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Abstract
Purpose – Incineration has become increasingly important in many large cities around the world because of
fast urbanization and population growth. The benefits of energy production and large reduction in the waste
volume to landfills also contribute to its growing adaptation for solid waste management for these cities. At
the same time, the environmental impact of the pollutant gases emitted from the incineration process is a
common concern for various stakeholders which must be properly addressed. To minimize the pollutant gas
emission levels, as well as maximize the energy efficiency, it is critically important to optimize the combustion
performance of an incinerator freeboard which would require the development of reliable approaches based
on computational fluid dynamics (CFD) modeling. A critical task in the CFD modeling of an incinerator
furnace requires the specification of waste characteristics along the moving grate as boundary conditions,
which is not available in standard CFD packages at present. This study aims to address this gap by
developing a numerical incinerator waste bedmodel.
Design/methodology/approach – A one-dimensional Lagrangian model for the incineration waste bed
has been developed, which can be coupled to the furnace CFD model. The changes in bed mass due to drying,
pyrolysis, devolatilization and char oxidation are all included in the model. The mass and concentration of
gases produced in these processes through reactions are also predicted. The one-dimensional unsteady energy
equations of solid and gas phases, which account for the furnace radiation, conduction, convection and heat of
reactions, are solved by the control volumemethod.
Findings – The Lagrangian model is validated by comparing its prediction with the experimental data in
the literature. The predicted waste bed height reduction, temperature profile and gas concentration are in
reasonable agreement with the observations.
Originality/value – The simplicity and efficiency of the model makes it ideally suitable to be used for
couplingwith the computational furnace model to be developed in future (so as to optimize incinerator designs).
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1. Introduction
Proper management of municipal solid wastes (MSW) has become increasingly important in
many large cities throughout the world because of fast urbanization and population growth.
An efficient alternative of MSW management is through the adaptation of modern
incineration, which has the advantages of high volume reduction (approximately 90 per
cent), low space occupation, relatively stable residues, and potential energy recovery. At the
same time, to be environmentally responsible, incinerator designers and operators must
ensure that the air pollutant emission levels resulting from the incineration meet the strict
requirements and regulations of local environmental agencies (Shin et al., 1998).

Globally, a widely used type of incinerator is the moving-grate type (The World Bank,
1999) which the solid wastes are transported along the bottom of the incinerator undergoing
various incineration processes. Gaseous products released from the grate rise and enter the
freeboard above. These gases then react with each other inside the incinerator under high
temperature combustion, and finally the resultant gas mixes are emitted out of the
freeboard; with the final solid products being the bottom ashes which are treated and
disposed. Optimizing the combustion performance of an incinerator freeboard (Figure 1) can
generally minimize the pollutant gas emission levels. Traditionally, this was solely relied on
the experience of designs over the past decades, based on intuitions developed from a few
established thermo-fluid dynamics principles (Niessen, 2002). With the recent advances in
computational power and developments in thermo-fluid dynamics theory, the design of
incinerators can now be greatly assisted by using computational fluid dynamics (CFD). CFD
enables the prediction of the detailed flow field as well as temperature and gas distribution
of the freeboard for a given incinerator setup, so that designs can be performed with better
scientific basis. Most importantly, optimization of the incinerator design can now be sought
through computation before finalizing with pilot and field testing.

To ensure the CFD predictions are sensible and accurate, it is important to implement the
correct boundary conditions in the simulation. A particularly challenging boundary condition is
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the moving waste bed at the bottom, which undergoes the complex processes of drying,
pyrolysis, gasification and char combustion. Its composition and temperature will hence be
varied along the grate length which is challenging to simulate. A recent approach developed to
predict the waste bed characteristics is the particle-based approach, which the waste bed is
represented by a large group of particles that undergoes various heat and mass transfer
processes including chemical reactions. For example, Brosch et al. (2014) and Wissing et al.
(2017) used the discrete element method to represent the waste bed as reacting computational
particles; conduction, convection, radiation, forces between the particles and the gas phase, and
various thermochemical processes (drying, pyrolysis, char combustion) are computed for each of
the particle so that the changes in the particles mass, composition, and temperature are fully
accounted for. The resulting velocity and concentration of the gas released, and the waste bed
temperature can then act as boundary conditions for the numerical simulations of the freeboard.
The approach has been validated by laboratory experiments and field measurements from a
waste incinerator plant. Cordiner et al. (2015) used a simplified approach by pre-defining the
particle paths (assuming that the waste bed has a linear reduction in height over the grate
length), so that only the particles thermochemical equations need to be solved without the need
to consider the particles equation of motion. The resulting gases product concentration and
momentum are coupled to the CFD model of the freeboard, by representing them as source
terms in the Eulerian momentum and species transport equations. The model predictions were
qualitatively compared with available experimental data, and the comparison showed a
reasonable agreement in the trend of the waste bed height reduction. In general, particle-based
approaches produce finer details of the waste bed, and potentially provide insights to problems
that cannot be handled by other simplifiedmodels (e.g. effects of waste particle size, non-uniform
particle size waste feed); however, the computational time required to complete the simulation is
still excessive for engineering applications at present. Thus, the approach is currently used only
to consider a limited number of scenarios without the inclusion of the very fine details of the
waste bed, or simply as a tool to obtain the boundary conditions for the freeboard.

