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Abstract

Currently waste incineration is a widely used method of waste management in China.
Effective incineration requires understanding and tools to analyze the incineration process
leading to good incinerator performance and efficiency as well as lower emissions. In this
work, a Chinese circulating fluidized bed (CFB) incinerator firing municipal solid waste
(MSW) and coal is modeled with a three-dimensional CFB furnace model to evaluate the
incineration process. First, the modeling results are verified with measurement data from the
incinerator. Then, the furnace model is applied in the simulation of a case with more dry
MSW without coal. The objective of the research is to provide insight and increase
understanding of the MSW incineration process. The simulation case of MSW with the lower

moisture content highlights the possible reductions of fossil carbon emissions associated with
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the utilization of coal. To achieve this, a moderate reduction in the moisture content of MSW
is required. A comparison between the MSW and coal versus only the MSW shows minor
differences in the performance of the incinerator. Utilization of modeling in incinerator
studies can aid in development of more efficient CFB incinerators, improving the waste

management and reducing the utilization of fossil coal.

1 Introduction

The amount of waste produced by the society has been increasing in China along with the
economic growth. At the same time, methods and policy for handling the amount of
accumulating waste have to be developed, as only landfilling the waste is no longer
considered as a viable option. (Nie 2008, Song et al 2016) The European Union has
addressed this issue with a waste hierarchy, where the preferred option is the prevention of
waste, followed by reuse, recycling, recovery and disposal as the last resort (European
commission 2008). As waste generation cannot currently be avoided, and reuse and recycling
of all materials is not always feasible, this leaves the recovery in form of energy as a viable
option to reduce the amount of landfilled waste. The incinerators reduce the amount of solid
waste by up to 80 %-volume or 70 %-mass (Li et al 2010), as the moisture, volatiles and
fixed carbon are removed from the solid waste, leaving only the ash to be landfilled or
postprocessed further. Due to this, there has been a significant increase in China in the
number of incinerating plants for municipal solid waste (MSW) (Li et al 2016) as well as in
the share of waste incinerated with a respective decline in the share of waste landfilled (Li et

al 2015).

MSW consists of different waste fractions (such as paper, plastic, textile and wood for
example) generated at various sources, such as households, offices and industry. The

composition and properties of MSW have been shown to vary depending on the source
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(Nasrullah 2015), seasons (Horttanainen et al 2013, Xiao et al 2009) and different countries
as well as regions within a country (Zhigiang et al 2005, Zhou et al 2014). Additionally,
MSW can have low material density and it can contain a significant share of non-combustible
fractions (such as soil, glass, metals or even hazardous materials) and organic material, such
as food waste, which lower its quality as a fuel and increase the demand for fuel pretreatment.
In particular, the Chinese MSW contains high shares of food waste (Zhou et al 2014), leading
to high moisture content and lower heating value than in Europe (Nie 2008, Zhou et al 2014).
The significant heterogeneity, along with the other previously mentioned features lead to

challenges in MSW incineration.

Fluidized beds have certain advantages over other types of MSW incinerators. Incineration
with circulating fluidized beds (CFB) can provide high combustion efficiency for solids and
volatile gases, residence times over 2 s in temperatures exceeding 850°C (required by the
European Commission (2010) and China (Chen et al 2010)) as well as reduced SOx and NOx
emissions. Appropriate flue gas treatment methods have to be applied to ensure that the set
requirements for gaseous and particulate emissions are achieved (Li et al 2016). Most
importantly, fluidized beds can tolerate changes in the fuel quality, which enables the
combustion of heterogeneous materials, such as untreated biomass or MSW. In 2006, 50
fluidized bed incinerators were operated in 24 different plants in China (Li et al 2016). Due to
the low heating value and high moisture content of Chinese MSW, several Chinese fluidized
bed incinerators use coal as a support fuel (Dong et al 2002, Patumsawad et al 2002,
Suksankraisorn et al 2004), which in turn enables the possibility to sell electricity to reduce
the operational and investment costs (Nie 2008). An alternative to co-combustion with coal is

