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Abstract

Purpose Fluidized bed combustion is currently inten-

sively developed throughout the world to produce energy

from several types of solid fuels, while significantly

reducing pollutant emissions with respect to conventional

combustion units. Accurate models must be formulated at

both bed and particle levels to operate efficiently such

units, since local phenomena such as particle temperature

and combustion rate are crucial aspects for process

improvement and control. In this sense, this article pro-

poses a classification of local scale models to represent the

evolution of char heterogeneous combustion of any car-

bonaceous particles.

Methods Existing models are described and classified

based on the characteristics of the governing equations, the

thermal behavior of the gas and solid phases and the

description of both the burning particle and the surrounding

gas, under a heterogeneous or pseudo-continuous assump-

tion. Criteria for choosing one model instead of others are

also considered, depending on the case. The so-called

Intrinsic Reactivity Models are described in detail for

evaluating the pertinence of their simulated results. The use

of CFD to build a simulation scheme of the solid com-

bustion process at local scale is also presented and

discussed.

Results A complete description of the solid fuel burning

process is given, along with useful information concerning the

evolution of different variables, such as particle internal tem-

perature that governs the reaction rate and gas composition.

Conclusions This comparative analysis gives a strong

basis to select the appropriate modeling approach. Finally,

recommendations are proposed for model application and

future development.

Keywords Solid fuels combustion � Clean operation �
Fluidized bed � Local scale � Model classification

List of symbols

Bi Biot number, dimensionless

cp Specific heat capacity (J/kg K)

C Molar concentration (kmol/m3)

d Diameter (m)

D Diffusivity (m2/s)

e Particle emissivity

Ea Activation energy (J/kmol)

h Enthalpy (J)

hb,s Heat transfer coefficient (particle in bed) (W/m2 K)

hg,s Heat transfer coefficient (particle in gas) (W/m2 K)

is Solid component j

km Mass transfer coefficient between particle and its

surrounding (m/s)

n Number of chemical reactions

N Number of components

Ns Number of species

r Radius (m)

r Distance from particle center (m)

r Spherical coordinate

rS Particle external radius (m)

R Gas law constant (8.315 J/kg mol)

Ri Reaction rate of chemical reaction i (kg/m3 s)
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S Area (m2)

Sv Specific surface area (m2/m3)

t Time (s)

T Temperature (K)

TS Temperature at particle surface (K)

v Gas velocity (m/s)

v0 Superficial gas velocity (m/s)

x x-direction

xC Conversion degree of solid or carbon

X Solid component mass fraction

y Axis of cylinder

y Species mass fraction

Greek letters

a Stoichiometric coefficient

! Stoichiometric coefficient

DH Reaction enthalpy (J/kg)

DT Temperature difference (K)

e Porosity

s Particle tortuosity

k Thermal conductivity (W/m K)

q Density (kg/m3)

r Stephan–Boltzmann constant

(5.67 9 10-8 W/m2 K4)

XH Overall source term due to chemical reaction, for

energy

XM Overall source term due to chemical reaction, for

mass

W Adjustable parameter in Eq. (13)

r Grade operator

Subscripts

0 Initial

av Available

b Bed, bulk

C Carbon

eff Effective

g Gas

H Enthalpy

i Combustion reaction

j Species or component j

m Mass

max Maximum

p Particle

ref Reference

s External surface of the solid

s Solid

Superscripts

0 Reference

g Gas

NS Number of species

s Solid

Abbreviations

AC Asymptotic consumption

ANN Artificial neural network

CFD Computational fluid dynamics

DAE Distributed activation energy

DEM Discrete element method

FB Fluidized bed

FBC Fluidized bed combustor

GC General case

GC Global combustion

HM Heavy metal

HSC Heterogeneous shrinking core

IR Intrinsic reactive

IRGC Intrinsic reactivity general case

LES Large eddy simulation

LHS Left hand side

MLP Multi layer perceptron

MSW Municipal solid waste

RDF Residue derived fuel

RHS Right hand side

QSS Quasi stationary state

PVC Poly vinyl chloride

SIMPLE Semi-implicit method for pressure-linked

equations

UC Uniform conversion

UDF User defined function

Introduction

When a carbonaceous solid is burned, a correct evaluation

of the resulting local operating conditions at the solid

particle scale becomes extremely important. Particularly,

particle thermal level and the evolution of its thermal

profile are key aspects since they directly determine the

formation and potential release of volatile pollutants

(VOCs, H2S, furans, dioxins, NOx, heavy metals) and

related phenomena such as sulfur self-retention by ash.

Consequently, the accurate prediction (through a ver-

satile modeling tool) of the resulting temperature profiles

and the local operating conditions becomes a task of great

environmental relevance for estimating the disengagement

of the potential volatiles created and, hence, acting on the

operating conditions with the aim of minimizing pollutants

formation (optimization).

These issues regarding pollutants emissions have led to

the search of ‘‘environmental friendly’’ techniques. In this

sense, fluidization appears as a ‘‘clean technology’’ for

waste incineration.

A fluidized bed (FB) is a type of contactor that is

widely used for the thermal treatment of solids such as

coal and solid waste (municipal waste, dry sewage

sludge). It implicates a large amount of non-combustible
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fluidized particles (usually sand, fuel ash and sorbents)

that constitute the largest part of the fluidized bed layer

(above 90 %) in which reacting particles are immersed.

Low-grade fuel mixtures have also been processed in FBs

(e.g. biomass mixture, in the presence of oxygen—co-

combustion—or not—gasification processes) [1]. Specifi-

cally, fluidized bed incinerating units (Fig. 1) reduce the

ultimate residue volume and guarantee its sterilization,

while the energy released may be used for heating or for

producing electricity. They operate under clean conditions

[2], and understanding their behavior is a very important

matter in order to master the process. Indeed, the control

of incinerators is a complex task that needs to establish

the best operating conditions to reduce as much as pos-

sible the environmental impact. Van Caneghem et al. [3],

in their review article critically consider the main vari-

ables and parameters that govern the design and operation

of fluidized bed waste incinerators. Their article deals

with modeling and design strategy of these units, but also

reviews the emission and control of pollutants, the fate of

the residues and possible de-fluidization (due to agglom-

eration and sintering).

Most of the recent practical progresses in fluidized bed

combustors and gasifiers have been developed with little

input from the fundamental understanding of fluidization

phenomena and associated reaction phenomena. These

units are designed by following highly empirical princi-

ples based on the extrapolation of pilot plant test data

[4]. Then, the performance of the FB drops significantly

when the hydrodynamic deviates from the designed flu-

idization regime [5]. Therefore, a deep comprehension of

physic-chemical complex phenomena occurring in FB

combustors is crucial for process improvement and

control.

In the eighties, Smith [6] had pointed out the indis-

putable need for getting a deeper understanding on the

numerous phenomena that occur in and around particles

during thermal processes in order to be able to improve the

performance of existing combustors or/and incinerators and

even to develop new alternatives. From that time, much

progress has been made in this regard. In fact, several

investigations have been made concerning the complex

process of incineration of carbonaceous materials including

simultaneous physical phenomena that condition the final

heterogeneous combustion reaction.

Even if four different steps can be identified during the

solid fuels (or biomass) combustion: heating and drying,

devolatilization, volatile combustion and char combustion;

and simultaneous secondary phenomena (pollutant release,

slugging, etc.) [8], the rate of the overall process is limited

(and controlled) by the rate of the char combustion process

itself [9]. Although related phenomena should be consid-

ered strictly, solid consumption due to heterogeneous

combustion usually determines the global combustion

efficiency and thus the energy use associated with the

operation.

This context emphasizes the need of achieving a strong

computational tool to simulate the incinerator behavior,

either for analyzing the performance of an existing incin-

erator or for designing new ones (usual situation in

chemical reaction engineering domain).

Different research groups have reported simple

approaches that provide a good first insight in what is

critical to design the combustor considering the local

phenomena at the burning particle [10–15]. Even with

different shortcomings these works are also fair design

approaches.

Concerning the char heterogeneous combustion step, it

is then necessary to have an overview of the different

model formulations to carry out computational simulations

at the local scale (particle). Existing models represent well

the contact between the burning solid particles and the gas,

the solid consumption and its temperature level, but they

require the evaluation of many parameters [16]. These

parameters may not be easily estimated because they

strongly depend on the operating conditions and the solid

structure.

Fig. 1 Schematic of a typical bubbling fluidized bed incinerator

(fluidized bed sludge combustor of Brugge, Belgium, reprinted with

permission from [7], Copyright 2008, Elsevier), where 1 sludge feed;

2 fluidized bed; 3 freeboard; 4 pre-heater of primary air; 5–6

secondary air; 7 air to start up burner; 8–9 windbox; 10 distributor; 11

make-up sand; 12 exhaust to further heat recovery, electrostatic

precipitator, pollutant abatement, stack. The distributor has a central

hole feeding a water-cooled screw conveyor for bottom ash removal
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This review describes what is known and what remains

to be undertaken about the modeling of the local process of

heterogeneous combustion of the residual char of a car-

bonaceous material (municipal waste, sewage sludge, bio-

mass, or even coal) from the transport phenomena

modeling point of view. The purpose is to present in a

comparative and informative way the various local models

and approaches representing this gas–solid combustion

reaction in the dense phase of FB incinerators/combustors.

This will be latter useful to build global combustor simu-

lations, coupling the local phenomena to the FB hydrody-

namics [17].

First, the four steps mentioned above are briefly

described (‘‘Main Characteristics of Thermal Processes for

Solid Fuels and Modeling Domains’’ section). The differ-

ence between local and global scales and the link between

both scales are also introduced in this section.

An update of the more comprehensive local models for

representing the local physics and chemistry of the solid

transformation is presented in ‘‘Local Models for General

Thermal Treatments of Waste and Carbonaceous Material

Solid Particles’’ section: kinetic rate models and thermo-

dynamic equilibrium models. A brief reference to Neural

Network Models is also included in ‘‘Neural Network

Models’’ section. The definition and main characteristics of

transport models are presented in the final item of ‘‘Local

Models for General Thermal Treatments of Waste and

Carbonaceous Material Solid Particles’’ section, together

with a general formulation. A classification of local

transport models is presented in ‘‘Classification and main

characteristics of local transport models for char hetero-

geneous combustion’’ section as a basis for the analysis of

Local Intrinsic Reactivity Models (‘‘Intrinsic Reactivity

Models—IRM (Type II in Table 2)’’ section) and local

Computational Fluid-Dynamic (CFD) Models (‘‘CFD

Models (Type III in Table 1)’’ section).

Finally, the paper concludes from the analysis given

above with recommendations for model application and

future work on the subject.

Main Characteristics of Thermal Processes
for Solid Fuels and Modeling Domains

In this section, we briefly consider the main steps involved

in carbonaceous material thermal decomposition, the

specific features of waste and coal combustion in FB, and

the main links between local and global simulation models

in such processes. A detailed description of all de com-

position process during combustion has been reported by

LaNauze [18].