An alternative approach is to predict the waste bed characteristics by a one-dimensional
Lagrangian approach, which the waste bed is represented as a series of non-interfering
Lagrangian elements and the changes in its mass, composition, temperature, as well as the
resulting gas products are tracked over time. The transient changes of the elements over a time
stepDt can then be translated into corresponding changes over a distanceDx=UDt, whereU is
the speed of the moving grate. A graphical representation of the approach is given in Figure 2. In

Figure 2.
Unsteady one-
dimensional
representation of 2D
steadywaste bed
incineration
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this Lagrangian manner, the one-dimensional unsteady or transient problem is translated to the
equivalent quasi-steady conditions. There are several representative studies using this approach
in the literature. Goh et al. (1998, 2000) developed a mathematical model to account for the bed
volume change and various thermochemical processes; the heat and mass transfer within the
waste bed were also solved by using the unsteady one-dimensional continuity, momentum and
energy equation for both the solid and gas phases. To validate the model, experiments were
carried out in a reactor. Samples of simulated waste mixtures were loaded up to about 0.6 m
(typical bed height in full scale incinerator) and various thermochemical processes took place
inside the reactor over a period of about an hour (the approximate time of travel of waste from the
start until the end of the grate). The predicted bed height, temperature, oxygen and carbon
dioxide concentration were all in good agreement with the experimental measurements,
suggesting this is a sound approach inmodeling the steady incineration problem. The group later
developed the model to become the fluid dynamic incineration code (FLIC). Shin and Choi (2000)
developed another model using similar concepts, with an improved radiation model. Chemical
reaction kinetics was also described in more details so that the model can be followed easier. The
model was validated by their own experimental measurements in a laboratory reactor. Kaer
(2005) developed an equivalent model for straw combustion with hollow cylindrical particles.
Miljkovic et al. (2013) later extended this type of model to two-dimensional, which is beneficial
considering that the waste composition can be spatially non-uniform in practice. However, they
did not have suitable experimental data for validation. Other representative studies of model
development typically involve further improvement by incorporating effects not accounted for in
the original model, for example the effects of devolatilization rate and moisture content (Yang et
al., 2003), heat transfer caused by particles mixing from the tumbling action of the grate (Yang et
al., 2007), and turbulence effects in the fluidflow by Sun et al. (2015).

The objective of this study is to develop a waste bed model which can predict reasonably
the boundary conditions for the freeboard simulation using CFD. As observed by Yin et al.
(2008), the final gases composition emitted from the freeboard is likely more sensitive to the
overfire jet configuration in the freeboard, rather than the waste bed model used. Thus, for the
purpose of examining the performance efficiency and gases emission of the incinerator, it
would be sufficient if the waste bed model gives a reasonable prediction of the gas composition
and temperature, without needing the fine details of the waste bed. Our model shall be based on
the one-dimensional unsteady Lagrangian approach. As discussed above, the adaptation of this
approach had been reported in previous studies. However, the chemical reaction kinetics is
often not given in details in these studies, and there are also many variations reported in the
related literature. In addition, validation in these studies was typically performed by
experimental data unique to these studies, without cross-referencing and checking with
independent data in the literature to demonstrate the generality of the approach. Thus, so far, a
comprehensive and consistent representation of the Langrangian approach is not available for
waste bed modeling for CFD freeboard simulations at present. We shall show that the model
developed in this study can be a minimal yet fully functional version that can be utilized for
CFD simulations to maximize the performance efficiency of the incinerator as well as minimize
its pollutant gases emission. The numerical implementation method and the chemical reaction
kinetics are first presented in details in the following. The validation of the developed model for
reliability and generality and its subsequent applications are then discussed.

