recovery in form of energy as a viable 39 

option to reduce the amount of landfilled waste. The incinerators reduce the amount of solid 40 

waste by up to 80 %-volume or 70 %-mass (Li et al 2010), as the moisture, volatiles and 41 

fixed carbon are removed from the solid waste, leaving only the ash to be landfilled or 42 

postprocessed further. Due to this, there has been a significant increase in China in the 43 

number of incinerating plants for municipal solid waste (MSW) (Li et al 2016) as well as in 44 

the share of waste incinerated with a respective decline in the share of waste landfilled (Li et 45 

al 2015). 46 

MSW consists of different waste fractions (such as paper, plastic, textile and wood for 47 

example) generated at various sources, such as households, offices and industry. The 48 

composition and properties of MSW have been shown to vary depending on the source 49 
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(Nasrullah 2015), seasons (Horttanainen et al 2013, Xiao et al 2009) and different countries 50 

as well as regions within a country (Zhiqiang et al 2005, Zhou et al 2014). Additionally, 51 

MSW can have low material density and it can contain a significant share of non-combustible 52 

fractions (such as soil, glass, metals or even hazardous materials) and organic material, such 53 

as food waste, which lower its quality as a fuel and increase the demand for fuel pretreatment. 54 

In particular, the Chinese MSW contains high shares of food waste (Zhou et al 2014), leading 55 

to high moisture content and lower heating value than in Europe (Nie 2008, Zhou et al 2014). 56 

The significant heterogeneity, along with the other previously mentioned features lead to 57 

challenges in MSW incineration. 58 

Fluidized beds have certain advantages over other types of MSW incinerators. Incineration 59 

with circulating fluidized beds (CFB) can provide high combustion efficiency for solids and 60 

volatile gases, residence times over 2 s in temperatures exceeding 850°C (required by the 61 

European Commission (2010) and China (Chen et al 2010)) as well as reduced SOx and NOx 62 

emissions. Appropriate flue gas treatment methods have to be applied to ensure that the set 63 

requirements for gaseous and particulate emissions are achieved (Li et al 2016). Most 64 

importantly, fluidized beds can tolerate changes in the fuel quality, which enables the 65 

combustion of heterogeneous materials, such as untreated biomass or MSW. In 2006, 50 66 

fluidized bed incinerators were operated in 24 different plants in China (Li et al 2016). Due to 67 

the low heating value and high moisture content of Chinese MSW, several Chinese fluidized 68 

bed incinerators use coal as a support fuel (Dong et al 2002, Patumsawad et al 2002, 69 

Suksankraisorn et al 2004), which in turn enables the possibility to sell electricity to reduce 70 

the operational and investment costs (Nie 2008). An alternative to co-combustion with coal is 71 

to increase the heating value of MSW by drying it prior to incineration (Li et al 2014). 72 

Application of mathematical modeling enables the estimation of the CFB incinerator 73 

performance and emissions, and optimization of the incinerator design. Modeling can also be 74 
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used to provide insight on the many aspects of the CFB incinerator process and it can be 75 

utilized when investigating problems. Modeling is especially helpful when dealing with 76 

challenging fuels such as MSW, where the legislation demands certain process conditions 77 

and emission levels. As the nature of the flow and mixing in large-scale CFB incinerators is 78 

inherently three-dimensional, the modeling has to consider all three spatial dimensions. For 79 

large CFB furnaces and incinerators, time-dependent computational fluid dynamics (CFD) 80 

simulations are often too time consuming for engineering applications, and a common 81 

solution is to perform steady-state simulation to represent time-averaged conditions of the 82 

incinerator. Previously, this kind of modeling studies on CFB furnaces have been published 83 

utilizing an in-house three-dimensional CFB model frame to study combustion, gasification, 84 

and sorbent reactions in commercial and pilot scale CFB units (Hyppänen et al. 1991,  85 

Myöhänen et al 2011, Lyytikäinen et al 2011, Nikku et al 2014, Nikku et al 2016). While 86 

many works are found in the literature dealing with different aspects of MSW incineration 87 