Thermal Decomposition Processes During

the Combustion of Carbonaceous Materials:

Principles and Different Steps

The three main thermal processes that allow converting

carbonaceous materials to different products of commercial

interest are devolatilization, gasification and combustion

[19]. Also, when municipal solid waste is incinerated, these

processes are present in the incinerating environment and

must be considered as steps of the global waste

degradation.

When a carbonaceous material (coal, wood, biomass,

solid waste, etc.) is exposed to a heat source and the heat

flux reaches its external surface, heat conduction into the

particle causes a local temperature increase. This step in

the thermal process experienced by the particle is called

heating and drying. When the temperature reaches 373 K,

an intense process of evaporation and drying begins but no

chemical reaction takes place at this stage [20].

As soon as the moisture is evaporated, the particle

temperature rises up to 473–573 K, where thermal

decomposition begins (Fig. 2) and the organic matter is

weakened. If the thermal degradation takes place in an

oxidizing environment the process is called devolatiliza-

tion, while if the decomposition occurs in a neutral or

reducing atmosphere this stage is known as pyrolysis. This

is a fast process that generates: permanent gases, tar (the

tar is composed of hydrocarbons that can condense at low

temperatures) and char [19]. The partition between the

three products depends on the initial material composition,

the heating rate, the surrounding temperature, and the gas

composition. For example, up to 70 % weight loss

(gas ? tar) is observed in the case of coal.

Several attention was paid to the fundamentals of

devolatilization/pyrolysis process, where numerous efforts

were applied in order to develop a complete understanding

of this complex step. Nonetheless, the fundamentals of this

step are not yet completely understood and it is experi-

mentally difficult to quantify the volatile species (CO, CO2,

H2, CH4, H2O, etc.), produced during this step [21].

The oxidation processes (combustion) occur when some

part of the char reacts with the oxygen (heterogeneous

reactions) and so do the pyrolysis volatile products (ho-

mogeneous reactions).

The combustion reactions of char (here assumed as pure

carbon) and devolatilization gases can be described as a

series of simple chemical reactions as follows:

Cþ O2 ! CO2 ð1Þ
Cþ 1=2O2 ! CO ð2Þ
Cþ CO2 ! 2CO ð3Þ
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COþ 1=2O2 ! CO2 ð4Þ
2H2 þ O2 ! 2H2O ð5Þ
CH4 þ 2O2 ! CO2 þ 2H2O ð6Þ

Also gasification reactions could occur. In this sense, char

may react with steam to produce CO and H2 (syngas), it is

the steam gasification reaction:

Cþ H2O $ COþ H2 ð7Þ

Additionally, the reversible gas phase ‘‘water–gas-shift’’

reaction rapidly reaches equilibrium condition at the cor-

responding high temperature. This contributes to balance

the concentration of gaseous species.

COþ H2O $ CO2 þ H2 ð8Þ

Table 1 summarizes the different steps of the thermal

degradation, its thermal characteristics and temperature for

each of them.

It is important to recall here that gasification differs

strongly from combustion: during gasification, the

amount of O2 (air) is strictly controlled in order to keep

the process under a relatively low partial pressure of

oxidant, and as a consequence a small amount of the

solid fuel undergoes complete combustion (this is a

partial oxidation to provide heat to the system). In

gasification, the feedstock is broken from the chemical

point of view to produce ‘‘syngas’’ (mix of CO, H2 and

other organic volatile gas species in very low concen-

tration). A very clear description the main characteristics

of combustion, gasification and pyrolysis and their dif-

ferences has been reported by Bridgwater [22].

Waste Incineration and Coal Combustion Process

in Fluidized Bed

When a combustion/incineration process of solid fuels is

carried out in a bubbling fluidized bed (Fluidized Bed

Combustor, FBC), the solid fuels are mixed inside the flu-

idized bed by the air. This action, similarly to a boiling

liquid, provides a very appropriate contact media for

chemical reactions (particularly for heterogeneous reac-

tions) and a very high heat transfer rate to immersed surfaces

[23, 24]. The energetic valorization of waste in fluidized bed

is possible due to the easiness and high efficiency to recover

heat from the bed by means of internals.

The FBC was proved to be well suited to burn different

fuels like low quality fuels (high ash coals and coal mine

wastes) and fuels with highly variable heat content,

including biomass and mixtures of fuels that are usually

difficult to ignite [4]. Solid fuels are burned at temperature

of 1023–1223 K, a convenient range where contaminant

gases formation is considerably lower than in conventional

units. A thorough treatment of emissions has been carried

out by Van Caneghem et al. [3]. Concerning the NOx

formation (and abatement) during fluidized bed combus-

tion of biomass and coal, a specific description was given

by Mahmoudi et al. [25].

In FBC the possible generation of pollutants can be

controlled with acceptable efforts. Usually, the mixing

action of the fluidized bed brings the flue gases into contact

with a sulphur-absorbing chemical, such as limestone or

dolomite. Most of the sulphur pollutants in the fuel can be

captured inside the bed vessel by the sorbent.

Fig. 2 Scheme of

devolatilization and combustion

of a carbonaceous material

particle
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Commercial FBC units are more efficient than conven-

tional units. The operation of these units is strongly linked

to economic and environmental constraints, mainly due to

the nature of the involved carbonaceous fuels (coals, bio-

mass residues and municipal waste).

Improved understanding of fluidization fundamentals

related to gasification and combustion phenomena may

guide commercial equipment design and selection of spe-

cial features. In addition to direct observation of operating

plants that continuously work for improving performance

and utility, the experimentation and modeling will con-

tinue to be a fundamental path for future engineering

innovations.

Different parameters and variables concerning design

criteria, but also operating conditions, are required for

designing fluidized units. The fuel nature (geometry, ash

content, thermal properties, composition including pollu-

tants) are the main topics that strongly affect the design and

operation of such fluidized beds. As it is quoted by Yang

[4], based on the information reported by Makansi [26, 27]

and Jones [28], the most significant operating problems

experienced by fluidized beds are those connected to tube

failures, refractory damage, plugging and erosion of noz-

zles and drains, deposits and clogging of circulating solids

leg seal-valve, coal and ash handling. Some of these

aspects are common to other fluidized bed reactors and the

continuous evolution of their behavior knowledge is also

favorable to combustors design improvement. Based on

these facts, the local processes (solid particle scale) con-

cerning coal combustion and waste incineration have

common elements that allow representing both of them by

some similar modeling approaches.

Model Construction for Solid Fuels Combustion:

Global and Local Scales

Developing an incinerator simulator, particularly a FB unit,

requires the formulation of models for representing the

effects of both physical and chemical phenomena at two

scales: (a) the local scale, whose control domain is the

burning particle, and (b) the global scale, which is defined

as the scale of the reactor/incinerator.

The global scale allows stating (or evaluating) thermal

conditions all over the unit and inlet and outlet flow rates.

The global scale is also the level for evaluating the

hydrodynamics of both phases, solid (e.g., sand) and gas,

and the temperature field in the whole bed geometry.

Table 1 Steps in thermal degradation process of solid fuels

Process Thermal characteristic Temperature
range Primary products Secondary products

Heating and drying Endothermic 373-400 K Dry fuel and moisture 
(H2O) - 

Devolatilization/ 
Pyrolysis  Endothermic 573-1123 K

Char (solid residue)
Synthetic gas: (syngas) 

mixture of CO, H2, CH4, 
other VOCs

Condensable species give 
tar, oils and waxes

Chemicals 
Methanol
Ammonia 
Electricity 

Chemicals 
Gasoline 

Electricity 
(by means of 

a gas turbine)

Gasification 

Largely exothermic but 
heat can be required to 

start and sustain the 
process 

above 923 K

Gas  

Syngas and
Ash 

Electricity 

Chemicals 
Methanol
Ammonia 

Combustion Exothermic 1073-1173 K Heat Electricity 
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The local scale is the solid fuel particle domain. The

complex thermal and chemical degradation of the fuel must

be represented appropriately by means of kinetic, thermo-

dynamic and transport phenomena considerations that have

to be evaluated at the conditions in the particle neighbor-

hood. Thermal, chemical and hydrodynamic conditions in

this particle-surrounding volume are influenced by effects

due to local chemical and thermal phenomena: for exam-

ple, on the one hand local temperature gradients caused by

chemical reactions occurring inside the particle determine

that a heat transfer flux arises at the external surface of the

solid, tending to change the local temperature profile.

Secondary phenomena, strongly temperature dependent,

occur during the thermal degradation of the carbonaceous

solid. The emission rate of different pollutants, like NOx

and heavy metals among others, can be modelled coupled

to the internal temperature profile predicted by the local

scale primary model. For instance, different approaches

have been reported when representing mathematically the

heavy metal release: heavy metal release based on ther-

modynamic equilibrium [29–31], kinetic approach in a

non-isothermal particle [32]. The global bed dynamics will

take this perturbation as a heat source that should be

transferred to the whole fluid and solid mass in the bed, in

order to maintain the average thermal condition. On the

other hand, gases produced at the particle level modify the

overall gas composition inside the combustor but air

injection and strong gas mixing result in a nearly constant

gas composition far from the particles, at a given bed level.

For these reasons, global and local scales are strongly cou-

pled by means of the operating conditions that impose the

properties of the bulk of the dense phase. Out of the gas

boundary layer, the temperature andbedproperties in the region

adjacent to the burning particle strongly govern the combustion

reaction and the heat and mass transfer inside the particle.

When a complete model of the fluidized unit is devel-

oped, the equations representing the local phenomena

involve the values of external variables that are ‘‘provided’’

from the resolution of global (reactor scale) heat and mass

conservation equations. In this sense, a complex set of

balances accounting for both local and global changes must

be solved at the same time. This is the origin and the way to

go from one to the other scale of modeling. Our attention

will be focused on the local scale in the rest of the paper.

Local Models for General Thermal Treatments
of Waste and Carbonaceous Material Solid
Particles

It is frequently found, in the literature concerning the

development of models for combustion/incineration units,

that the local-scale phenomena are treated as global

phenomena, without paying particular attention to the local

variables and their influence on the global behavior of the

unit. For example, numerous authors do not include

transport phenomena at the local scale since it requires

important efforts to determine the transport parameters and

properties, and moreover the computational demand is

clearly augmented.

The design of FBC requires that local kinetic and

transport models are developed based on the conservation

principles for mass, energy, momentum and chemical

transformations with appropriate degree of fundamental

detail [4]. The reactor balances are closely coupled and

their solutions, including empirical kinetic expressions and

mixing models for the phases, provide evaluations of

temperature and gas–solid composition profiles all over the

reactor volume.

When combustion is carried out in a FB, implying the

different steps described in ‘‘Thermal Decomposition

Processes During the Combustion of Carbonaceous Mate-

rials: Principles and Different’’ section can occur, it is

necessary to include the corresponding modeling approach

to evaluate the modifications suffered by the solid fuel as a

function of residence time in the bed.