2. Numerical modeling of the waste bed
2.1 Problem definition
The problem under consideration is given in Figure 3. The waste bed is considered as an array
of waste columns along the y direction, a cross-sectional area A and a height H. The
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distribution of the waste columns starts horizontally at x = 0. The setting of both x and y
directions allows for more complex spatial variation of waste bed composition in the future.
We shall assume that the control columns are identical, such that only one of the columns of
massM needs to be considered. The waste column is dicretized into N control volumes, each
of height Dz, such that H = N Dz. For this study, the individual control volume consists of the
solid phase – the waste particles, and the gas phase – the air. The solid phase composition
changes from the biomass to various forms of solids and gases over the grate length or time
because of drying, pyrolysis, gasification, and char combustion. Thus, the gas phase
composition inside the control volume will also vary over time because of the conversion from
the solid phase as well as the subsequent chemical reactions among the gases. The

Figure 3.
Formulation of the
waste bed
incineration
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temperature of the control volume which determines the initiation of the thermochemical
process and subsequent reaction rates is mainly governed by the radiation from the furnace
wall, which propagates along the waste column. The solid temperature Ts along the column
will also be changed because of the heat transfer process by conduction, the heat exchange
with the gas phase, and the heat of reactions. The temperature of the gas phase Tg along
the columnwill changemainly because of conduction, heat of reactions, and the heat exchange
with the solid phase, as well as also the convection from the bottom primary air supply. The
details of the governing equations that describe all these processes are given in this section.

2.2 The waste bed mass equation
2.2.1 Drying. We consider one of the identical waste columns which the changes in mass
and temperature over time are to be predicted (which experimentally can be considered as a
fixed bed reactor). The waste bed massM can be considered to be composed of the mass of
biomassMbiomass, mass of water (moisture)Mmoisture, and the mass of charMchar. Its rate of
change over time t can be expressed as:

dM
dt

¼ d
dt

Mmoisture þMbiomass þMcharð Þ: (1)

The change in moisture content can be represented using the Lewis’ semi-empirical model
(Miljkovic et al., 2013) as:

dMmoisture

dt
¼ �kdryMmoistureo exp �kdryt

� �
; DH ¼ þ40:65 kJ=molð Þ (2)

where Mmoistureo is the initial moisture content, kdry = 5.16 � 10�100b T[Fo]48 and b is an
experimental constant; Miljkovic et al. (2013) used b = 1 in their model, but we found that
b =1.14 yields a better agreement with the experimental data in the literature and is hence
adopted in this study. The energy is assumed to be depleted in the drying process whereby
the moisture has been evaporated.

2.2.2 Pyrolysis. The change in the waste biomass after drying over time is assumed to
follow the reaction mechanism outlined in Figure 4. The waste first undergoes the pyrolysis
reaction; part of it becomes volatiles (devolatilization), and the remaining becomes char. The

Figure 4.
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reaction rates for devolatilization k1 and char formation k2 from the biomass are given in
Shin and Choi (2000) as:

dMvolatile

dt
¼ k1Mbiomass¼ 5:16� 106exp �10700=Tsð ÞMbiomass DH ¼�418 kJ=kgð Þ; (3)

and:

dMchar

dt

� �
1
¼ k2Mbiomass ¼ 2:66� 1010exp �12800=Tsð ÞMbiomass DH ¼�418 kJ=kgð Þ: (4)

The rate of change of the biomass is then given as:

dMbiomass

dt
¼ � k1 þ k2ð ÞMbiomass (5)

where the heat of reaction in equations (3) and (4) are given in Yang et al. (2006).
2.2.3 Char oxidation. The char (C in this context that represents carbon and not

concentration) will undergo oxidization to become carbon monoxide and carbon dioxide