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

Application of mathematical modeling enables the estimation of the CFB incinerator

performance and emissions, and optimization of the incinerator design. Modeling can also be

3



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

used to provide insight on the many aspects of the CFB incinerator process and it can be
utilized when investigating problems. Modeling is especially helpful when dealing with
challenging fuels such as MSW, where the legislation demands certain process conditions
and emission levels. As the nature of the flow and mixing in large-scale CFB incinerators is
inherently three-dimensional, the modeling has to consider all three spatial dimensions. For
large CFB furnaces and incinerators, time-dependent computational fluid dynamics (CFD)
simulations are often too time consuming for engineering applications, and a common
solution is to perform steady-state simulation to represent time-averaged conditions of the
incinerator. Previously, this kind of modeling studies on CFB furnaces have been published
utilizing an in-house three-dimensional CFB model frame to study combustion, gasification,
and sorbent reactions in commercial and pilot scale CFB units (Hyppanen et al. 1991,
Myo6hanen et al 2011, Lyytikéinen et al 2011, Nikku et al 2014, Nikku et al 2016). While
many works are found in the literature dealing with different aspects of MSW incineration
(waste production, chemical properties, emissions, enviromental impacts, etc.), novel
technologies dealing with MSW (pyrolysis, gasification, digestion, etc.) or system level
studies (integration, life cycle assestments, etc.), only one three-dimensional modeling study
was found in the literature dealing with large scale CFB incineration process for MSW, the
work by Xie et al (2017). While their method provides detailed results, the approach was
computationally expensive, 30 seconds of simulation time required approximately 40 days of

computations.

In this work, a Chinese CFB waste incinerator firing MSW and coal is modeled with an in-
house three-dimensional CFB furnace model to evaluate the incineration process. In previous
works, the model frame has been applied and validated with diffent kinds of coals and
biomasses, but not previously with MSW. In this work, the modeling results are verified with

available measurement data from the incinerator plant to demonstrate the applicability of the
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model frame for MSW material. After demonstrating the modeling capability, the furnace
model is applied in simulation of the same CFB incinerator when the MSW is more dry and
does not require utilization of coal as a support fuel. The objective of the research is to
provide insight on the flow and reactions of MSW inside the incinerator for increased
understanding of the incineration process. The simulation case of MSW with the lower
moisture content highlights possible reductions of fossil carbon emissions associated with the
elimination of coal. To achieve this, a moderate reduction in the moisture content of MSW is
required. A comparison between the MSW and coal versus only the MSW shows the profiles
of concentrations and reactions inside the incinerator leading to slightly different emissions
after the incinerator. Utilization of three-dimensional modeling in incinerator studies can aid
to develop more efficient CFB incinerators for MSW, aiding both in waste management and

reduction of utilization of fossil coal in the incineration process.

2 Numerical methods

Proper modeling of flow and mixing in a CFB furnace or incinerator requires the
consideration of all three spatial dimensions. For large CFB units, transient CFD simulations
consume too many computational resources and time to be practical in engineering
applications such as design. Time and resources can be saved by assuming a steady-state
operation of a CFB unit and performing steady-state simulation to represent time-averaged
conditions inside the furnace. This approach is taken in the in-house, three-dimensional CFB
furnace model (Mythénen et al 2011) utilized in this work. Additionally, the model frame
utilizes semi-empirical models in solution of reactions of fuel, sorbent and various gaseous
species, fragmentation of solid material, convective and radiative heat transfer, and flow
dynamics. This steady-state semi-empirical approach enables simulations of CFB furnaces

faster than with traditional CFD, while loss of small scale details and temporal effects does
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not hinder the applicability of the simulation results in engineering type of applications.
Compared to the method of Xie et al (2017), the simulations presented in this work offer less
details but they can be obtained in couple of hours, making the approach suitable for
engineering type of design and analysis applications. Myo6hénen et al (2011) have presented a
long and comprehensive description of the models and approaches utilized in the three-
dimensional CFB furnace model, hence only a brief summary is presented here and the most

relevant model equations are presented in Appendix 1.