Different alternatives to model these steps have been

reported in the bibliography, mainly concerning pyrolysis

[33–35] but also gasification and combustion [17, 36, 37]

for the cases of different solid fuels: coal, biomass and

RDF (residue derived fuel). RDF stands for the processed

solid, high calorific value fraction remaining after the

recovery of recycled elements from MSW [34]. It mainly

consists of biogenic components like paper, cardboard,

textiles and wood, and of plastic.

Devolatilization models are generally applicable only

to specific materials, limiting their use to problems

concerning a narrow variety of fuels. Moreover, it is

extremely difficult to determine the model parameters for

particular cases [38] since the air factor (30–40 % in

simple gasification processes, 0 % in pyrolysis and

120–130 % in full combustion conditions) determines the

existence of very different conditions for gasification

itself.

Mathematical models need an appropriate description of

both chemical kinetics and transport phenomena [35]. If the

transport phenomena are included in the formulation, the

model can be called a ‘‘transport-model’’ or ‘‘particle

model’’. If not, a description of the transformation itself is a

partial approach because the transport of species and heat is

not considered in its formulation. Williams et al. [39]

published a detailed review about coal combustion mod-

eling, mainly concerning the physical chemical phenomena

modeling during combustion.

According to the objective of the models, they can be

classified as it is described in the following sections.
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Kinetic Models

As a general definition, a kinetic model is conceived to

describe the way a process follows to convert reactants to

products. Different steps can be proposed to build a kinetic

mechanism involving various kinetic parameters.

Devolatilization Kinetic Models

The first type of kinetic models for coal devolatilization

corresponds to empirical models. As it is valid for all

kinetic experimental studies, experimental data is needed

concerning the particular solid fuel considered. Usually,

the validity of this approach is restricted to low ranges of

operating condition [35]. It is more accurate to adopt a

model of multi-step structure.

Several researchers have developed phenomenological

macromolecular network models in which the chemical

structure of coal is considered as a macromolecular net-

work. Statistical methods are applied in order to describe

and predict the network behavior when coal is subjected to

devolatilization. The network model can be incorporated

into comprehensive coal combustion models and improve

the design of combustion plants. The most widely used are

the Functional-Group, Depolymerization, Vaporization,

Cross-linking (FG-DVC) model [40], the distributed-en-

ergy chain (FLASHCHAIN) model [41] and the Chemical

Percolation Devolatilization (CPD) model [42]. In contrast

to the first two models, as stated by Fletcher, the CPD

model is the only devolatilization model that directly uses

values of measured chemical structure features. Other

models, such as FLASCHAIN and FG-DVC, use a large

degree of empiricism in order to get final answers that look

reasonable.

The so-called Distributed Activation Energy Model—

DAEM—(originally adapted to coal pyrolysis by Pitt [43])

consists of a set of irreversible first-order reactions with

individual and different values of the activation energies

and Arrhenius frequency factor [44, 45]. Paea [46] carried

out a comparison between the simple first order reaction

approach and the DAEM.

Sommariva et al. [35] formulated a predictive multi-step

kinetic model of coal devolatilization. The authors based

their model on a reaction scheme that is shown in a sche-

matic way in Fig. 3.

Considering the case of different reference coals, the

authors claim that any coal can be considered as a linear

combination of those reference coal materials and they

extend this assumption to devolatilization process and

released products. For each reference coal, they establish

different product distributions and kinetic parameters. Gas

species are described in a simplified manner and tar species

from the different coals are grouped in pseudo-components

respecting the elemental composition of the corresponding

initial coal. The model is flexible and can be used in the

analysis of coals but also for other solid fuels. Grammelis

et al. [34], based on Skodras et al.’s original model [47],

proposed a pyrolysis kinetic model for waste recovered

fuels, adopting the independent parallel, first order, reac-

tions approach for that. The behavior of different materials

composing the RDF is analyzed, particularly that of PVC.

From the analysis, coherent schemes of degradation are

assumed for each material and this is reflected in the

kinetic model. The model applies well to the degradation

process of RDF even in co-fired systems with coal.

It is possible to conclude that the multi-step models can

be appropriate to represent devolatilization/pyrolysis

transformation of solid fuels, as far as experimental

information about kinetic parameters for the different

materials composing the fuel and its functionality with

temperature are available.

Kinetic Models for Gasification Process

As it was described for devolatilization kinetic models, this

kind of models can also be formulated for gasification

process. They provide information about the mechanisms

that can represent the rate of conversion during solid fuel

gasification. Char reduction is described by kinetic

expressions that must be obtained by means of experi-

mental studies and mechanisms formulation. Puig-Arnavat

et al. [19] published a review for the important case of

biomass gasification.

Thermodynamic Equilibrium Models

Although kinetic models have, in theory, the capability of

predicting well the behavior of both the local scale process

and the global unit performance (by integration of the local

behavior), the use of kinetic approach for devolatilization

and gasification processes has been strongly discussed due
Fig. 3 Coal decomposition and devolatilization mechanism. Rep-

rinted with permission from [35], Copyright 2010, Elsevier
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to the difficulties in the evaluation of kinetic parameters

concerning these complex processes.

Thermodynamic equilibrium models are mainly based

on the fact that the Gibbs energy is minimum at the

chemical equilibrium point. The specific Gibbs energy

must be evaluated by taking into account the number of

species and phases that are present in the reacting domain,

as it is described for the case of pyrolysis and oxidation of

hydrocarbons by Dvornikov [48] and for biomass gasifi-

cation by Basu [49].

When the devolatilization or gasification (or both of

them) process is modeled under thermodynamic basis

without the formulation of reaction mechanisms to study the

kinetic rate, the approach is considered as a thermodynamic

equilibrium model. Thermodynamic simulations stem in the

probability of occurrence of a process. They provide infor-

mation that allows predicting the evolution of the equilib-

rium position as a function of changes in fundamental

variables and grant solid evidence to rationalize results.

Yang et al. [50] proposed a thermodynamic equilibrium

model to predict the dominant gas products during the

pyrolysis of three palm oils wastes under variable operating

conditions. The simulation of biomass pyrolysis and gasi-

fication was performed on the basis of minimized Gibbs

free energy of thermodynamic equilibrium using the

commercial code HSC Chemistry. As other authors assume

it, only the main elements (C, H, O) were considered for

the biomass sample. In addition, only the species (H2, CO,

CO2, CH4, H2O and solid carbon) were defined as final

products of biomass pyrolysis. The authors reported that

the results of gas product release obtained by thermody-

namic equilibrium simulation agree well with experimental

thermo-gravimetric determinations. Moreover, they also

evaluated the kinetic parameters. However, this approach

would not be a convenient one to be adopted for other

processes such as gasification, as reported by Rapagna

et al. [51] and Gomez-Barea et al. [52] for different bio-

mass residues gasification in fluidized bed.

The use of commercial software to model devolatiliza-

tion/pyrolysis and gasification processes has also been

reported in the bibliography. One of the most versatile codes

to this aim is ASPEN PLUS, which has been used to sim-

ulate coal conversion and also biomass gasification. In this

sense, Paviet et al. [53] proposed an easy-to-use approach

for the thermo chemical modeling of wood biomass residues

gasification in the frame of ASPEN PLUS. Several authors

have reported the formulation of models by working with

ASPEN PLUS (Mathieu and Dubuisson [54], Mansaray

et al. [55, 56], Doherty et al. [57], Li et al. [58], among

others). Puig-Arnavat et al. [19] presented a revision of these

models (almost all of them concern global approaches). The

use of thermodynamic models can be adopted as a guide,

providing a preliminary view of the problem and tendencies.

Neural Network Models

In this section, a particular approach is described. It is more

connected to the technique of solving the numerical system

than to the physics of the solid fuel and thermal treatment.

As it was discussed above, the formulation of a mech-

anistic model demands high efforts from the computational

point of view, as well as the estimation of the properties of

different solid fuels and the evaluation of the model

parameters. This situation frequently results in a very

simplified model with restricted applicability, as quoted by

Bezerra de Souza et al. [59]. Following the description

made in [59], the Artificial Neural Networks (ANNs) are

universal approximators that can be applied to various

physical systems. This technique allows to recognize

strongly nonlinear relationships and to organize the infor-

mation in a nonlinear mode in the context of empirical or

hybrid modeling [60].The use of ANNs for modeling the

solid fuel thermal treatments is currently a standard tool.

Bezerra de Souza et al. [59] state that the most popular of

the ANNs schemes is the so-called Multilayer Perceptron

(MLP), usually composed of an input, a hidden and an

output layer of neurons. As the authors wrote, the neurons

in the input layer are typically linear, while the ones in the

hidden layer have nonlinear (often sigmoidal) activation

functions. The neurons in the output layer may be linear or

nonlinear. Each interconnection between two layers of

neurons has a parameter associated with it that weights the

feed-forwardly passing signal. Additionally, each neuron in

the hidden and output layers has a threshold parameter.

Typically, the neurons in the input layer simply forward the

signals to the hidden neurons. The behavior of the neurons

in the other layers is explained in Bezerra de Souza et al.

[59]. Lautenberger and Fernandez-Pello [38] proposed a

pyrolysis model that is suitable to be used to simulate the

gasification of a wide variety of materials (as it is their

interest, these materials concern the typical ones found in

fires). This pyrolysis model is coupled to a genetic algo-

rithm that allows estimating the required model parameters

from laboratory experiments. The authors claim that the

predictive capabilities of the model are generally quite

good.

Xiao et al. [60] have reported the use of an ANN to

formulate a predictive model to describe the gasification of

municipal solid waste. Based on experimental data, the

authors formulate an artificial neural network model that

reproduces acceptably the experimental data. Guo et al.

[61] studied the gasification of several types of biomass

carried out in a fluidized bed at atmospheric pressure in

steam atmosphere. They developed an artificial neural

network model to predict the gasification profiles, and

reported that model predictions were consistent with

experimental determinations.
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Transport Models

Even if an appropriate consideration of physical–chemical

phenomena occurring during solid fuel thermal degradation

has a decisive role in accuracy of potential simulation tools,

as described in previous sections, the transport phenomena,

acting simultaneously with the basic phenomena, have a role

that cannot be ignored. Moreover, for most possible oper-

ating conditions, transport phenomena become limiting

mechanisms and they are determinant for the overall value

of the global effective rate of the process.

In porous particles the distribution of pores with respect

to shape and size is irregular, making almost impossible the

formulation of the transport phenomena at every pore space.

Thus, in order to make the theoretical approach more

amenable, local volume averaging must be performed. In

this way, variables such as temperature, mass fractions, etc.

become smooth functions of position within the particle and

transport, thermodynamic and reactivity coefficients depend

on the locally averaged pore structure [62].