(Zhou et al., 2005) with the reaction Cþ 1
u O2 ! 2 1� 1

u

� �
COþ 2

u � 1
� �

CO2. Smoot and

Smith (1985) modeled the char oxidation by global modeling, which gave the reaction of a
single char particle as r = vsMpkr j pApCop

n, where Cop is the molar concentration of the
oxidizer in the gas phase at the surface of the particle, Ap is the external surface area of the
char particle equivalent sphere, kr is the rate constant for the heterogeneous reaction, Mp is
the molecular weight of the reactant in the char particle, vs is the stoichiometric coefficient to
identify the number of moles of product gas per mole of oxidant, j p is the particle area factor
to account for internal surface burning, and n is the apparent order of the reaction. By using
the Newton’s law of cooling which accounts for the oxidant diffusion rate (to the char
surface), the reaction rate can be expressed as: rp = ApvsMpCog

j pkmkr
kmþj pkr

, where km is the mass
transfer coefficient. In this study, the model is further simplified such that the reaction rate
is expressed in the form of a Arrhenius Equation, described in Zhou et al. (2005) and
Miljkovic et al. (2013), and is given as:

dMchar

dt

� �
2
¼ �Mchark3pO2

¼ �8620 exp �15900
Ts

� �
McharpO2

DH ¼ �111 kJ=molð Þ;
(6)

where Mchar is the mass of the char remaining in the biomass, pO2 is the partial pressure
of oxygen in the gas. u ¼ 1 þ 1=rc

1=2 þ 1=rc
is the stoichiometric ratio for char combustion,

rc ¼ CO
CO2

¼ 12exp �3300=Tsð Þ is the ratio of CO-CO2 formation rate. The heat of reaction can
be found in Basu (2010). Together with the char formation rate in Section (2.2.2), the total rate
of change of char is then given as.

dMchar

dt
¼ dMchar

dt

� �
1
þ dMchar

dt

� �
2

(7)

The accuracy of this simplified model will eventually be justified by comparison with
experimental data in the literature.
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2.3 Homogeneous reactions of gas and tar
Various gases are formed during the drying, pyrolysis, and char combustion processes. The
reaction mechanisms that lead to the formation of gases are given in Figure 4. Volatiles are
assumed to be composed of various gases and tar, and the percentage mass fractions are
assumed to approximately 0.3 and 0.7 respectively (Zhou et al., 2005). The gases mainly
consist of carbon dioxide, carbon monoxide, and methane, with the mass fraction 0.65, 0.3,
and 0.05 respectively.

The homogeneous reactions and the corresponding heat of reaction among the gases
considered in this model are (Zhou et al., 2005; Yang et al., 2006; Basu 2010):

CH4 þ 3
2
O2 ! COþ 2H2O (8)

COþ 1
2
O2 ! CO2 (9)

Following Zhou et al. (2005), tar is modeled as hydrocarbons CH1.84O0.96, with a molecular
weight 95. The corresponding combustion of tar is given as:

CH1:84O0:96 þ 0:48O2 ! COþ 0:92H2O (10)

The reaction rates of equations (8)-(10) are:

dCCH4

dt
¼ kCH4C

0:7
CH4

C0:8
O2

DH ¼ �520 kJ=molð Þ; (11)

dCCO

dt
¼ kCOCCOC

0:5
O2
C0:5
H2O DH ¼ �284 kJ=molð Þ; (12)

dCCH1:84O0:96

dt
¼ kCH1:84O0:96C

0:5
CH1:84O0:96

CO2 DH ¼ þ42 kJ=molð Þ; (13)

where the gas concentrations are in mol/m3. The kinetic constants are given as:

kCH4 ¼ 1:6� 1010exp � 24157
Tg

� �
; (14)

kCO ¼ 3:25� 107exp � 15098
Tg

� �
; (15)

kCH1:84O0:96 ¼ 2:9� 105 � Te exp � 9650
Te

� �
; (16)

where Te =½(Ts þ Tg) is the mean temperature which the reaction rate is to be calculated.
The heat of reaction can also be found in Basu (2010).
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2.4 Waste bed energy and species transport equations
The temperature distribution of both the solid and gas phases within the waste bed column
are predicted by solving the energy equations of the two phases. The energy equation for the
solid phase is given as:

rscs
@Ts

@t
¼ @

@z
keff

@Ts

@z

� �
þ hS Tg � Ts

� �þ Qmoisture þ Qpyrolysis þ Qchar; (17)