The particle size distribution of solid materials are divided into six size fractions, with solid
materials being considered are the inert bed material, fuel and sorbent. The fuel consists of
char, volatiles, moisture, and ash. The fuel reactions (such as drying, gasification,
devolatilization and combustion of char) are handled by the respective reaction models. In the
model frame, the furnace is discretized into uniform block mesh with typical mesh sizes in
order of 100,000 cells for large CFB units. Typical simulation times are in the order of hours

to reach a converged solution of the whole furnace process.

Except the fuel, semi-empirical approach is employed in solution of the flow field of solids.
The vertical distribution of solids in the core of the furnace is determined by an empirical
correlation. In the horizontal direction, the solids are divided uniformly into the core and a
dense wall-layer is superimposed near the incinerator surfaces. Mass exchange between the
core and wall layer is modeled to present the internal circulation characteristics of CFB.
Potential flow approach is then applied in the solutions of the velocity field of all solid
material, expect for the fuel. The gas pressure and velocity fields are solved with a continuity
equation and a simplified momentum equation for the gaseous phase. The conservation of

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

which fuel’s inertia, gravity, and drag force from the gaseous and solid phases are considered.
The momentum exchange is one-way coupled; the fuel phase has no effect on the flow of gas
and bed material. More details on fuel flow solution can be found at Nikku et al (2016) and in

Appendix 1.

3 Simulation cases

A Chinese CFB incinerator with a duty of 40 MW, firing MSW with coal as a secondary fuel
was simulated at 100% load level. The mass share of coal is 5 % of the total fuel feeding,
which is approximately 26 % of the fuel power in as fired state. There are secondary air inlets
on the sidewalls of the lower incinerator for staged combustion. The incinerator contains no
internal heat surfaces and the walls are refractory covered with no evaporator tubes. The

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

The incinerator geometry was discretized with a uniform hexahedral block mesh with a total
of 66,000 computational cells, with the computational cell being 0.2 m by 0.2 m by 0.2 m in
X, y and z directions, respectively. Figure 1 illustrates the mesh of the incinerator with the
relevant inlets and outlets. The utilized cell sizes are similar to previous simulations with the
same in-house CFB furnace model (Nikku et al 2014, Nikku et al 2016) and the model frame
was found to be insensitive to mesh size (Nikku et al 2014). Both the MSW and coal are fed
to the incinerator from the front wall with boundary conditions for fuel inlet velocity
[Vx,Vy, V2] of [0,1,-1] m/s and fuel dispersion coefficients were 0.2 m/s? and 0.05 m/s? for
horizontal and vertical directions, respectively (Nikku et al 2014). The chemical composition
and other properties of the fuels utilized in the incinerator were provided by the MSW

incineration plant and they are presented in Tables 1 and 2.
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Figure 1. The simulated incinerator geometry with the computational mesh. On the left: the back wall with the
separator inlets and solids return channels marked with red color. On the right: the front wall with the waste and
coal feeding points marked with red and green, respectively. The secondary air inlets on the sidewall are marked

with blue.

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

considered in as received —state.

Proximate analysis [%-mass],

ar Ultimate analysis [%-mass], ds Other properties
Material
M A VM FC C H o) N S [W/Yf] density
9 kgm
MSW  51.94 1238 3345 223 6799 779 2203 163 056 15.31 500
Coal 7.63 16.48 27.44 4845 8141 588 1054 170 047 24.16 1300
Low
moisture 45.00 14.17 3825 255 6799 779 2203 163 056 15.31 500
MSW
Table 2. Fractional particle size distribution of the fuels.
Fraction 1 2 3 4 5 6 Unit
Particle size  0.031 0.094 0.153 0.340 1.250 4.0 mm
MSW 001 002 01 487 15 80 %-mass
Coal 0.1 0.3 2.5 4 23.1 70 %-mass
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Two cases were simulated: 1) A verified base case of the Chinese incinerator utilizing local
MSW and coal, and 2) A hypothetical case identical to the base case expect for A) the
moisture content of the MSW, which is decreased to 45 %, B) no coal is fed into the
incinerator, as required temperature levels can be reached with the drier MSW. The base case
was simulated first and the simulation model was verified with available measurement
information. After the verification, the hypothetical case was simulated to investigate the

incineration of only MSW without coal as a secondary fuel.