The next step when formulating a transport model is to

propose an approach for the different phases: the model

may thus be a homogeneous type (involving an infinite

gas–solid heat transfer rate and no difference between the

temperature fields of the phases) or contrarily, a hetero-

geneous type. After that, and depending on the kind of

treatment, a flow pattern (type of flow) is assumed or the

momentum balance equation must be formulated together

with the equations of mass conservation (continuity equa-

tion) and thermal energy. Of course, the formulation of

balance equations must be made after defining the geom-

etry domain. After deriving a model for the chemical

reactions occurring during the thermal treatment, the set of

equations and boundary conditions governing the conver-

sion process must be formulated.

Finally, the appropriate boundary conditions must be

established for each case, according to the environment of

the process and the geometrical and physical characteristics

of the burning material.

Classification and Main Characteristics of Local
Transport Models for Char Heterogeneous
Combustion

While there is a close parallel betweenheterogeneous catalytic

reaction systems and gas–solid reactions, the latter systems—

and particularly combustion reactions—are significantlymore

complex, because of the direct participation of the solid in the

overall reaction. As quoted by Szekely et al. [63], the solid

structure changes continuously, making the system inherently

transient, when it is consumed or it undergoes chemical

change. So, the gas–solid reaction analysis involves an

additional dimension, the time, which is not necessarily nee-

ded when studying similar systems. The unsteady nature of

gas–solid reaction systems introduces a number of compli-

cating factors thatmakes their tackling a definitely non-routine

task. It undoubtedly requires originality.

The combustion/gasification regime classification per-

formed by Wicke [64] and Walker et al. [65], shown in

Fig. 4, may be useful for determining the modeling

approach to be adopted.

At low temperatures (regime I), the reaction rate is slow

enough in relation to diffusion allowing the concentration

of gaseous reactant to be essentially uniform inside the

porous solid and equal to that in the bulk gas stream.

Consequently the reaction takes place uniformly through-

out the particle and the overall rate is controlled by the

intrinsic chemical reaction. The porosity will increase

inside the solid but the overall size will remain unchanged

until the particle is almost completely consumed.

With an increase of temperature, so does the intrinsic solid

reactivity; hence most of the reaction occurs in a zone near

the external surface of the pellet producing gaseous reactant

concentration gradients within the particle. In this case,

known as regime II, both chemical reaction and pore diffu-

sion influence the combustion process. In this regime reac-

tion will proceed with reduction of the external dimensions

of the pellet, while the center of the pellet will remain rela-

tively unchanged until the final stages of reaction.

If temperature increases even more (regime III), the

heterogeneous reaction will be so faster than diffusion that

the gaseous reactant will be consumed as soon as it has

arrived at the pellet surface. In this regime (regime III) the

concentration of the gaseous reactant at the external surface

of the pellet is near zero and the progress of reaction is

controlled by external mass transfer.

As it has been mentioned before, models of char com-

bustion encompass some important phenomena referred to

chemical reactions and heat and mass transfer processes

[9]. On the basis of the involvement level of these phe-

nomena, the models found in literature may be classified in

two main types of models, based on Manovic et al.’s cri-

teria [9] (Table 2):

• Global Combustion Models (GCM)

• Intrinsic Reactivity Models (IRM)

The first type of models (GCM) describes the combus-

tion by applying a simple approach that refers the external

mass transfer and chemical kinetics to the particles’

external surface [66]. These models are suitable for being

coupled to comprehensive bed models. In GCMs, the

particle is usually supposed to be at steady state and

therefore conservation equations can be often solved ana-

lytically. Regarding the mentioned characteristics, it is

clear that such models can be easily incorporated into a
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global model of combustion units, but they do not fit to the

necessary description when associated phenomena occur-

ring inside the particle are considered (e.g. metal vapor-

ization inside the waste porous structure, coupled to

temperature profile in the solid).

The second type of models (IRM) is more suitable for

investigations dealing with local phenomena related to

combustion, following Manovic et al.’s reasoning [9]. They

are microscopic models and they describe the particle

dynamic behavior during its combustion, permitting the

determination of the temperature profile inside the solid, if

necessary. Moreover, heat and mass transfer processes,

chemical reactions and porosity effects can be taken into

account with these models. Since IRMs describe better the

particle’s behavior as a whole, it is worth to point out that

they can also be constructed by using various schemes

found in literature [17, 63]. Several approaches have been

proposed to represent the gas–solid reaction processes with

solid consumption (non-catalyzed reactions). Most of them

are very complex and require evaluating several parame-

ters. They are, in particular, the location where the chem-

ical reactions occur, and the temperature distribution inside

the particle (isothermal or not). Table 2 summarizes the

various possible approaches within Type II models.

With the aim to help understanding the various devel-

opments of reaction models, the phenomena occurring

inside a burning particle, can be described as follows.

When a generic heterogeneous chemical reaction

between a reactive gas and a reactive solid takes place,

converting into solid product that forms with inert material

the ash (creating this way the ash layer), there exist two

different cases:

i) The particle size does not change during the

reaction: this happens when solid particles contain

large amount of inert material that remains as a non-

flaking ash, or, alternatively, if a firm pasted solid

product is generated by reaction

Fig. 4 Kinetic regimes for the

combustion/gasification of a

porous solid
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ii) The particle size continuously shrinks with time until

it disappears: this occurs when no ash forms (no ash

layer covers the unreacted core as the reaction

proceeds); it can also happens when a flaking ash is

formed or a pure solid reactant is used.

On this basis, the conversion of the solid reactant can

follow one of two extreme behaviors [67]. Either the gas-

eous reactant diffusion into the particle is much faster than

the chemical reaction, thus the solid reactant is consumed

almost uniformly. This constitutes the so-called ‘‘uniform

conversion’’ model—UCM (Type II-4 in Table 2). Or the

diffusion into the reactant particle is so slow that the

reaction zone is restricted to a thin front that moves from

the particle external surface towards its heart (it occurs

when the solid porosity is low or the chemical reaction rate

is very high). This model is called the ‘‘shrinking-core

model’’—HSCM—(Type II-2 in Table 2). Then, two dif-

ferent layers can be distinguished in the particle, with

clearly different properties (mainly porosity and main

species concentrations): the ash layer and the non-reacted

solid core for the HSCM conditions–(HSCM). When the

UCM is applicable, the boundary between these two zones

is no longer clearly identified. Moreover, if the porosity of

these two zones is high enough, no concentration gradient

can be established inside the particle and the chemical

reaction controls the overall process rate [17].

In some cases, flaking ash or even no ash forms, then the

particle shrinks until it finally disappears. This can be mod-

eled as the shrinking particle model (without ash layer); the

gaseous reactant diffuses through the gas film and either it

reacts at the solid particle surface or it penetrates a short

distance inside the solid to react. Solid shrinking occurs dur-

ing the combustion or gasification of carbonaceous materials.

HSCM conditions are commonly found in coal and char,

UCM conditions in particles with a dominant dimension

(lower than 200–300 lm), whereas flaking ash conditions

mostly occur in biomass combustion.

There exists between HSCM and UCM an intermediate

approach, which is the so-called ‘‘asymptotic consumption’’

model [63]—ACM—(Type II-3 in Table 2). It assumes that

the chemical reaction occurs in a thin layer located near the

particle surface, and there is a simultaneous reactive diffu-

sion towards the particle core. The reactant gas concentration

is null outside the peripheral layer of thickness d; when the

reactant solid is consumed inside this layer, it is renewed

with a new layer of same thickness. Finally, when the rate of

gas reactive species diffusion is similar to that of the

chemical reaction, both solid and gas reacting species are

gradually consumed. This is the general case (IRGC) (Type

II-1 in Table 2), in which both gas and solid conservation

equations must be solved in the whole particle volume

domain. Then, Type II models can be solved with the sim-

plifying hypothesis of isothermal particle or not. The latter

Table 2 Classification of local models for solid combustion

Local model for solid particle combustion Mass transfer and chemical reaction  
phenomena inside the particle 

Heat transfer phenomena 
inside the particle 

Type I – Global Combustion Models (GC) 
Mass transfer and chemical reactions 
inside the particle are not analyzed Isothermal particle 

 
1. General Case (IRGC),  
(volumetric reaction rate model) 

 

Non-isothermal particle 

Type II – Intrinsic Reactivity (IR) Models 

 
2. Heterogeneous Shrinking-Core 

(HSC) Model 
 

3. Asymptotic Consumption (AC) Model, 
-reaction located in a very thin zone- 

 
4. Uniform Conversion (UC) Model  

 

 
a) Isothermal particle 

 
 

b) Non-isothermal particle 
 
 

Type III – Computational Fluid Dynamics 
(CFD) Models 

Following the IRGC but according to software 
flexibility Non-isothermal particle 
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case, more realistic, imposes to solve the heat conservation

equation for the solid all over the particle volume.

For the isothermal particle case, only differential

material balances must be written. Contrarily, for the

non-isothermal particle case, the thermal energy conser-

vation equation must be included in the formulation. In

addition, when considering non-thermal equilibrium

between phases, individual energy balances must be

formulated and solved for the gas and solid phases in

order to determine both temperature fields. In this case

the physical situation involves a heterogeneous approach.

Finally, Table 2 includes the models developed in the

frame of Computational Fluid Dynamics (CFD) codes as a

separate type (Type III) that is based on their particular

software flexibility.

As it was stated before, having in mind the objective of

this article, major attention is paid to describe Types II and

III Models. Type I Models, and models based on the reactor

behavior without specific attention to the scale of the solid

particles (e.g. Cooper and Hallet [68]), are not considered in

this article. Several relevant features of most representative

approaches found in literature are included in next section,

together with a few results given by the authors. A dis-

cussion is also given when necessary.

Intrinsic Reactivity Models—IRM (Type II
in Table 2)

A Reference Case Formulation of Transport Model

The general description presented in ‘‘Transport Models’’

section is applicable to the different thermal steps/pro-

cesses concerning incineration and/or combustion of car-

bonaceous materials. We will stand here some reference

formulation (called general case), which will be used

hereafter in order to classify the transport models reported

in the literature, according to the main objective of this

article. On this basis, we will focus the following discus-

sion on the various procedures that can be adopted to

consider the kinetic of the combustion and the transport

phenomena in a transport model.

The general case for the combustion of a particle at local

scale is formulated including volumetric chemical reac-

tions and diffusion all over the particle volume for the

gaseous species.

The equations governing the evolution of the process

can be formulated as it is well described by van de

Weerdhof [20].

The approach presented by this author is adopted in this

work. For one-dimensional case (only x-direction is con-

sidered), the conservation equations can be written as

follows:

General Conservation Equation for the Solid Phase

Considering the solid particle in a fixed position, the fol-

lowing general conservation equation of mass arises:

o

ot
1� eð Þqsð Þ ¼ _Xg;s

M ¼
XNs

js¼1

_Xg;s
js

ð9Þ

Equation (9) describes the change in the mass of solid

caused by the term in the right hand side (RHS), which is

the source-sink term that represents the transformation of

NS components of the solid into gas species.