where cs is the heat capacity of the waste bed and is calculated based on the weighted mean
cp of the composing materials, r s is the waste bed density, Ts is the waste bed temperature,
Tg is the gas temperature, h = (Nu kair/d) is the gas-solid heat transfer coefficient (Nu the
Nusselt number, kair = 0.025 W/m/K is the thermal conductivity of air, d is the particle
diameter), Qmoisture and Qchar (Q = DH dM/dt) are the heat sources from drying and char
combustion, respectively. The effective thermal conductivity of the solid phase keff accounts
for both the radiative conductivity kr and the thermal conductivity of the waste bed ks, such
that keff = kr þ ks. The radiative conductivity is a function of the absorption coefficient k ,
scattering coefficient s s and bed temperature Ts:

krad ¼ f k ;s sð ÞsT3
s ; (18)

where s = 5.67 � 10�8 W/m2/K4 is the Stephan-Boltzman constant. For simplification
purpose, the function f (k , s s) is approximated as a constant �4 by comparison with
available experimental data of incineration studies (Goh et al., 2000; Shin and Choi, 2000).

The energy equation for the gas phase is given as:

rgcg
@Tg

@t
þ rgcgvg

@Tg

@z
¼ @

@z
kair

@Tg

@z

� �
þ hS Ts � Tg

� �þ Qdevolatilization þ
X

Qgases;

(19)

where cg is the heat capacity of the gases, rg is the gases, Qdevolatilization and Qgases are the
heat sources from devolatilization and gas homogeneous reactions respectively, vg is the gas
velocity, taken as equal to the primary air velocity. The thermal conductivity of air is given
as kair = 0.025W/m/K.

Each gas produced in the processes will mainly be transported by the primary air supply
from the bottom of the incinerator, and can be represented by the following species transport
equations:

@Ci

@t
þ vg

@Ci

@z
¼ @

@z
Da

@Ci

@z

� �
þ ri; (20)

where Ci is the concentration of the individual gas component (there are 6 gases being
calculated in this model), Da = 1.5 � 10�5 þ 0.5vgDp is the dispersion coefficient of air (Zhou
et al., 2005), ri is the reaction of the individual gas that has been outlined in the previous section.

2.5 Numerical implementation of the model
The finite volume method (Patankar, 1980) is used to dicretize equations (18)-(20), and the
solid and gas temperature and the gas concentration are computed as the outputs. The
general form of the one-dimensional unsteady convection-conduction discretized equations is:
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aPf P ¼ aNf N þ aSf S þ b (21)

where f is the physical quantity to be computed (e.g. temperature, concentration), subscript
P is the cell of concern, N and S are the north- and south- side of the cell P respectively
(Figure 5); b includes the constant part of the linearized source terms that is expressed as S=
Sc þ SpTp. The expression of aP, aN, aS, and b depend on the equation to be solved. For
example, for the gas temperature equation, the following expressions can be obtained:

aN ¼ knA
d z

þmax 0;�rvgð Þ; aS ¼ knA
d z

þmax rvg; 0ð Þ; b ¼ Sc A Dzð Þ þ a0PT
0
P (22)

aP ¼ aN þ aS þ a0P � SP ADzð Þ; a0P ¼ rcgADz
Dt

(23)

where Sc is the constant source terms (for example the heat sources from reactions), Sp is a
coefficient that arises from linearizing the source term (for example the term that comes
from the heat exchange between solid and gas phase); A is the cross-sectional area of the
reactor, and superscript 0 represents the value of the previous time step. The convection
term has been discretized using the upwind scheme. Equation (21) is written for every cell of
the waste column, so that a matrix with f as solution can be expressed as:

aP1 �aN1

�aS2 aP2 aN2

: : :

: : :

�aSm aPm

2
666666664

3
777777775

f 1

f 2

:

:

f m

2
666666664

3
777777775
¼

b1

b2

:

:

bm

2
666666664

3
777777775
: (24)

Figure 5.
Definitions of the

control volume length
and inter-node

distances
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Boundary conditions (f b is the value of the boundary nodes at one end) can be implemented
by setting aP1 = 1, aN1 = 0, and b1 = f b such that f 1 = f b. The boundary value at the other
end can similarly be implemented by setting aPm = 1, aSm = 0. If the boundary value is not
given but instead the heat flux is specified, an extra equation for their relationship is
constructed to determine the boundary value which will then be fit into the matrix in
equation (24). The details of constructing the extra equation can be found in Patankar (1980).