Keeping the simulation settings identical between the cases leads to a few small differences.
The aim was to specify the hypothetical case so that it could be implemented in practice. The
total amount of fuel utilized is slightly smaller in only MSW case compared to the base case.
This results to approximately 1 MW lower thermal power of the incinerator, with reduced
amount of char, and increased amounts of volatiles and ash. Additionally, the stoichiometric
ratio for the air was kept the same as in the base case, which lead to small decrease in the
amount of combustion air required. Overall, these differences are moderate, as the original

mass share of coal was only 5 %.

4 Results and Analysis

For the verification case the overall incinerator mass and energy balances were satisfied and
they correspond with the provided plant operating values. Measurement data of the simulated
incinerator was used as verification material for the simulation results. The measurement and
operational data was provided by the plant operator. The measurement results by Xie et al
(2017) are qualitatively similar to the available measurement information used in this work,
although the size of the incinerator is slightly larger and the share of coal and MSW is
smaller in this work, with the most notable difference being the significantly higher moisture

content of the MSW.
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Figure 2 presents the simulated vertical temperature profiles corresponding with 5 of the
available measurement points in different heights. Majority of the temperature measurements
were located in the lower part of the incinerator. Overall, very good correspondence is
achieved, on averages the difference is 2 % with a maximum difference of 8 %.
Unfortunately, there is only one measurement point in the middle and the upper freeboard,
though commonly the number of measurements points are very limited in commercial CFB
units. In the upper freeboard the differences between measurement and modeled values are
5% and 1%, respectively. It can be seen that there are large local temperature gradients,

especially near the MSW feeding region and secondary air inlets.
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Figure 2. Modeled vertical temperature profiles, which relate to the different measurement points, presented in
the same color.

Figure 3 presents the simulated, cross-sectionally averaged profiles of volumetric heat release
(in KW/m3). Heat released from the solid fuel is a sum of devolatilization and evaporation of
moisture as well as gasification and combustion reactions of fuel char, while the heat release
of gaseous species consists mainly of combustion reactions. Combined together these two
form the total heat release profile. It can be seen that the solid fuel consumes energy due
endothermic reactions of evaporation and devolatization of wet and high volatile MSW. The

exothermic reactions of volatiles combustion provide the heat for the incinerator and lead to

10



225

226

227

228

229

230

231

232

233

234

235

236
237

238
239

240

241

242

243

mainly positive heat release, though from 2 to 5 meters the cross-sectional average of the
total heat release is negative. This is due to limited gas combustion and feeding of the wet
MSW to this height. Above 5 meters, the gas combustion increases due to the secondary air
feeding, and together with lower concentrations of freshly fed MSW, the total heat release
returns to positive. The effect of heat release in the upper parts of the incinerator is
effectively larger due to increased volume compared to the tapered bottom part, ultimately
leading to steady increase in the temperature in the upper part of the incinerator observed in
Figure 5. The main differences between the two simulated cases are in the distribution of
reactions of gaseous species and solids, with more even height wise distribution for gases and
slightly lower total heat release in the case of using only MSW. The differences and three-

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

2500
= 2000
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< 1500
=
2 1000
52
9
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©
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----- Base case, solid = = = Base case, gas Base case, total
----- Only MSW, solid = = = Only MSW, gas Only MSW, total

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

Figure 4 presents the three-dimensional distributions of major gaseous species concentrations
and Figure 5 the three-dimensional temperature and combustion profiles of both the
simulated cases. It can be seen for the base case, that near the MSW injection point the
temperature distribution has a local cold spot and the local moisture content is very high. The

wet injected MSW evaporates quickly near the inlet point and the energy required by the