(waste production, chemical properties, emissions, enviromental impacts, etc.), novel 88 

technologies dealing with MSW (pyrolysis, gasification, digestion, etc.) or system level 89 

studies (integration, life cycle assestments, etc.), only one three-dimensional modeling study 90 

was found in the literature dealing with large scale CFB incineration process for MSW, the 91 

work by Xie et al (2017). While their method provides detailed results, the approach was 92 

computationally expensive, 30 seconds of simulation time required approximately 40 days of 93 

computations. 94 

In this work, a Chinese CFB waste incinerator firing MSW and coal is modeled with an in-95 

house three-dimensional CFB furnace model to evaluate the incineration process. In previous 96 

works, the model frame has been applied and validated with diffent kinds of coals and 97 

biomasses, but not previously with MSW. In this work, the modeling results are verified with 98 

available measurement data from the incinerator plant to demonstrate the applicability of the 99 
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model frame for MSW material. After demonstrating the modeling capability, the furnace 100 

model is applied in simulation of the same CFB incinerator when the MSW is more dry and 101 

does not require utilization of coal as a support fuel. The objective of the research is to 102 

provide insight on the flow and reactions of MSW inside the incinerator for increased 103 

understanding of the incineration process. The simulation case of MSW with the lower 104 

moisture content highlights possible reductions of fossil carbon emissions associated with the 105 

elimination of coal. To achieve this, a moderate reduction in the moisture content of MSW is 106 

required. A comparison between the MSW and coal versus only the MSW shows the profiles 107 

of concentrations and reactions inside the incinerator leading to slightly different emissions 108 

after the incinerator. Utilization of three-dimensional modeling in incinerator studies can aid 109 

to develop more efficient CFB incinerators for MSW, aiding both in waste management and 110 

reduction of utilization of fossil coal in the incineration process.  111 

 Numerical methods 112 

Proper modeling of flow and mixing in a CFB furnace or incinerator requires the 113 

consideration of all three spatial dimensions. For large CFB units, transient CFD simulations 114 

consume too many computational resources and time to be practical in engineering 115 

applications such as design. Time and resources can be saved by assuming a steady-state 116 

operation of a CFB unit and performing steady-state simulation to represent time-averaged 117 

conditions inside the furnace. This approach is taken in the in-house, three-dimensional CFB 118 

furnace model (Myöhänen et al 2011) utilized in this work. Additionally, the model frame 119 

utilizes semi-empirical models in solution of reactions of fuel, sorbent and various gaseous 120 

species, fragmentation of solid material, convective and radiative heat transfer, and flow 121 

dynamics. This steady-state semi-empirical approach enables simulations of CFB furnaces 122 

faster than with traditional CFD, while loss of small scale details and temporal effects does 123 
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not hinder the applicability of the simulation results in engineering type of applications. 124 

Compared to the method of Xie et al (2017), the simulations presented in this work offer less 125 

details but they can be obtained in couple of hours, making the approach suitable for 126 

engineering type of design and analysis applications. Myöhänen et al (2011) have presented a 127 

long and comprehensive description of the models and approaches utilized in the three-128 

dimensional CFB furnace model, hence only a brief summary is presented here and the most 129 

relevant model equations are presented in Appendix 1. 130 

The particle size distribution of solid materials are divided into six size fractions, with solid 131 

materials being considered are the inert bed material, fuel and sorbent. The fuel consists of 132 

char, volatiles, moisture, and ash. The fuel reactions (such as drying, gasification, 133 

devolatilization and combustion of char) are handled by the respective reaction models. In the 134 

model frame, the furnace is discretized into uniform block mesh with typical mesh sizes in 135 

order of 100,000 cells for large CFB units. Typical simulation times are in the order of hours 136 

to reach a converged solution of the whole furnace process. 137 

Except the fuel, semi-empirical approach is employed in solution of the flow field of solids. 138 