At the same time, the corresponding conservation

equation to take into account the change of the fraction of

solid component js, is given by a particular conservation

equation for this component, as follows.

Individual Conservation Equation for the Component js
of the Solid Phase

o

ot
1� �ð Þqsyjs

� �
¼ _Xg;s

js
þ 1� eð Þ _Xs

js
; for js ¼ 1;Ns

ð10Þ

Homogeneous conversion of the js solid component to

another one in the solid phase is evaluated by means of the

specific term _Xs
js
.

Even if these reactions do not involve any variation

in the total solid mass, the transformation of some

fraction of a given component into other one must be

computed.

Finally, a conservation equation for the thermal energy,

in terms of the enthalpy, can be formulated.

Thermal Energy Conservation Equation for the Solid

Phase

o

ot
1� eð Þqs

XNs

js¼1

yjshjs

 !
þ o

ox
keff ;s

oTs

ox

� �
¼ _Xg;s

H ð11Þ

Equation (11) includes the heat transfer by effective con-

duction, second term in the LHS of the equation, and the

heat exchange term between gas and solid phases (RHS).

The individual enthalpy for each fraction composing the

solid must be evaluated as a function of the temperature, by

applying standard thermodynamic Kirchoff’s law, as it is

described below in this section.

Continuity Equation: General Conservation

Equation for the Gas Phase

For the gas flow through the porous char particle, the

equation of continuity can be expressed as [20]
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o eqg
� �

ot
¼ �

o qgv0
� �

ox
ð12Þ

where v0 is the superficial gas velocity and qg is the gas

density (values averaged over a region available to flow,

large with respect to the pore size). This equation must be

modified if there is a source/sink term of gas. In this case,

this term is the same included in Eq. (9) which computes

the gas mass produced from solid degradation:

o eqg
� �

ot
þ
o eqgvg
� �

ox
¼ _Xg;s

M ¼
XNg

jg¼1

_Xg;s
jg

ð13Þ

where evg ¼ v0. For the conservation of gaseous species

(denoted jg), the following equation arises.

Conservation Equation for the jg Species in the Gas Phase

The mass conservation of gas species ja may be written in

the following form including accumulation, convective and

diffusive transport phenomena:

o

ot
eqgyjg
� �

þ o

ox
eqgyjgvg
� �

� o

ox
qgeDeff ;j

oyjg

ox

� �

¼ _Xg;s
jg

þ _Xg
jg

ð14Þ

Equation (14) includes both source-terms in RHS, due to

heterogeneous and homogeneous reactions involving ja
gaseous species. Thermal effects in gas phase have to be

taken into account by means of the corresponding conser-

vation equation.

Thermal Energy Conservation Equation for the Gas Phase

The energy conservation of gas species jg may be written in

the following form including accumulation, convective and

conductive transport phenomena:

o

ot
eqg
XNg

jg¼1

yjghjg

0

@

1

Aþ o

ox
eqgvghjg
� �

� o

ox
keff

oTg

ox

� �

¼ _Xg;s
H ð15Þ

Five source/sink terms included in the conservation equa-

tions system ( _Xg;s
H ) should be evaluated [20]. The source

terms in the global conservation equations and in those

corresponding to individual species reflect the changes due

to chemical reactions (cf. ‘‘Thermal Decomposition Pro-

cesses During the Combustion of Carbonaceous Materials:

Principles and Different’’ section). In this sense, they must

be expressed in terms of the specific kinetic rate expres-

sions, as it is usually done.

The source term for the thermal conservation equation is

expressed as follows:

_Xg;s
H ¼ �

X

n

hj _X
g;s
j þ hg;sSðTs � TgÞ ð16Þ

In Eq. (16), two terms must be evaluated to obtain the value

of the thermal source term _Xgs
H : the first one accounts for the

enthalpy exchange due to mass exchange of species pro-

duced between the solid and gas phases, during chemical

reactions. The second term represents the direct heat transfer

between the two phases, because of the contact between

them through the specific surface, S. The heat transfer

coefficient between solid and gas hg,s must be evaluated

from correlations (for example, Ranz–Marshall correlation,

see Szekely et al. [63]). The enthalpy of j-component of a

total of N components, is given by thermodynamics as

hj;N Tð Þ ¼
ZT

Tref

cp;jdT þ h0j

where h0j is the enthalpy at reference conditions. The

evaluation of other transport parameters and physical

properties can also be carried out by usual existing

expressions [20, 63].

Also, boundary conditions must be established and, for

one-dimensional case, the following conditions arise for

the particle center for Eqs. (14) and (15), respectively

oyjg

ox
¼ 0 at x ¼ 0 ð17aÞ

oT

ox
¼ 0 at x ¼ 0 ð17bÞ

Solid consumption requires the use of a balance, based on

the formulation of Eqs. (9, 10) and can also implies a

consumption model, as it will be described later.

Gas and solid phases interchange heat and mass, which can

be taken into account by means of appropriate heat/mass

transfer coefficients in the corresponding boundary conditions

at the particle external surface. Two alternatives for heat

transfer can be formulated here: the first one considers the

interaction between the burning particle and the gas of the

emulsion (and then, the interaction between solid and gas can

be considered separately); in the second one, the exchange can

bedirectly taken into accountwith respect to the emulsion (with

dense phase properties instead of those of the interstitial gas).

Following the second alternative, the boundary condi-

tions at the particle external surface are:

�eDeff ;j

oyjg

ox
¼ km yjg;s � yjg;b

� �
at x ¼ rS ð17cÞ

�keff ;s
oT

ox
¼ hb;s Ts � Tbð Þ þ egr T4

s � T4
b

� �
at x ¼ rS

ð17dÞ

The system of Eqs. (9–17a, 17b, 17c, 17d) is the most gen-

eral way for formulating the heat and mass transfer balances
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at the local scale. They correspond to a modeling alternative

that can be identified as Type II.1, following the classifica-

tion given in Table 2. The correlations and constitutive

equations used for estimating the parameters and properties

vary, depending on the conditions and authors’ preferences.

The most relevant published works proposing different

alternatives for local modeling of solid carbonaceous

combustion by means of Type II models (Table 2) are

presented and discussed in next section. The analysis is

carried out on the basis of the original formulation of IRGC

models. Finally, CFD approaches (Type III models) are

considered in a separate section.

Overview of Intrinsic Reactivity (IR) Models

(Type II in Table 1)

Char combustion was studied extensively, since it occurs in

several processes of interest such as coal, wood, biomass,

sludge and waste combustion [69, 70]. This section

includes the models formulated to simulate the combustion

of carbonaceous residues, although coal is the main con-

cern. Most authors adopted some kind of simplification,

because the global process control allows determining the

main (or controlling) step.

Models Based on the General Case (Type II.1 in Table 2)

Mermoud et al. [71] presented one of the most complete

works regarding the heterogeneous process of conversion

of charcoal particles. They proposed a local model for

charcoal particle gasification, and they also performed a

detailed experimental analysis in order to validate the

model predictions. Gasification, drying, and combustion

phenomena can be considered as similar processes from a

physical point of view [71], which is finally the thermal

conversion of a porous particle. These authors emphatically

established it, and it must be remarked. So, different

attempts to model these processes can be conveniently and

indistinctly used with minor modifications. The authors

also gave a brief overview of alternatives for modeling

these phenomena including a few details concerning each

model. Mermoud et al.’s model [71] was developed to deal

with the gasification process occurring in a spherical char

particle without considering pyrolysis phenomena. In this

study, the particle was considered as a porous medium and

the solid region (which mainly consists in carbon) was

distinguished from the fluid. The model includes the

assumption of uniformity for main macroscopic variables

(pressure, temperature and species concentration) at the

external particle surface. The particle remains spherical

throughout gasification, and Fick’s law is used to evaluate

the diffusive transport in the porous media. Tar formation

and homogeneous gas phase reactions inside the char

porous structure are neglected. The overall conservation

equations are adapted to a spherically symmetric, 1-D

approach. The set of equations is formulated with the

boundary conditions given by Eqs. 17a–17d. As it is a

Type II.1 model, volumetric reaction rate is used; then, no

simplifying assumption is done with respect to the time-

evolution of particle during gasification (or the phenomena

taken into account if any other). It is considered by means

of an appropriate description of product transport and

Eq. (18) for porosity (e) change during the process:

oeC
ox

¼ 1

qsC

Xn

j¼1

RjC ð18Þ

where subscript C refers to charcoal; s identifies the solid

phase in the charcoal particle and RjC is the mass source or

sink term of the j-species due to chemical reaction.

This scheme allows representing the entire range of

control regimes for the overall process and, on this basis,

describing from the limiting case of a ‘‘uniform conversion

model’’ (Type II.4 model in Table 2, meaning reaction-rate

limited regime) to the ‘‘shrinking-core model’’ (Type II.2

model, mass transfer limited regime). The AC model (II.3)

is also, obviously, included. The kinetic parameters and

mass and heat transfer coefficients are mentioned in detail

in the original Ref. [71].

The authors identified and studied the influence of dif-

ferent operating conditions, and they presented a detailed

discussion of their theoretical predictions. Comparison

with experimental data indicates that up to 60 % conver-

sion, numerical results fit satisfactorily experimental val-

ues. Finally, the paper discusses the influence of

anisotropy, peripheral fragmentation and evolution of the

reactive surface. It is important to remark here that the

authors state and prove that the usual UC or HSC particle

models do not represent satisfactorily the transient charcoal

transformation.

Hastaoglu and Hassam [72] implemented a general

gas–solid reaction model to study the fast reaction of

flash pyrolysis of wood for producing char, tar and gases.

Although the formulation was not applied to combustion,

it can be easily adapted to consider various heteroge-

neous reactions; so, this model can also describe char

combustion, as remarked by the authors [72]. They also

carried out a set of experimental measurements that were

used to fit kinetic parameters. But the main contribution

of this article is the fact that a set of experimental data

concerning the particle shrinkage was obtained as a

function of time (conversion) and used in the model

equation. Phenomena for the used wood particles was

obtained experimentally as a function of time or solid

conversion, and included in the model formulation.
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Particle porosity effects were also considered and inclu-

ded in conservation equations. The numerical procedure

described by Hastaoglu and Berruti [73] was used for

solving the set of equations for a single wood particle.

Finally, this local model was integrated to a circulating

fluidized bed unit, which was also modeled at the global

scale. All simulations were validated by experimental

measurements.