11
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evaporation causes the drop in the temperature, visible in the profiles presented in Figure 2
and Figure 3. The moisture content above MSW inlet point remain high, while the oxygen
and CO- concentrations are much lower. The char combustion occurs in the bottom of the
incinerator due to the coarse size and higher density of the coal particles does not allow them
to be transported higher in the incinerator. As most of the fuel is MSW and the majority of it
is volatiles, the combustion of volatile gases is mainly focused around the inlet point of
MSW. The mixing of the volatile gases and oxygen is limited, and there is an abundance of
volatile gases near the MSW inlet point, which lead to rapid consumption of oxygen as well
as oxygen deprived regions near and above the MSW inlet points. The volatile gases are only
able to combust when they come in contact with the oxygen closer to the sidewalls, which is
seen as a combustion front in the gas combustion profile. Especially the effect of secondary
air injection is illustrated well as the combustion of volatile gases reach their maximum. Due
to this incomplete mixing, a share of incombustible gases and char can exit the incinerator as

flue gas, as well as fly and bottom ash.
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262 Figure 4. Concentration contours of oxygen, carbon dioxide and water vapor for the Chinese MSW and coal for
263  the base case on the top (A-C) and dried MSW at the bottom (D-F).
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266 Figure 5. Contours of temperature, gas and char combustion for the Chinese MSW and coal for the base case on
267  the top (A-C) and dried MSW at the bottom (D-F).

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

269 incinerator is lower, while still above 850°C required for waste incineration. Compared to the
270  base case, the concentrations of the gaseous components change slightly with more oxygen
271  remaining near the back wall corners, concentration of CO; are higher in the upper parts of
272  the incinerator and moisture content is lower especially near the MSW inlet point. The

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

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

reduced amount of char in the incinerator.

In both cases, the model predicts significant amount of unburned volatiles, due to limited
mixing of combustion air and the volatiles. Table 3 presents the modeled results of the main
gaseous emission species after the incinerator for both cases and the difference between the
cases normalized by the mass flow rate of the flue gas, as only MSW case produces 2.5 %
less flue gas. The amount of unburned volatiles increases 9.5 % in the case where only MSW
is incinerated. This is also visible from Table 3, with a slight decrease in the end oxygen and
a slight increase in all emission species, expect for NO which is halved, most likely due to
lower incineration temperature. As the incinerator is likely designed to be operated with co-
combustion of coal, it is expected to see slight drop in the performance in the case of only
MSW. This is due to reduced amount of char and increased amount of volatiles compared to
the base case. A redistribution of the MSW feeding or the secondary air nozzles could
improve the mixing and volatile combustion leading more even oxygen distribution,
combustion and temperature profiles as well as reduced amounts of unburned volatiles and
lower emissions. At the same time, the reduced flue gas flow rate has an positive effect on the
power plant performance, for example by lowering induced draft fan power consumption.
Compared to the outlet gas composition reported by Xie et al (2017), the levels of oxygen
and CO: are fairly similar with the emission components CO and SO2 of this work being
some what smaller but in similar order of magnitude. The level of nitrous oxides are
significantly lower, even though the nitrogen content of the fuels are higher. The differences
can be explained by for example different reaction models and high temperature region near
the fuel feeding in the case presented by Xie et al (2017), which increases the production of

thermal NOxy.
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Table 3. Modeled emissions before the flue gas treatment systems.

Emissions after cyclone Base case  Only MSW Normalized

scaled to 6% Oq, dry difference
SO2 (ppm,dry) 400 416 1.3%
CO (ppm,dry) 1192 1351 9.5 %
NO (ppm,dry) 105 53 -102.6 %
N20 (ppm, dry) 85 116 24.6 %

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

5 Conclusions

A Chinese CFB incinerator for MSW co-firing coal was successfully modeled and the
modeling results were verified with available measurements from the incinerator plant. This
confirms that the three-dimensional CFB furnace model can be utilized in the modeling of
MSW incineration, which has not been previously done with the utilized model frame. This
enables the model frame to be utilized as a tool in further analysis and design of CFB MSW

incinerators.