The boundary conditions in this model are implemented as such: for the gas phase, the
primary air temperature and velocity are specified at the waste bed bottom boundary. At the
bed top boundary, the temperature gradient is set as zero and the air velocity is assumed
to be constant throughout the waste bed. For the solid phase, the bottom temperature is set
to be equal to that of the primary air temperature because of intensive heat transfer between
the solid and gas phasees (Zhou et al., 2005). At the top of the solid phase, the boundary
temperature is determined by the external convective and radiative heat flux (Park et al.,
2010) as follow:

@T
@z

¼ h Tg � Ts
� �þ ses T4

f � Ts

� �4
(25)

where h is the heat transfer coefficient (W/m2K), es = surface emissivity ranging from 0.7 to
0.9 (0.85 is adopted in this study), Tf is the temperature of the furnace of the incinerator. For
the gas species, the gas concentration at the waste bed bottom is set to be the same as that of
air. With respect to the initial conditions, both the gas and solid temperatures are set to be
the same as that of room temperature (T = 300 K). The gas species concentration is also set
to be identical to that of air.

In our simulations, the waste bed, typically of height 0.6 m, is discretized into 20 control
volumes, the time step used is 0.02 s. A total time of 3,600 s is being simulated, which is the
typical duration for the incineration process to be completed. The matrix in equation (24) is
solved by the tridiagonal matrix algorithm for every time step.

3. Model validation
The developed model is to be validated with available literature data. Two representative
studies, of on incineration biomass experiments are selected. The waste biomass
composition differs significantly among the previous studies, which resulted in the very
different behavior reported in the literature.

3.1 Incineration of low-density waste biomass
Goh et al. (2000) studied the incineration process by carrying out experiments in a
cylindrical combustion chamber. The height of the chamber was 1.5 m and the internal
diameter was 0.2 m. The simulated wastes consisted of a mixture of wood, cardboard, paper
and vegetables. They were piled up to 0.6 m in the combustion chamber. Primary air was
supplied from below the waste bed at a rate of 40 L/min. The furnace temperature, according
to the experimental results, can reach up to 1200 K, and it was assumed to be the furnace
temperature in this study. Using the measured density and volume fraction of the mixture
components, the density of the mixture was calculated to be 190 kg/m3. The gas and solid
phase were initially at room temperature, and then the reactor was brought up to the waste
bed temperature which started off the various reactions. The temperature at different
heights of the waste bed was then measured. Gases were also produced in the process, and
the gases concentrations were monitored.
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Using the above conditions as input, the model developed in this study can predict the
waste bed height, gas concentration, and temperature changes over time. Figure 6 shows the
comparison between the predicted and observed heights of the waste bed. The predicted
height is approximated by the Mbed=Mbedo � H, where Mbedo is the initial bed mass. It can be
seen the prediction is reasonable, except towards the end of the reaction where the predicted
bed height no longer reduces which could be because of the fact that the reaction for char
oxidation (and hence the reduction in bed mass) is not universal and does not fit perfectly in
this case.

The predicted and observed waste bed temperature at different bed height w is shown in
Figure 7. Close to the surface (z = 0.52 m), the predicted temperature rises slowly since the
energy has been used to heat and evaporate the moisture in the waste bed. Although the
slow rise was not noted in Goh et al. (2000) experiments, it was commonly observed in others
such as Shin and Choi (2000). Afterwards the temperature quickly rises to the furnace
temperature because of radiative heat flux; the time for the temperature to rise to the furnace
temperature is generally well predicted. For the other bed heights, the model in general gives
good predictions to the temperature changes with time. The agreement suggests that the
radiative heat transfer (which the temperature heavily depends on) has been simulated
correctly.

The gases concentration changes over time are also predicted and compared to the
experimental observation in Figures 8 and 9. Figure 8 shows the changes in concentration of
oxygen over time, which can be seen to be heavily depleted because of the various oxidation
reactions in the incineration processes. A large percentage of the oxygen is used in the
oxidation of carbon and carbon monoxide to complete the combustion, which produces
carbon dioxide in the process evidenced in the prediction and observation of carbon dioxide
concentration over time shown in Figure 9. Note that in the observation, no reaction took
place in the first 20 min. This delay in reaction was not seen in other studies (Shin and Choi,
2000), and good explanation was not provided. However, the temperature was also recorded
to rise quickly within 5 min after the reactions were initiated. Therefore, in the comparison,
the time zero represents the instance which the reactions begin.