Veras et al. [74] reported a detailed model that they

applied for studying the possible overlapping of the

devolatilization and char combustion stages, but not in

fluidized bed combustors. They studied the particle

behavior in the frame of the so-called ‘‘flame sheet model’’,

which predicts flames at various distances from the parti-

cle. However, from the point of view of solid combustion,

the equations, including the conservation of total mass and

energy inside the particle, the total energy, mass, species,

and momentum equations in the gas phase around the

particle, are formulated as a general case. One-dimensional

geometry is adopted. Equations can be adapted to spheri-

cal, cylindrical and plate particles. No heat transfer

between gas and solid phases is assumed. The boundary

condition for heat transfer at the particle external surface is

written by equalizing the conductive flux from the solid to

a conductive flux inside the gas, and taking into account a

possible radiant flux. Notice that the authors did not

mention the effective transport properties (diffusivity and

effective conductivity), and neglected the effect of particle

porosity. Moreover, equations do not include the particle

porosity. So, even if the first formulation of the model

determines that it is a Type II.1 model, chemical reactions

are considered to occur on the particle external surface for

solving the set of equations. On this basis, and since the

particle porous structure is ignored, it is in fact a shrinking-

core model with non-isothermal particle condition (Type

II.2.b in Table 2). However, non-isothermal conditions are

not well described without effective thermal conductivity.

Lee et al. [75] studied the ignition and oxidation phe-

nomena of a carbon particle and proposed a Type II.2.b

model considering all mass and heat transfers during these

processes. The governing equations were solved for a

spherical particle and 1-D form. The authors used a com-

prehensive gas-phase reaction mechanism and applied a

5-step heterogeneous surface kinetics scheme based on

Bradley et al.’s work [76], which considered that only CO

is produced during combustion since the temperature level

is very high. An indirect way to consider the porosity

effects on the intrinsic combustion reaction rate was

adopted. The transport properties model recommended by

Kee et al. [77] and the properties of graphite found in

JANAF Tables [78] were used. These authors also took

into account gasification processes because the fluidization

gas is composed of air and steam. Additionally, they

studied the effects of surface radiative heat loss and con-

cluded that the latter is significant for a burning single

particle.

Porteiro et al. [79] formulated the so-called ‘‘generalized

combustion model’’, by applying the discretization

scheme proposed first by Thunman et al. [80]. This thermal

degradation model was presented for densified wood par-

ticles. The model assumes isotropy and can be adapted to

different particle geometries: finite plates, cubic particles,

spheres, etc. Drying, pyrolysis and char oxidation are

included in formulations. Local thermal equilibrium

between gases and solid matter is assumed. Heat transfer

due to species diffusion is neglected, and a 1-D set of

conservation equations is then obtained. Char from wood

normally contains small fractions of oxygen, hydrogen, and

nitrogen. For simplicity, authors considered the char is

made of pure porous carbon. The heterogeneous reaction of

char with the gas phase was assumed to be limited to its

oxidation with oxygen, thus producing CO and CO2. The

ratio of CO to CO2 production changes with temperature.

Char oxidation was supposed to be first order in oxygen

concentration, and the expression proposed by Peters and

Bruch [81] was used. With this expression, the char reac-

tion rate is linked with both oxygen and char concentration

by means of its specific inner surface, representing the

available active sites for absorption and desorption pro-

cesses. The authors declared that the model might be

applied to coal particles, just changing properties and

kinetic expressions. The solid particles’ thermal evolution

predicted by the model confronts fairly experimental data

from literature [82].

Lu et al. [83] developed a detailed one-dimensional

particle model to simulate the drying, rapid pyrolysis,

gasification, and char oxidation processes of samples—

poplar particles—with different shapes (sphere, cylinder,

and flat plate) and sizes ranging from 3 to 15 mm. The

authors compared the model predictions against experi-

mental mass loss data and particle temperature data col-

lected on the single particle reactor. The model also takes

into account the surrounding flame combustion behavior of

a single particle. The model assumes local thermal equi-

librium between the solid and gas phase in the particle,

those gases behave ideally and a 2-stage model treats

pyrolysis. To simplify momentum conservation, constant

boundary-layer pressure was assumed, equal to the atmo-

spheric pressure. A radiation energy flux was considered in

the energy equation on the particle physical surface due to

the radiation between the particle surface and the reactor

wall. Additionally, the authors considered that particle

shrinking (or swelling) depends on the various processes

(moisture evaporation, devolatilization and char combus-

tion). They reported that both experimental data and model

predictions showed that large temperature gradients exist in
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large biomass particles during combustion (Fig. 5) and that

an isothermal particle assumption incorrectly predicts both

temperature and mass loss for large particles. They con-

clude that composition and temperature gradients in par-

ticles strongly influence the rates of temperature rise and

combustion, with large particles reacting more slowly than

predicted from isothermal models, which supports theo-

retical descriptions of large-particle combustion

mechanisms.

More recently, Haseli et al. [84] followed Lu et al’s

approach and formulated a one-dimensional model for

combustion of a single biomass particle. It accounts for

particle heating up, pyrolysis, char gasification and oxida-

tion and gas phase reactions within and in the vicinity of

the particle. The model was validated using different sets

of experiments reported in the literature. Special emphasis

was given to identify the role of pyrolysis and gas phase

combustion during particle conversion process. Some

results obtained by the authors are shown in Fig. 6, where

it can be appreciated that char combustion takes place in a

non-uniform way due to significant intra-particle heat and

mass transfer effects. During the combustion of char, the

particle temperature takes a peak and remains at a certain

level (around 1800 K in Fig. 6) until complete conversion

and disappearance of char, after which the temperature

drops to the surrounding temperature and remains in ther-

mal equilibrium.

Heterogeneous Shrinking-Core Models (Type II.2

in Table 2)

Several models, formulated in principle as a general case

(IRGC), are solved by reducing the equations to the sim-

plified case of Shrinking-Core approach. In the present

Fig. 5 Temperature and mass loss profiles of a near-spherical wet particle during combustion in air (dp = 9.5 mm, Tw = 1276 K,

Tg = 1050 K). Adapted from and with permission from [83], Copyright 2008, American Chemical Society

Fig. 6 Typical simulation results corresponding to combustion of a 10 mm spherical beech wood particle burnt in air at a reactor temperature of

1223 K. Adapted with permission from [84], Copyright 2011, Elsevier
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section, more evidence is given about the frequent use of

this approach for modeling carbonaceous particles com-

bustion, as for example Manovic et al.’s model [9].

Manovic et al. [9, 85, 86] and Grubor et al. [87]

proposed a Type II.1 model based on Ilić et al.’s

approach [88, 89]. The model was used for investigating

the phenomena related to sulphur chemistry during coal

particle combustion [86, 87], and in references [9] and

[88] the authors applied the model for the analysis of the

temperature of a char particle burning in a fluidized bed

(FB).

This model is formulated for a spherical particle and the

particle diameter does not change (e.g. neither attrition nor

fragmentation occurs during combustion). It describes the

dynamic behavior of the porous particle during combustion

[87]. Grubor et al. [87] observed that ‘‘the intrinsic model

tends towards the shrinking core model when particle size

and temperature are high. The process of combustion

occurs in a relatively narrow, inward moving front and is

predominantly controlled by oxygen diffusion’’. In addi-

tion, Manovic et al. [9], applying the model for analyzing

the temperature of a char particle burning in a fluidized bed

and the sulphur chemistry during char combustion affirm

that, under convenient assumptions, the shape and size of

spherical particles do not change. If fragmentation phe-

nomena are neglected so does attrition breakage, which

means that by considering that the process is limited by

diffusion, the shrinking core model was adopted. The

authors then concluded that the shrinking core model can

be used and applied for the numerical procedure. So,

Manovic et al.’s model can be better classified as a Type

II.2.b model, according to Table 2. In their formulation, the

authors modified the boundary conditions for heat and mass

conservation equations, including the effect of heteroge-

neous chemical reaction(s) on the particle external surface.

Equations (17c) and (17d) must then be re-written as

follows:

�Deff ;j
oCj

or
¼ km Cj;s � Cj;b

� �
þ ai;jRi 1� eð Þ=s|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

A

at r ¼ rs

ð19aÞ

� keff ;j
oT

or
¼ hb;s Ts � Tbð Þ þ reg T4

s � T4
b

� �

þ DHiRi 1� eð Þ=s|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
A0

at r ¼ rs
ð19bÞ

The authors stated that the contributions of the heteroge-

neous reaction(s), that are terms A and A0 in the RHS of the

boundary Eqs. (19a, 19b), to the mass and heat transfer are

significant only at the beginning of the particle combustion

[16]. They considered two chemical reactions: the hetero-

geneous combustion of char (at the core surface) and the

oxidation of CO to CO2 occurring in the pores. The anal-

ysis of the fluidized bed by a global model is made to

provide the particle model with data related to the particle

surroundings (the coupling of global and local scales is

clearly identified in this work by means of the boundary

conditions). The FB model of Davidson and Harrison [23]

is adopted for the global scale. The work of these authors

provides one of the clearest explanations about the fact of

coupling local and global scales, giving all details of the

link variables that connect both models. They even call the

global model as a ‘‘sub-model’’ of the particle model.

Expression (20), based on the random pore model for

fluid–solid reactions [90] is used for the evaluation of the

available surface area, Sav, as a function of the carbon

conversion, of an adjustable parameter w and of the initial

particle specific surface S0.

Sav ¼ S0 1� xCð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� wln 1� xCð Þ

p
ð20Þ

As they adopted the HSC approach and their system is

controlled by O2 diffusion, it is clear that the reaction can

only occur in a very narrow zone placed at the combus-

tion front position, or even in the ash layer. Finally,

Arthur’s empirical relationship is used to determine the

primary molar CO/CO2 ratio as usual in combustion

studies [91]. Kinetics expressions as well as correlations

used for heat and mass transfer parameters are given in

Manovic et al.’s original work [9].The model predictions

were compared with the authors’ own experimental

results. The control volume numerical method was used

for solving the partial differential equations systems (see

Patankar [92]).

In the experimental measurements, char particles were

obtained in a nitrogen atmosphere at the temperature that

equalizes that of the final combustion process. The particle

temperature was checked and when it reached the bed

temperature, the devolatilization was finished and the

combustion of char started by replacing nitrogen by air as

the fluidization gas. The conditions at the onset of char

combustion were clearly identified in this way.

Figure 7 shows the main results obtained by Manovic

et al.’s model. At low temperature (723 K) the process is

kinetically controlled, and the oxygen penetration in

addition to the heat release towards the particle internal

zone, causes the high temperature gradient along the par-

ticle radius.

The authors concluded that over 823 K, the process

global rate is strongly limited by diffusion and the

combustion occurs in a moving thin layer. They stated

that the unburnt solid particle is placed in the corre-

sponding shrinking core. The temperature profile pre-

dicted by the model showed that for the lower

temperature analyzed (Tb = 723 K) the combustion
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begins under the reaction rate-limiting regime. Then, the

particle temperature increases because of the combustion,

until it is high enough to produce a transition towards the

regime where the reaction is diffusion-controlled. When

comparing model predictions with experimental values,

the authors showed that they fit qualitatively well. Some

discrepancies have been observed at the initial tempera-

ture (model predictions are somewhat higher than the

measured ones). From the author’s points of view, this

can be attributed to the initial release of volatiles from

the char particles.