The results indicate that by lowering the moisture content simulated Chinese MSW by 6 %-
mass, the incineration of MSW could be completed without utilization of fossil coal. This
would lead to significantly lower fossil carbon dioxide emissions and consumption of coal.
Taken that the MSW incineration is likely to increase in China as a method of waste
management, this translates to a significant reduction in the amount of fossile coal. In
practice, the lower moisture content could be achieved by implementing separation of food
wastes and by improving the waste collection. Additionally, thermal drying could be utilized

at the incineration site.

As shown, the CFB incinerators designed to fire MSW with coal as a support fuel can be
utilized in firing only MSW, with limited penalty in the incinerator performance. However, it

would be more beneficial to design the CFB incinerator for only MSW for maximum

16
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combustion efficiency and to minimize the emissions. In this process, the utilized three-
dimensional CFB furnace model would be a valuable tool to evaluate effects of different

designs on the incinerator performance.

Obtaining representative average values for the properties and chemical composition of
MSW is challenging due to large variations in, for example, the composition share of
materials that form the bulk referred as MSW. In this study, the values used have been
provided by the incineration plant and they represent the composition of the local MSW. A
limited amount of measurement data is typically available for utilization in the model
verification. However, a good agreement with the available temperature measurement
indicates that there should be a reasonable agreement with other values, as the temperature

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

In the future, the three-dimensional CFB furnace model could be utilized in studying the
placement of the fuel feeding and secondary air nozzles, to improve the mixing and volatile
combustion for reducing the amount of unburned volatiles and decreasing the gaseous

emissions.
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Cl chlorine

FC fixed carbon

H hydrogen

M moisture
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350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
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372
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374
375
376
377
378
379
380
381
382
383
384
385
386
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388
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391
392
393
394
395
396

MSW
N

@)

S

VM

Symbols
A

Ar

C

Co

D

E

H
HHV
K

Nu

P

Y
5

S qQ™x %mhgg<n'o7\—%::©mo_gocrm><<—|m?;u

Subscripts

municipal solid waste
nitrogen

oxygen

sulfur

volatile matter

area (m?)

Archimedes number (-)

molar concentration (mol m)

drag coefficient

diffusion/dispersion coefficient (m2 s?)
activation energy (J mol™)

height (m)

higher heating value (MJ kg™t)
momentum exchange coefficient (kg m3s?)
Nusselt number (-)

flow potential (kg m3s™)

Reynolds number (-)

mass and species source term (kg m=s?)
universal gas constant (8.3143 J mol? K1)
source term in energy equation (W m)
temperature (°C)

volume (mq)

molar fraction (-)

coefficient (-)

coefficient (-)

coefficient (-)

specific heat capasity at constant pressure (J kg K1)
diameter (m)

emissivity (-)

gravitational acceleration (m s?)

heat transfer coefficient (W m2 K1)
radial dispersion function (-)

rate coefficient (s?)

pressure (Pa)

heat flow (W)

velocity (m s™)

mass fraction (-)

heat transfer coefficient (W m2 K1)
macroscopic drag coefficient (s?)
volume fraction (-)

temperature difference to reference temperature (K)
viscosity (kg s* m?)

density (kg m™)

Stefan—Boltzman coefficient (W/m?K*)
source term (kg m3s™)

switch function (-)
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397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

420

421
422

423
424
425

426
427
428

429
430

431
432
433

434
435
436

ar as received

c convection
ds dry solids
E Ergun

eff effective
btm bottom

dil dilute

g gas

H20 water

fu fuel

fri friction
0] indexes
02 oxygen

r radiation
ref reference
res restitution
S solid

susp suspension
top top

tot total

trans transition
w wall

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

512  Mydhanen (2011).

513  Continuity

514 1. |Inertsolids

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

516  applied for the whole cross section for each height H.
517 &s (H ): (gs,btm ~Estop eXp(cdilH tot))exp(_ CtransH )+ s top eXp(Cdil(Htot -H ))
518  Continuity equation of inert solids: convection and source term.