Figure 6.
Predicted and

observed waste bed
height of Goh et al.’s
(2000) experiments
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3.2 Incineration of high-density waste biomass
Shin and Choi (2000) studied the incineration process using simulated wastes consisted of
moisture and wood (which were converted to ashes after reactions). With the given
composition and assuming the density of wood to be approximately 800 kg/m3, the density
of the simulated wastes is estimated to be 850 kg/m3, which is somewhat denser than that
used in Goh et al. (2000)’s experiments. It is of interest to see whether there is significant
difference in behavior when the waste biomass density varies. The generality of the model
can also be ensured by comparing the model predictions with measurements in this
independent study.

In Shin and Choi’s (2000) experiments, the bed of biomass was 0.15 m in diameter, with
height 0.45 m. The temperature of the reactor was first brought up to 1,123 K, and then the

Figure 7.
Predicted and
observed waste bed
temperature of Goh
et al.’s (2000)
experiments

Figure 8.
Predicted and
observed oxygen
concentration of Goh
et al.’s (2000)
experiments
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wastes were inserted into the reactor. Primary air was supplied at room temperature
(assumed 300 K) from below the reactor with a rate of 10-850 L/min. No changes were made
to the reaction mechanism in the model. Both the bed height and gas concentration were
measured in the experiments over time.

Case No. 7 was chosen as the representative experiment to be presented in Shin and
Choi’s (2000) study, and the same case is used for comparison with our model predictions.
The primary air supply is computed to have a speed of 0.12 m/s. Figure 10 shows the
comparison between the predicted and observed waste bed height. The agreement can be
seen to be reasonable, especially the slope of the bed height reduction. Comparing this
experiment with that of Goh et al.’s (2000), it can be seen that the bed height was reducing at
a slower speed, probably because of the longer time required for the denser mass to be
combusted. The predicted and observed oxygen concentrations are shown in Figure 11.

Figure 9.
Predicted and
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of Goh et al.’s (2000)

experiments

Figure 10.
Predicted and
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Both showed that the oxygen is consumed heavily during the incineration process but is
gradually ‘replenished’ by the primary air when the incineration process comes to an end.
Interestingly, the delay in reaction seen in Goh et al. (2000) was not observed in Shin and
Choi’s experiments. This suggests that the reactions can be sensitive to the differences in the
experimental setup and the procedures in running the experiments.

4. Discussion
In the present study, a one-dimensional Lagrangian model has been developed for the
modeling of the waste bed which acts as the boundary condition for the CFD simulations of
the freeboard. The relative simple model has been shown above to give predictions that
agree reasonably well with the laboratory scale experimental data from Goh et al. (2000) and
Shin and Choi (2000). Although the results are encouraging considering the complexity of
the problem, there are several points that are worthwhile to take note of:

� A basic assumption of this type of model is that the waste bed composition is
uniform across the whole bed area. While this condition can be deemed satisfactory
in carefully designed laboratory experiments, in a realistic incinerator this is
difficult to be achieved. How the spatial variability in waste composition affects the
waste bed incineration process and whether this influences the final gas output has
not been well studied. The formulation above, however, can be easily modified to
incorporate this spatial variation;

� The radiative heat flux from the furnace has been identified to be one of the key
factors causing the temperature rise of the waste bed. The present model adopts the
simple approach of using a radiative heat conductivity that is proportional to the
temperature cubed to simulate the effect. Although we have shown that the model is
able to predict the bed temperature profile reasonably well and can serve the
objective, the model can be improved in the future by adopting more sophisticated
formulations which are more stable and realistic with the empiricism reduced;

� The reaction mechanisms used in this study are drawn from several prior studies,
which experiments involved different types of biomass. The reasonably good

Figure 11.
Predicted and
observed oxygen
concentration in Shin
and Choi’s (2000)
experiments

HFF
29,2

518



agreement between the model predictions and experimental observations suggests
that the model output is less sensitive to the accuracy of the reaction mechanisms
being used;

� Eventually the waste bed model is developed to be coupled with the CFD model to
compute the gases composition at the furnace exit. The exit gases composition not
only depends on the waste bed, but also other factors, for example the configuration
of the secondary overfire jet system. Yin et al. (2008) studied the effects of using
different secondary overfire jet system. They found that while the jet system and
the mesh had a significant effect on the flow pattern, temperature distribution, and
hence exit gases composition, the waste bed model only affected mainly the region
close to the bed. Thus, if the objective is mainly on the prediction of performance of
the incinerator and the exit gases composition, the current simple model should be
sufficiently accurate; and