The vertical distribution of solids in the core of the furnace is determined by an empirical 139 

correlation. In the horizontal direction, the solids are divided uniformly into the core and a 140 

dense wall-layer is superimposed near the incinerator surfaces. Mass exchange between the 141 

core and wall layer is modeled to present the internal circulation characteristics of CFB. 142 

Potential flow approach is then applied in the solutions of the velocity field of all solid 143 

material, expect for the fuel. The gas pressure and velocity fields are solved with a continuity 144 

equation and a simplified momentum equation for the gaseous phase. The conservation of 145 

species is modeled separately utilizing a dispersive modeling for mixing.  146 
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The flow of fuel is based on the solution of a momentum equation for the fuel phase, in 147 

which fuel’s inertia, gravity, and drag force from the gaseous and solid phases are considered. 148 

The momentum exchange is one-way coupled; the fuel phase has no effect on the flow of gas 149 

and bed material. More details on fuel flow solution can be found at Nikku et al (2016) and in 150 

Appendix 1. 151 

 Simulation cases 152 

A Chinese CFB incinerator with a duty of 40 MWth firing MSW with coal as a secondary fuel 153 

was simulated at 100% load level. The mass share of coal is 5 % of the total fuel feeding, 154 

which is approximately 26 % of the fuel power in as fired state. There are secondary air inlets 155 

on the sidewalls of the lower incinerator for staged combustion. The incinerator contains no 156 

internal heat surfaces and the walls are refractory covered with no evaporator tubes. The 157 

superficial flue gas velocity at the freeboard was approximately 4 m/s. 158 

The incinerator geometry was discretized with a uniform hexahedral block mesh with a total 159 

of 66,000 computational cells, with the computational cell being 0.2 m by 0.2 m by 0.2 m in 160 

x, y and z directions, respectively. Figure 1 illustrates the mesh of the incinerator with the 161 

relevant inlets and outlets. The utilized cell sizes are similar to previous simulations with the 162 

same in-house CFB furnace model (Nikku et al 2014, Nikku et al 2016) and the model frame 163 

was found to be insensitive to mesh size (Nikku et al 2014). Both the MSW and coal are fed 164 

to the incinerator from the front wall with boundary conditions for fuel inlet velocity 165 

[vx,vy,vz] of [0,1,-1] m/s and fuel dispersion coefficients were 0.2 m/s2 and 0.05 m/s2 for 166 

horizontal and vertical directions, respectively (Nikku et al 2014). The chemical composition 167 

and other properties of the fuels utilized in the incinerator were provided by the MSW 168 

incineration plant and they are presented in Tables 1 and 2.  169 
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 170 

Figure 1. The simulated incinerator geometry with the computational mesh. On the left: the back wall with the 171 
separator inlets and solids return channels marked with red color. On the right: the front wall with the waste and 172 
coal feeding points marked with red and green, respectively. The secondary air inlets on the sidewall are marked 173 
with blue. 174 

Table 1. Fuel properties. M, A, VM and FC are moisture, ash, volatile matter and fixed carbon, respectively, 175 
while C, H, O, N and S are content of carbon, hydrogen, oxygen, nitrogen and sulfur, respectively. The higher 176 
heating value (HHV) and ultimate analysis are represented on dry solids –basis while the proximate analysis is 177 
considered in as received –state. 178 

 
Proximate analysis [%-mass], 

ar 
Ultimate analysis [%-mass], ds Other properties 

 M A VM FC C H O N S 
HHVds 

[MJ/kg] 

Material 

density 

[kg/m³] 

MSW 51.94 12.38 33.45 2.23 67.99 7.79 22.03 1.63 0.56 15.31 500 

Coal 7.63 16.48 27.44 48.45 81.41 5.88 10.54 1.70 0.47 24.16 1300 

Low 

moisture 

MSW 

45.00 14.17 38.25 2.55 67.99 7.79 22.03 1.63 0.56 15.31 500 

 179 
Table 2. Fractional particle size distribution of the fuels. 180 

Fraction 1 2 3 4 5 6 Unit 

Particle size 0.031 0.094 0.153 0.340 1.250 4.0 mm 

MSW 0.01 0.02 0.1 4.87 15 80 %-mass 

Coal 0.1 0.3 2.5 4 23.1 70 %-mass 

 181 
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Two cases were simulated: 1) A verified base case of the Chinese incinerator utilizing local 182 