519 fspv,-dA=[gdv
\%

A

520 2. Gas phase

521  Total gas equation continuity: convection and source terms.

522 §e,p,v,-dA=[4dV +[RdV
\ \

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

524 fwie,p,V, - dA— e 0D, VW, -dA = [, dV - [R;dV
A A \ \

525 3. Fuel
526  For fuel size fraction i, continuity includes convection, diffusion, source terms and

527  comminution between particle size fractions:

528 §gﬁ.1,ipfu,ivﬁ.1,i -dA _§ Dm,iv(gfu,ipm,i ) dA = I¢m,idv - _[ Ry, dV _I z K ij60,100,dV +J. Z K, ji€w,iPu,idV
A \ \

A vV i # V . J#i
529  Momentum
530 1. Inertsolids

531  Potential flow approach is utilized.

532 [e,pV,=VP,

\
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533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

2. Gas
For the gas phase, a simplified momentum equation with macroscopic drag force is

compensated by the pressure term.

I,Bgsps (Vg - VS)dV = —J. &,VPdV
\ \

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

Al for used submodels) for fuel size fraction i:

§gﬁ1,ipﬁ1,ivfu,ivfu,i -dA = _[gm,i (Pfu,i _psusp)gdv +_[ Kyt (Vg Vi )dV + I Kewi (Vs ~ Vi )dV
\ \ \

A
Reactions

1. Solid fuel

Volumetric reaction rate of fuel for all reactions (drying, devolatilization and char
combustion), while each reaction is described by Arrhenius type of expression. In general, the
effect of particle size compared to reference size, temperature and concentration of affecting
species are considered.

Ry =kigipo;

1.1 Drying

d Y -E
ki =al = | exp| —
dref RUT

1.2 Devolatilization

d Y ~E
k =al — | exp| — |1— ¥
i (dref] Xp(R Tj( WHZO)

u

1.3 Char combustion

k. =a L bexp —E e
! dref RuT o
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554 2. Reactions of gaseous species
555  Reactions of gaseous species is described by Arrhenius type of equation with the reaction rate
556  depending on molar fractions X of participating species, ratio of pressure p to reference

557  pressure pref and temperature T.

b
a P -E
558 R. .=k | X —| exp| —
o 'H '(DWJ Xp(RuTj

559  Table Al. The momentum exchange models.

Phenomenon Model Reference
Momentum
exchange
; Koo =oKe + (1_ ¢)KWY
between gas
and solids
Dilute _ - :§CD gsgng‘vg —Vs &2 2 508 Huilin et al
suspension 4 d, g g (2003)
1- &V, — Vs
pense K, =150 ol 83)”9 TR L M R}
suspension &,d; d,
Switching 1
=arctan|150 -1.75(0.2 — +0.5
function ¢ [ ( )l
Drag _ Ii—4(1+ 0.15Re®*") Re <1000 Schiller et al
- - D — e
coefficient 0.44 Re > 1000 (1935)
Momentum
exchange ~ 3(1+Cpq )(77/ 2+cy7’ /8)55,i83,jps,ips,j (ds,i +d,; )2 Jo|Vsi —Vsj|  Syamlal et al.
between solids > 27(p,;d2 + p, ;d2)) (1993)
phases
Radial 1 3dsidsj & &5 j
o =—+ — —=+— Lebowitz (1964
distribution ~~ °° g, &l(d,—d, )\ d; d ebowitz (1964)

560

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

563  transfer to surfaces.

564 §£,0,C0ToVy - dA+§ 20,0, TV, - dA—§ 2., DyC, VT, -dA—§ 2,pDC, VT, -dA = [SAV —f (T - T,,)- dA
A \%

ps'sVs
A A A A
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565

566

567

568

569

570
571

572

573

574

575

576

1. Heat transfer

The total heat flux from the furnace to the wall is a sum of radiative and convective heat
transfer. Radiation is considered to originate from the computational cells in the core region,
where as the convection considers only the wall layer cells near the furnace wall. & represents

the difference of the temperature in cell i to the reference temperature.
G = §,[:(6 - 6,)+ N, (6, - 6,)]- dA

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

effective emissivity et and Stefan-Boltzmann constant:

_ Eer O-(Ti4 - va)

h
Ti - Tw

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

suspension densities of the wall layer cell:

NU :Aro.zs\/gpg +(1_8)ps
i P
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