Zhou et al. [93] formulated a model for coal combustion

at the particle level by means of discrete element method-

large eddy simulation (DEM-LES), where the gas phase

was described as a continuum and the solid phase was

modeled by the Discrete Elements Method (DEM). Heat

transfer processes and chemical reactions were included in

the formulation. The model was developed for analyzing

the thermal characteristics of coal particles and the gaseous

emissions from a fluidized mixture of sand and coal. The

study of heating rate and particle temperature contributes

strongly to clarify the direct particle–particle heat transfer

of the coal solids when fed into the fluidized bed. Main

assumptions on coal combustion were: isothermal burning

particles, gaseous species from coal pyrolysis simplified to

CO, CO2 and H2O, and first order kinetic expressions [93].

Kinetic expressions for main heterogeneous chemical

reaction and lateral chemical reactions were adopted from

previous published studies. The semi-implicit method for

pressure-linked equations (SIMPLE) scheme was used to

solve the equations of continuity, momentum, conservation

of mass fractions of species, and energy conservation for

gas in a fluid cell. The authors evaluated that the coal

particle temperature is much higher than the bed

Fig. 7 Predicted temperatures in char particle during combustion at different temperatures of FB: a Tb = 723 K, and b Tb = 1123 K. Adapted

from [9], Copyright 2008, Elsevier

Fig. 8 Temperature of isothermal coal particles versus combustion

rate and time, dc0 is the initial diameter of coal particle. Adapted from

Zhou et al.’s model [93], Copyright 2004, Elsevier

Fig. 9 Framework of Canò

et al.’s model. Reprinted with

permission from [94], Copyright

2007, Elsevier
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temperature for various operating conditions, which is

qualitatively in agreement with previous contributions.

Zhou et al.’s model [93] also allows predicting the coal

devolatilization. Unfortunately, no internal temperature

profile in the burning particles can be obtained from the

presented formulation of the model. It can induce erro-

neous evaluations of temperature depending on variables

inside the particle (e.g. metal vaporization rate during

combustion). So, Zhou et al.’s model belongs to Type II.2.a

category in Table 2. As shown in Fig. 8 the coal particle

temperature increases very rapidly, which can be due to the

assumed isothermal condition.

Canò et al. [94] studied experimentally the combustion

of a charcoal particle in a fluidized bed and developed a

local model for the particle combustion. Their model takes

into account a moving combustion front and the formation

of an ash layer that is subjected to attrition phenomena,

thus reducing with time (Fig. 9). The model is based on a

quasi-stationary hypothesis with complete combustion

(production of CO2) occurring at the surface of an unre-

acted core. The reaction is oxygen diffusion-controlled at

the onset, and the majority of the combustion is therefore

kinetically controlled.

Particular attention is paid by the authors to the

assessment of the interaction between attrition and com-

bustion for spherical particles. The model can be classified

as Type II.2.b model, according to Table 2, because the

‘‘shrinking core’’ feature is applied to account for the

combustion of the carbonaceous core. In addition, a similar

approach is described as ‘‘shrinking particle’’ to take into

account the removal of the ash surface layer from the

particle by attrition. This phenomenological model is

conceived by formulating the mass and energy balances in

the spherical fuel particle and by evaluating intraparticular

diffusion and conduction from constitutive classical

equations. Intrinsic combustion kinetics expressions are

used to evaluate the combustion front evolution. Non-

isothermal conditions inside the particle are evaluated by

considering the terms accounting for heat generation at the

inner carbon core surface by combustion, heat transfer

across the ash layer and heat exchange with the dense

fluidized bed. The coal combustion is supposed to be

complete, and then the only gaseous product is CO2. The

authors considered that the combustion reaction proceeds

in a thin front at the surface of the unreacted core, and they

justified this assumption (allowing HSC modeling) by the

large intrinsic reactivity of sewage sludge char (high

reaction rates as reported by Dennis et al. [95]). It is

important to notice that the model is based on the pseudo-

stationary assumption for the formulation of mass and

energy conservation equations. According to the authors,

this can be done because the combustion front movement is

much slower than that of the temperature and concentration

profiles, as typically in shrinking core model solution [17,

63].The authors compared the model predictions with

experimental results obtained from laboratory scale single

particle combustion (with commercial pre-dried sewage

sludge). They observed a change in the controlling regime

process along burn-off; for them, it is due to the simulta-

neous and interrelated influence of the unreacted core with

the external surface shrinking. Initially, the global process

is controlled by oxygen diffusion traversing the boundary

layer. The very late stage of carbon burn-off is carried out

under intrinsic kinetic control of the heterogeneous com-

bustion. The model predicts well the instantaneous particle

radii as shown on Fig. 10 where experimental values from

Canò et al. [94] are also included.

Finally, the authors report the temperature temporal

profiles for two radial positions in a single burning par-

ticle: the external surface and the unreacted core surface

(Fig. 11). Interestingly, the temperature clearly decreases

Fig. 10 External particle radius, rS, calculated from Canò et al.’s

model versus experimental values as a function of solid conversion.

Reprinted with permission from [94], Copyright 2007, Elsevier

Fig. 11 Temperature of the external surface and the unreacted core

as a function of time. v = 0.8 m.s-1; dp = 6.3 mm. Adapted with

permission from [94], Copyright 2007, Elsevier
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with time, a very curious situation, even taking into

account the influence of the coherent ash skeleton.

Experimental data, which could have clearly supported

this theoretical profile, are lacking. Notice that based on

this model, Chen and Kojima [96] reported a temporal

temperature profile (when ash coherent skeleton is pre-

sent) with a maximum that depends on the particle ash

content.

Asymptotic Consumption Models (Type II.3 in Table 2)

Two models proposed by Mazza et al. [30, 31] can be

included here as representative examples of Type II.3.a

models (isothermal approach for particles) and Type II.3.b

models (non-isothermal modeling at local scale). Both

models were developed in the context of a study of heavy

metal vaporization analysis during urban waste incinera-

tion in fluidized bed and the temperature profiles were

indirectly validated from experimental data of heavy metal

vaporization rates.

The non-isothermal model (Mazza et al. [31]) can be

used to obtain the solid temperature profile by considering

a combustion layer (represented from a heterogeneous

point of view), together with several associated processes:

devolatilization, combustion of devolatilization gases and

combustion of solid carbon.

Their studied system is a solid waste particle, cylin-

drical and isotropic, immersed in the emulsion of a bub-

bling fluidized bed of sand particles burned in an air flux.

In this approach, the knowledge of the oxygen concen-

tration for radial positions outside the asymptotic layer is

not required. All velocities, mass flow rates, mass and

heat transfer coefficients are calculated from fluid-bed

correlations or by mass balances and no momentum bal-

ance is required. The effective diffusion transfer within

the porous solid is calculated by Bosanquet’s approach

[17], affecting its value by e/s; where s is the particle

tortuosity and e stands for particle porosity. The effective

conductivity value was obtained after a parametric study

carried out by the authors, which was estimated as

0.2 W m-1 K-1. They adopted a heterogeneous approach

based on experimental evidence [68]: the temperature

profiles of the gas, of the waste particle, and of the sand

in the emulsion all differ. The temperature profiles are

found by neglecting any accumulation in the particle

volume—quasi-stationary state (QSS) assumption. On this

basis, and ignoring the gas heat capacity and the kinetic

and potential energies leads to:

�DHð ÞDeff ;O2

dCO2

dy
¼ �keff

dT

dy
! T � Ts

¼ �DHð ÞDeff ;O2

keff
ðCs;O2

� CO2
Þ ð21Þ

where subscript O2 refers to oxygen, subscript s identifies

the conditions at the particle external surface, and y is the

cylinder axis. For a given radial position, T is obtained

from Eq. (22), leading to:

Deff ;O2

d2CO2

dy2
� kmSVC

n
O2
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cO2
bðCs;O2

� CO2
Þ

b Cs;O2
� CO2

� �
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where

km � k Tsð Þ;

cO2
¼ Ea

RTs
and

b ¼ �DHrð ÞDeff ;O2
Cs;O2

keff Ts
¼ ðTmax � TsÞ=Ts

Ea is the activation energy of the chemical reaction and TS
is the temperature at the particle external surface, which is

maximal (Tmax) when CO2
¼ 0. Classical heat balance and

Fig. 12 a Transient mean particle temperature for the two cases

analyzed: isothermal and non-isothermal particle combustion (from

[31], Copyright 2010, Elsevier). b Particle temperature versus

dimensionless radius: influence of time. keff = 0.2 W m-1 K-1.

Reprinted from [31], Copyright 2010, Elsevier
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boundary conditions were used to calculate the transient

particle temperature at its surface.

The temperature profiles predicted by the two models

developed by Mazza et al. [30, 31] must be analyzed in

order to discriminate the most convenient approach to

model the process of particle burning during incineration

(this was the process aimed by the authors). Then, the

temperature profile predicted by both isothermal (II.3.a)

and non-isothermal (II.3.b) models are plotted together in

Fig. 12a, by means of a temperature difference defined

between the radial average temperature of the particle and

its initial value DT = Tmean,p - Tb,0. The temporal varia-

tion of this difference can be observed in the figure but also

the consumption time resulting for both cases. Figure 8a

provides strong evidence that the isothermal approach can

clearly underestimate the particle temperature profile. It

can be observed that the maximum of DT is about 100 and

300 K for isothermal and non-isothermal models, respec-

tively. This observation is crucial because of the strong

influence of temperature on fundamental operating vari-

ables as kinetic coefficients (reaction rate), consumption

time, lateral reactions and vaporization rate (for the even-

tual HM present in the burning particle). Consumption time

predicted by the non-isothermal model was about 70 s but

the corresponding value from the isothermal approach was

85 s.

Figure 12b illustrates the particle temperature radial

profile evolution through time. It can be observed that this

profile tends to be uniform as the burning particle dimin-

ishes its size. This plane profile is a consequence of the

heat dissipation by conductivity, heat released by the

chemical reaction and convective heat transfer in the film

zone.

Uniform Conversion Models (Type II.4 in Table 2)

The shrinking-core model (also called the sharp interface

model) and the uniform conversion (UC) model represent

the two extreme cases of diffusion effects in solid particles.

The UC model is a typical model for catalytic particles

with high porosity values or reaction rates low enough to

avoid any diffusional limitation to mass transfer inside the

solid. An effectiveness factor very close to unity corre-

sponds to this situation.

Considering the reacting solid particles, in such cases as

combustion of char or biomass particles, this type of model

has received constant attention in the literature. In the

kinetically controlled regime, the ‘‘homogeneous or uni-

form-conversion’’ (UC) model is the simplest model, as it

is the ‘‘heterogeneous shrinking-core’’ (HSC) model if a

severe diffusional control occurs [17].