MSW and coal, and 2) A hypothetical case identical to the base case expect for A) the 183 

moisture content of the MSW, which is decreased to 45 %, B) no coal is fed into the 184 

incinerator, as required temperature levels can be reached with the drier MSW. The base case 185 

was simulated first and the simulation model was verified with available measurement 186 

information. After the verification, the hypothetical case was simulated to investigate the 187 

incineration of only MSW without coal as a secondary fuel.  188 

Keeping the simulation settings identical between the cases leads to a few small differences. 189 

The aim was to specify the hypothetical case so that it could be implemented in practice. The 190 

total amount of fuel utilized is slightly smaller in only MSW case compared to the base case. 191 

This results to approximately 1 MW lower thermal power of the incinerator, with reduced 192 

amount of char, and increased amounts of volatiles and ash. Additionally, the stoichiometric 193 

ratio for the air was kept the same as in the base case, which lead to small decrease in the 194 

amount of combustion air required. Overall, these differences are moderate, as the original 195 

mass share of coal was only 5 %. 196 

 Results and Analysis 197 

For the verification case the overall incinerator mass and energy balances were satisfied and 198 

they correspond with the provided plant operating values. Measurement data of the simulated 199 

incinerator was used as verification material for the simulation results. The measurement and 200 

operational data was provided by the plant operator. The measurement results by Xie et al 201 

(2017) are qualitatively similar to the available measurement information used in this work, 202 

although the size of the incinerator is slightly larger and the share of coal and MSW is 203 

smaller in this work, with the most notable difference being the significantly higher moisture 204 

content of the MSW.  205 
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Figure 2 presents the simulated vertical temperature profiles corresponding with 5 of the 206 

available measurement points in different heights. Majority of the temperature measurements 207 

were located in the lower part of the incinerator. Overall, very good correspondence is 208 

achieved, on averages the difference is 2 % with a maximum difference of 8 %. 209 

Unfortunately, there is only one measurement point in the middle and the upper freeboard, 210 

though commonly the number of measurements points are very limited in commercial CFB 211 

units. In the upper freeboard the differences between measurement and modeled values are 212 

5% and 1%, respectively. It can be seen that there are large local temperature gradients, 213 

especially near the MSW feeding region and secondary air inlets.  214 

   215 
Figure 2. Modeled vertical temperature profiles, which relate to the different measurement points, presented in 216 
the same color. 217 

Figure 3 presents the simulated, cross-sectionally averaged profiles of volumetric heat release 218 

(in kW/m³). Heat released from the solid fuel is a sum of devolatilization and evaporation of 219 

moisture as well as gasification and combustion reactions of fuel char, while the heat release 220 

of gaseous species consists mainly of combustion reactions. Combined together these two 221 

form the total heat release profile. It can be seen that the solid fuel consumes energy due 222 

endothermic reactions of evaporation and devolatization of wet and high volatile MSW. The 223 

exothermic reactions of volatiles combustion provide the heat for the incinerator and lead to 224 
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mainly positive heat release, though from 2 to 5 meters the cross-sectional average of the 225 

total heat release is negative. This is due to limited gas combustion and feeding of the wet 226 

MSW to this height. Above 5 meters, the gas combustion increases due to the secondary air 227 

feeding, and together with lower concentrations of freshly fed MSW, the total heat release 228 

returns to positive. The effect of heat release in the upper parts of the incinerator is 229 

effectively larger due to increased volume compared to the tapered bottom part, ultimately 230 

leading to steady increase in the temperature in the upper part of the incinerator observed in 231 