� In this study, the test cases carried out were with specific types of biomass or
organic material so that the model can be validated with the available experimental
data in the literature. Sensitivity analysis is desirable to demonstrate the predictive
ability of the model and bring insights to the incineration process. Here, we use two
examples to demonstrate how biomass characteristics and operating conditions can
affect the incineration process. In the first example, three typical biomass types of
different density (chopped straw 80 kg/m3, hard wood chips 200 kg/m3, wood pellets
600 kg/m3, from McKendry (2002) are incinerated at the same operating conditions
(initial bed height 1 m, furnace temperature 1100 K, primary air flow velocity 0.1 m/
s, temperature 300 K). Figure 12 shows the bed height reduction over time for all
three cases. It can be seen that the chopped straw is quickly converted to volatiles
and char since it has the lowest density (smallest mass with the same volume) out of
the three cases. As the density of the biomass increases, the time required for the
biomass bed to fall also increases. This may have implication to the speed of the
incinerator grate that is operating at (to ensure sufficient time for the biomass to be
incinerated). In the second example, the density of the biomass is kept at 100 kg/m3,
but 3 different air flow velocities are tested: 0.02 m/s, 0.1 m/s, and 0.2 m/s; all other

Figure 12.
Predicted bed height
reduction over time

for biomasses of
different density
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operating conditions are the same as that in example one. Figure 13 shows the
variation of oxygen consumed over time by various reactions in the incineration
process. It can be seen the resulting oxygen consumption over time in all three cases
have the same pattern – oxygen concentration drops quickly when the reactions
start and goes back to the initial level when the reactions are completed. However,
as the airflow increases, the drop in oxygen concentration reduces because the
depleted oxygen is quickly replenished by the air supplied. This is also evident in
the quicker rise in oxygen concentration after the reactions completed. This for
example can help in determining whether the operation is over-supplying air –
which wastes the energy in pumping.

5. Conclusions
A one-dimensional Lagrangian model for incineration waste bed has been developed in the
present study. The changes in the bed mass because of drying, pyrolysis, devolatilization
and char oxidation are accounted for explcitly using a number of established Arrhenius
equations in the literature. The mass and concentration of O2, H2O, CO, CO2, CH4 and tar
produced in the incineration processes and homogeneous reactions are also predicted by the
model. The one-dimensional unsteady energy equations of solid and gas phases, which
incorporate the furnace radiation, conduction, convection, and heat of reactions, are solved
by the finite volume approach (Patankar, 1980) to yield the temperature profiles of both
phases.

The developed model is validated by comparing the model predictions with the
experimental observation of Goh et al. (2000) and Shin and Choi (2000). In general, the model
can predict the temperature profile and waste bed height reduction reasonably well
(generally within 20 per cent difference), considering that the process is complex and that
the model is simplified in several ways – including the use of an Arrhenius equation to
model the char oxidation process, the use of radiative heat conductivity to represent the
radiative heat flux to the waste bed, the constant primary air velocity, and the uniformity of
bed. The predicted gas concentration (O2 and CO2) are also compared with the experimental

Figure 13.
Predicted oxygen
concentration over
time with different
primary air velocity
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observation. Overall, the depletion of oxygen and the rise of carbon dioxide level are
reasonably well predicted by the model. The difference between the model prediction and
observation is also generally within 20 per cent. The reasonable agreement indicates that the
key processes of incineration have been captured. Subsequently, a sensitivity analysis is
carried out to study the effects of different biomass density and airflow velocity. It is found
that a denser biomass generally requires more time for the incineration process to complete
and the waste bed height to fall; the time for the incineration process to complete must be
considered when designing for the speed of the moving grate. The air velocity effect has also
been studied. Increasing the air supply rate results in less oxygen concentration depletion
during the reaction and quicker replenishment of oxygen after the reactions. The model can
thus help in determining the air needed in the incineration process and avoid over-supplying
air –which wastes energy in pumping.

Finally, it should be noted that quite often the performance of the incinerator and the
furnace exit gases concentration are the main concerns. Yin et al. (2008) showed that the
prediction of the exit gases concentration is more affected by the secondary overfire jet
system configuration and the computational mesh, rather than the bed model used. As the
objective of this study is to develop a model for the waste bed to couple with the
computational CFD model of the furnace, the present model should be sufficiently accurate
and efficient for this purpose.
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