Figure 5. The main differences between the two simulated cases are in the distribution of 232 

reactions of gaseous species and solids, with more even height wise distribution for gases and 233 

slightly lower total heat release in the case of using only MSW. The differences and three-234 

dimensional distributions of the heat release are later presented in Figure 5. 235 

 236 
Figure 3. The averaged 1D profiles of heat release from the fuel in solid and gaseous states and the total released 237 
heat in kW/m³. The height is limited to the lower part of the incinerator where majority of reactions take place. 238 

Figure 4 presents the three-dimensional distributions of major gaseous species concentrations 239 

and Figure 5 the three-dimensional temperature and combustion profiles of both the 240 

simulated cases. It can be seen for the base case, that near the MSW injection point the 241 

temperature distribution has a local cold spot and the local moisture content is very high. The 242 

wet injected MSW evaporates quickly near the inlet point and the energy required by the 243 
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evaporation causes the drop in the temperature, visible in the profiles presented in Figure 2 244 

and Figure 3. The moisture content above MSW inlet point remain high, while the oxygen 245 

and CO2 concentrations are much lower. The char combustion occurs in the bottom of the 246 

incinerator due to the coarse size and higher density of the coal particles does not allow them 247 

to be transported higher in the incinerator. As most of the fuel is MSW and the majority of it 248 

is volatiles, the combustion of volatile gases is mainly focused around the inlet point of 249 

MSW. The mixing of the volatile gases and oxygen is limited, and there is an abundance of 250 

volatile gases near the MSW inlet point, which lead to rapid consumption of oxygen as well 251 

as oxygen deprived regions near and above the MSW inlet points. The volatile gases are only 252 

able to combust when they come in contact with the oxygen closer to the sidewalls, which is 253 

seen as a combustion front in the gas combustion profile. Especially the effect of secondary 254 

air injection is illustrated well as the combustion of volatile gases reach their maximum. Due 255 

to this incomplete mixing, a share of incombustible gases and char can exit the incinerator as 256 

flue gas, as well as fly and bottom ash. 257 

  258 
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 259 

A) B) C)  260 

D) E) F)  261 

Figure 4. Concentration contours of oxygen, carbon dioxide and water vapor for the Chinese MSW and coal for 262 
the base case on the top (A-C) and dried MSW at the bottom (D-F). 263 
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A) B) C)  264 

D)  E) F)  265 

Figure 5. Contours of temperature, gas and char combustion for the Chinese MSW and coal for the base case on 266 
the top (A-C) and dried MSW at the bottom (D-F). 267 

For the case with only the drier MSW, temperatures and the average temperature of the 268 

incinerator is lower, while still above 850°C required for waste incineration. Compared to the 269 

base case, the concentrations of the gaseous components change slightly with more oxygen 270 

remaining near the back wall corners, concentration of CO2 are higher in the upper parts of 271 

the incinerator and moisture content is lower especially near the MSW inlet point. The 272 

combustion of volatiles occurs also in the lower part of the incinerator with similar 273 

combustion front visible as in the base case. Levels of volumetric char combustion are low 274 
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and very similar between the cases, only slightly lower for the only MSW case due to the 275 

reduced amount of char in the incinerator.  276 

In both cases, the model predicts significant amount of unburned volatiles, due to limited 277 

mixing of combustion air and the volatiles. Table 3 presents the modeled results of the main 278 

gaseous emission species after the incinerator for both cases and the difference between the 279 

cases normalized by the mass flow rate of the flue gas, as only MSW case produces 2.5 % 280 

less flue gas. The amount of unburned volatiles increases 9.5 % in the case where only MSW 281 

is incinerated. This is also visible from Table 3, with a slight decrease in the end oxygen and 282 

a slight increase in all emission species, expect for NO which is halved, most likely due to 283 

lower incineration temperature. As the incinerator is likely designed to be operated with co-284 

combustion of coal, it is expected to see slight drop in the performance in the case of only 285 

MSW. This is due to reduced amount of char and increased amount of volatiles compared to 286 

the base case. A redistribution of the MSW feeding or the secondary air nozzles could 287 

improve the mixing and volatile combustion leading more even oxygen distribution, 288 

combustion and temperature profiles as well as reduced amounts of unburned volatiles and 289 

lower emissions. At the same time, the reduced flue gas flow rate has an positive effect on the 290 

power plant performance, for example by lowering induced draft fan power consumption. 291 

Compared to the outlet gas composition reported by Xie et al (2017), the levels of oxygen 292 

and CO2 are fairly similar with the emission components CO and SO2 of this work being 293 

some what smaller but in similar order of magnitude. The level of nitrous oxides are 294 

significantly lower, even though the nitrogen content of the fuels are higher. The differences 295 

can be explained by for example different reaction models and high temperature region near 296 

the fuel feeding in the case presented by Xie et al (2017), which increases the production of 297 

thermal NOx. 298 
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Table 3. Modeled emissions before the flue gas treatment systems. 299 
Emissions after cyclone  

scaled to 6% O2, dry 
Base case Only MSW 

Normalized  

difference 

   SO2 (ppm,dry) 400 416 1.3 % 

   CO (ppm,dry) 1192 1351 9.5 % 

   NO (ppm,dry) 105 53 -102.6 % 

   N2O (ppm, dry) 85 116 24.6 % 

O2 after the cyclone (%-mol, dry) 5.23 5.33 -0.6 % 

 300 

 Conclusions 301 

A Chinese CFB incinerator for MSW co-firing coal was successfully modeled and the 302 

modeling results were verified with available measurements from the incinerator plant. This 303 

confirms that the three-dimensional CFB furnace model can be utilized in the modeling of 304 

MSW incineration, which has not been previously done with the utilized model frame. This 305 

enables the model frame to be utilized as a tool in further analysis and design of CFB MSW 306 

incinerators.  307 

The results indicate that by lowering the moisture content simulated Chinese MSW by 6 %-308 

mass, the incineration of MSW could be completed without utilization of fossil coal. This 309 

would lead to significantly lower fossil carbon dioxide emissions and consumption of coal. 310 

Taken that the MSW incineration is likely to increase in China as a method of waste 311 

management, this translates to a significant reduction in the amount of fossile coal. In 312 

practice, the lower moisture content could be achieved by implementing separation of food 313 

wastes and by improving the waste collection. Additionally, thermal drying could be utilized 314 

at the incineration site.  315 

As shown, the CFB incinerators designed to fire MSW with coal as a support fuel can be 316 

utilized in firing only MSW, with limited penalty in the incinerator performance. However, it 317 

would be more beneficial to design the CFB incinerator for only MSW for maximum 318 
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combustion efficiency and to minimize the emissions. In this process, the utilized three-319 

dimensional CFB furnace model would be a valuable tool to evaluate effects of different 320 

designs on the incinerator performance. 321 

Obtaining representative average values for the properties and chemical composition of 322 

MSW is challenging due to large variations in, for example, the composition share of 323 

materials that form the bulk referred as MSW. In this study, the values used have been 324 

provided by the incineration plant and they represent the composition of the local MSW. A 325 

limited amount of measurement data is typically available for utilization in the model 326 

verification. However, a good agreement with the available temperature measurement 327 

indicates that there should be a reasonable agreement with other values, as the temperature 328 

profile is the results of distribution and reactions of gases and fuels inside the incinerator. 329 

In the future, the three-dimensional CFB furnace model could be utilized in studying the 330 

placement of the fuel feeding and secondary air nozzles, to improve the mixing and volatile 331 

combustion for reducing the amount of unburned volatiles and decreasing the gaseous 332 

emissions. 333 
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Abbreviations 337 

A ash 338 

C carbon 339 

CDW construction and demolition waste 340 

CFB circulating fluidized bed 341 

CWI commercial and industrial waste 342 

Cl chlorine 343 

FC fixed carbon 344 

H hydrogen 345 

M moisture 346 
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MSW municipal solid waste 347 

N nitrogen 348 

O oxygen 349 

S sulfur 350 

VM volatile matter 351 

 352 

Symbols 353 

A  area (m²) 354 

Ar Archimedes number (-) 355 

C molar concentration (mol m-3) 356 

CD drag coefficient 357 

D diffusion/dispersion coefficient (m² s-1) 358 

E activation energy (J mol-1) 359 

H height (m) 360 

HHV higher heating value (MJ kg-1) 361 

K momentum exchange coefficient (kg m-3 s-1) 362 

Nu Nusselt number (-) 363 

P flow potential (kg m-3 s-1) 364 

Re Reynolds number (-) 365 

R mass and species source term (kg m-3 s-1) 366 

Ru universal gas constant (8.3143 J mol-1 K-1) 367 

S source term in energy equation (W m-3) 368 

T temperature (°C) 369 

V volume (m3) 370 

X molar fraction (-) 371 

a coefficient (–) 372 

b  coefficient (–) 373 

c coefficient (–) 374 

cp specific heat capasity at constant pressure (J kg-1 K-1) 375 

d diameter (m) 376 

e emissivity (-) 377 

g gravitational acceleration (m s-2) 378 

h heat transfer coefficient (W m-2 K-1) 379 

g0 radial dispersion function (–) 380 

k rate coefficient (s-1) 381 

p pressure (Pa) 382 

q heat flow (W) 383 

v velocity (m s-1) 384 

w mass fraction (–) 385 

 heat transfer coefficient (W m-2 K-1) 386 

 macroscopic drag coefficient (s-1) 387 

ε volume fraction (–) 388 

 temperature difference to reference temperature (K) 389 

μ viscosity (kg s-1 m-1) 390 

ρ density (kg m-3) 391 

 Stefan–Boltzman coefficient (W/m2K4) 392 

 source term (kg m-3 s-1) 393 

φ switch function (–) 394 

 395 

Subscripts 396 
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ar as received 397 

c  convection 398 

ds dry solids 399 

E Ergun 400 

eff effective 401 

btm bottom 402 

dil dilute 403 

g gas 404 

H2O water 405 

fu fuel 406 

fri friction 407 

i, j indexes 408 

O2 oxygen 409 

r  radiation 410 

ref reference 411 

res restitution 412 

s solid 413 

susp  suspension 414 

top top 415 

tot total 416 

trans transition 417 

w  wall  418 

WY Wen-Yu 419 
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Appendix 1. Relevant models of the three-dimensional CFB model frame, after  511 

Myöhänen (2011). 512 

Continuity 513 

1. Inert solids  514 

Experimental vertical density profile fitted to equation by Johnsson et al (1995) which is 515 

applied for the whole cross section for each height H. 516 

( ) ( )( ) ( ) ( )( )HHcHcHcH −+−−= totdiltops,transtotdiltops,btms,s expexpexp   517 

Continuity equation of inert solids: convection and source term. 518 

 =
VA

dVd ssss  Av  519 

2. Gas phase 520 

Total gas equation continuity: convection and source terms. 521 

 +=
VVA

dVRdVd ggggg  Av  522 

For gaseous species i: convection, diffusion and source terms. 523 

  −=−
A V

i

V

ii

A

i dVRdVdwDdw ,g,ggggggg  AAv  524 

3. Fuel 525 

For fuel size fraction i, continuity includes convection, diffusion, source terms and 526 

comminution between particle size fractions: 527 

( )   


+−−=−
V

i

ijj

iji

V

i

ijj

iij

V

i

V

i

A

iii

A

iii dVkdVkdVRdVdDd fu,

,

fu,fu,fu,

,

fu,fu,fu,fu,fu,fu,fu,fu,fu,fu,  AAv  528 

Momentum 529 

1. Inert solids 530 

Potential flow approach is utilized. 531 

 =
V

ssss Pv  532 
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2. Gas 533 

For the gas phase, a simplified momentum equation with macroscopic drag force is 534 

compensated by the pressure term. 535 

( )  −=−
V V

PdVdV ssgss  vv  536 

3. Fuel  537 

The terms considered are inertia, gravity and buoyancy, drag from gas and solids (see Table 538 

A1 for used submodels) for fuel size fraction i: 539 

( ) ( ) ( )  −+−+−= −−

V V

ii

V

iiii

A

iiii dVKdVKdVd fu,sfu,sfu,gfu,gsuspfu,fu,fu,fu,fu,fu, vvvvgAvv   540 

Reactions 541 

1. Solid fuel 542 

Volumetric reaction rate of fuel for all reactions (drying, devolatilization and char 543 

combustion), while each reaction is described by Arrhenius type of expression. In general, the 544 

effect of particle size compared to reference size, temperature and concentration of affecting 545 

species are considered. 546 

iiii kR =fu,  547 

1.1 Drying 548 








 −








=

T

E

d

d
ak

b

i

uref

p

R
exp  549 

1.2 Devolatilization 550 

( )c

b

i w
T

E

d

d
ak H2O

uref

p
1

R
exp −







 −








=  551 

1.3 Char combustion 552 

c

2O

uref

p

R
exp C

T

E

d

d
ak

b

i 






 −




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


=  553 
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2. Reactions of gaseous species 554 

Reactions of gaseous species is described by Arrhenius type of equation with the reaction rate 555 

depending on molar fractions X of participating species, ratio of pressure p to reference 556 

pressure pref and temperature T. 557 








 −








= 

T

E

p

p
XkR i

b

l

a

lii

uref

g,
R

exp  558 

Table A1. The momentum exchange models. 559 

Phenomenon Model Reference 

Momentum 

exchange 

between gas 

and solids 

( ) WYEsg 1 KKK  −+=−  

Huilin et al 

(2003) 

Dilute 

suspension 
8.0

4

3
g

2.65-

g

s

sgggs

DWY 
−

= 


d
CK

vv
 

Dense 

suspension 

( )
8.075.1

1
150 g

s

sgsg

2

sg

ggs

E 
−

+
−

= 






dd
K

vv
 

Switching 

function 
( )  5.02.075.1150arctan 1

s +−= −  

Drag 

coefficient 

( )









+
=

1000Re44.0

1000ReRe15.01
Re

24 687.0

DC  
Schiller et al 

(1935) 

Momentum 

exchange 

between solids 

phases 

( )( ) ( )
( )3

s,s,

3

s,s,

s,s,0
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s,s,s,s,s,s,
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frires
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jijijiji
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−+++
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vv
 

Syamlal et al. 

(1993) 

Radial 

distribution ( ) 





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
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+

−
+=
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ji

ji

dddd

dd
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s,
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s,

s,s,

2

g
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g

0

31 


 Lebowitz (1964) 

 560 

Energy equation 561 

Energy equation is shared for both phases and includes terms for diffusion, sources and heat 562 

transfer to surfaces. 563 

( ) −−=−−+
A

w

VA

s

A

g

AA

g dTTSdVdTcDdTcDdTcdTc AAAAvAv  spsssgpgggsspsssgpggg  564 
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1. Heat transfer 565 

The total heat flux from the furnace to the wall is a sum of radiative and convective heat 566 

transfer. Radiation is considered to originate from the computational cells in the core region, 567 

where as the convection considers only the wall layer cells near the furnace wall.  represents 568 

the difference of the temperature in cell i to the reference temperature. 569 

( ) ( )  −+−=
A

itot dq Ahh wwlcwr   570 

Heat transfer coefficient of radiative heat transfer between the wall and cell i is solve with 
571 

effective emissivity eeff and Stefan-Boltzmann constant:  
572 

( )
w

4

w

4

eff

TT

TTe
h

i

i
r

−

−
=


 573 

The convective heat transfer coefficient is determined from empirical correlation with the 574 

suspension densities of the wall layer cell:

 

575 

( )

s

sg25.0
1

ArNu


 −+
=c  576 