Bhat et al. [97] used both UC and HSC models to study

coal-derived and biomass-derived chars. They concluded

that, up to 1073 K, the HSC model fits their experimental

data better. However, diffusional resistances appear to

influence the gasification rate at temperatures higher than

1123 K. The HSC model is better suited for high temper-

ature predictions because of the higher reaction rates.

Yasyerli et al. [98] considered that the uniform model with

a constant specific reaction rate is inadequate to describe

char gasification. Gomez-Barea [99] and Gomez-Barea

et al. [100] implemented a deactivation model for pre-

dicting gasification rates of several lignite particles, and

they further emphasized the incapacity of both UC and

HSC models to acceptably explain their experiments.

In the open literature, authors did not reach a consensus

about the simple UC model, but its use is constantly called

into question. The main comment is that the UC model has

a very narrow range of applicability because it should not

be used for fast combustion heterogeneous non-catalytic

reactions, and it should be reserved for high porosity par-

ticles. In this context, this article will not consider the UC

model further.

CFD Models (Type III in Table 1)

CFD modeling techniques are spreading in the biomass

thermochemical conversion research area. The capability

of CFD codes for predicting not only the fluid flow

behavior, but also heat and mass transfer phenomena,

homogeneous and heterogeneous chemical reactions

extent, phase changes (e.g. vapor in drying) and mechan-

ical movement (e.g. rotating cone reactor) has led

researchers to use CFD as a versatile and robust tool to

simulate and analyze the performance of a wide range of

thermochemical conversion equipment (e.g. fluidized beds,

fixed beds, rotating cones, rotary kilns…).

Compared to experimental data, CFD model results are

capable of predicting qualitative information, and in many

cases accurate quantitative information, when data cannot

be measured; thus establishing CFD modeling as a pow-

erful tool for innovation and technological development.

An extensive review regarding several applications of CFD

in thermochemical units is given in Wang and Yan [101].

CFD codes and combustion models are usually devel-

oped to predict the solid fuels’ combustion in large utility

boilers [93, 101–106]. These modeling approaches are

based on CFD codes that couple devolatilization and char

oxidation sub-models. They can precisely solve the fluid

dynamics equations involved in the problem, but the char

burnout is more difficult to predict accurately by the sub-

models (although trends are usually indicated correctly)

[107]. These sub-models work under certain assumptions

(e.g. particle temperature uniformity) that may induce a

loss of accuracy. Pallarés et al. [108, 109] showed that
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introducing modifications on the combustion model can

improve CFD burnout predictions, but still fails to predict

precise quantitative values of burnout [104, 108], because

these changes do not accurately account for variations in

reactivity and internal pore structure during the combustion

process.

The important remark is that even though it remains a

simplified approach, the particle’s dimension is not dis-

cretized. This is a significant aspect for biomass particles

with a high aspect ratio, since temperature gradients inside

the particle are important (making the combustion process

non 1-D in terms of particle radius). Gera et al. [110]

showed that the particle temperature is underestimated if

these temperature gradients are ignored.

CFD Modelling Methodology

The steps required for performing a CFD single particle

model comprise: the creation of the geometry of the

problem and its boundaries, discretization of the compu-

tational domain into cells conforming a mesh which can be

structured or non-structured, the formulation of transport

phenomena equations considered along with boundary and

initial conditions, the resolution of the formulated case and

finally post-processing the numerical solution. A brief

description regarding CFD particle modeling is given

hereafter.

Geometry Development and Meshing of Computational

Domain

The particle can be discretized (by the finite volume

technique) to model at the particle scale (Type III in

Table 2) in order to obtain more accurate predictions of the

biomass behavior and related phenomena during its burn-

out. Additionally, as the system is inherently unsteady,

temporal discretization is also needed.

Governing Equations

CFD models include the description of fluid flow, heat and

mass transfers and chemical reactions. The fundamental

governing equations of biomass thermochemical conver-

sion process in a CFD code are listed hereafter:

• motion equation (or momentum conservation

equation);

• continuity equation (mass conservation);

• species transport equation;

• energy balance (or thermal energy equation);

• radiation heat transfer equation.

CFD enforces these conservation laws over a discretized

flow domain in order to compute the systematic changes in

mass, momentum and energy as fluid crosses the bound-

aries of each discrete region. The number of considered

governing equations is chosen depending on the model

purpose.

Combustion Model and Additional Physical Models

The heterogeneous reaction of char with the gas species

such as O2 is a complex process that involves heat and

mass transport phenomena inside and outside the particle.

Thus, the overall consumption rate of a biomass particle is

determined by the oxygen diffusion (and possible pene-

tration) to the particle surface and the reaction rate, which

depend on the temperature and composition of the gaseous

environment, and the particle size, porosity and tempera-

ture that are predicted by the model.

The combustion model may be formulated based on the

intrinsic kinetics or adopting apparent kinetics. On the one

hand, the combustion model may include the intrinsic

kinetic expression of char oxidation by means of mass

source/sink terms for the involved species, as well as in the

overall gas and solid phase mass conservation equations.

Fig. 13 Particle mass loss history, maximum and minimum temper-

atures inside the particle, and process rates of moisture evaporation,

devolatilization, and char burnout (dp = 6 mm 9 height 18 mm

cylindrical particle); Reprinted with permission from [111], Copy-

right 2008, American Chemical Society
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On the other hand, models based on apparent kinetics, with

experimentally obtained parameters, can be used to repre-

sent the char combustion rate under conditions limited by

the combined effects of chemical kinetics and diffusion. In

this approach, intra-particle effects are considered in the

effective reaction rate, thus simplifying the governing

equations.

The particle shrinkage can be modeled by means of a

dynamic mesh where cell volume diminishes with char

conversion degree, or by modifying its properties (e.g.

porosity, permeability) as the heterogeneous reaction

proceeds.

bFig. 14 Contours of gas phase temperature, mole fractions of H2O,

CO and CO2 during combustion of a cylindrical poplar wood particle;

dp = 9.5 mm, lp = 9.5 mm; moisture content (MC), wet

based = 40 %; time is given in seconds. Reprinted with permission

from [112], Copyright 2012, Elsevier

Fig. 15 Comparison between simulated and measured temperatures and normalized mass profiles during pyrolysis of a cylindrical poplar wood

particle; dp = 9.5 mm, lp = 9.5 mm, MC = 6 % w.b. Reprinted with permission from [112], Copyright 2012, Elsevier

Fig. 16 Particle temperature profile versus time for a 923 K and b 1073 K; Reprinted from [32], Copyright 2013, Elsevier
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Additionally, the basic governing equations need to be

strengthened with special additional physical models or

assumptions to fully represent the physical process. The

important additional models include turbulence models,

porous media and multiphase models, heat transfer with

radiation models, and mass transfer and diffusion.

Numerical Simulation and Post-processing Analysis

The strategy for performing the simulation involves

selecting the solving algorithms, the discretization schemes

of both time and space, and also the under-relaxation fac-

tors so as to improve convergence to the solution. While

computing is in process, it is also important to monitor the

solution as iterations are executed. The solution is assumed

to be converged when negligible variation is seen in the

variables after several iterations. Monitoring the solutions

helps in determining the accuracy of the physical models,

meshing and problem setup.

Post-processing of the simulation results is performed in

order to extract the desired information from the compu-

tational model. Results can be visualized in terms of con-

tour plots, vector plots, tables, as well as the widely used xy

graphics.

Applications

Yang et al. [111] studied the combustion of 5–35 mm

biomass particles, using a stationary packed bed reactor.

They formulated their own CFD code including the con-

tinuity, heat, momentum and species mass transport equa-

tions through a shrinking particle. They considered the sub-

processes such as moisture evaporation, devolatilization,

tar cracking inside the particle, gas-phase reactions and

char combustion. Their model deals with a fixed cylindrical

particle, with the main gas flow passing around it, and

where the cylindrical computational domain is larger than

the particle volume. They studied the particle size effect in

terms of mass loss history, maximum and minimum tem-

peratures inside the particle, and process rates of moisture

evaporation, devolatilization and char burnout. The over-

lapping between the sub-processes is more significant with

the largest particle (Fig. 13), where the moisture evapora-

tion overlaps completely with the volatile release stage,

and even partially with the char burnout stage. Moreover,

the authors showed that the smaller the particle, the smaller

the gradient inside it, thus approaching to the isothermal

behavior.

Mehrabian et al. [112] formulated a model for the

thermal conversion of thermally thick particles, numeri-

cally efficient and with reasonable accuracy so as to be

used in CFD biomass grate furnace simulations. On this

basis, the model uses a comparably small number of

governing equations to describe the most essential char-

acteristics of the thermal conversion of thermally thick

biomass particles. As particles are thermally thick, the

particle temperatures and consequently the mass loss rate

during their thermal conversion can be better predicted.

The effect of particle related parameters (size, physical

properties and moisture content) as well as operating

conditions was investigated.

The biomass particle is discretized in layers, with the

lowest possible number of layers (four) which correspond

to the fuel conversion stages: wet fuel, dry fuel, char, and

ash, so as to fasten numerical calculations. The particle

model is programmed in C/C?? and coupled to ANSYS

FLUENT to simultaneously resolve the thermal conversion

of the particles and the surrounding gases. The layer model

is coupled with ANSYS FLUENT as a user defined func-

tion (UDF). The radiation, which is an important part in

combustion simulations, is calculated by the Discrete

Ordinates Model.

The results predicted by the model were compared with

the experimental data of Lu et al.’s work [65]. Figure 14

shows a typical CFD contour plot where the temperature

profile for different times can be appreciated. During char

burnout the particle surface temperature increases and

heats up the gas phase by convective heat transfer. Then,

once the char is completely consumed, the particle cools

rapidly towards the convective gas temperature, depending

on the radiative environment.

Despite the simplifications of the model, the results are

in good agreement with the measurements (Fig. 15). The

discrepancy is believed to be due to coarse spatial dis-

cretization and to the empirical constants used in the

pyrolysis model.

Soria et al. [32] developed a local model for predicting

the combustion of a single particle in a study dealing with

heavy metal vaporization from burning artificial solid

waste. They implemented the commercial CFD tool

ANSYS-FLUENT [113], and used the porous media

approach along with a complete set of UDF in order to

perform the evaluation of fundamental aspects concerning

the kinetic, thermodynamic and structural characteristics of

gas–solid reacting systems. They claim that one main

feature of this model is that it can be applied to the dif-

fusion controlled regime as well as the kinetic controlled

regime. This model considers a cylindrical particle—pel-

let—undergoing instantaneous devolatilization, homoge-

nous combustion and char combustion, where ash is swept

away due to attrition and the particle volume diminishes

with time. It predicts very similar particle consumption

time for char burnout at 923 and 1073 K (Fig. 16). These

results are in agreement with the observations stated by

Manovic et al. [9] and Bruch et al. [114]. For the lowest

bed temperature, the particle area decreases slowly at the
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beginning of the combustion, then faster: as the reaction

proceeds, the particle temperature becomes high enough so

that the combustion regime is limited by diffusion.

Manovic et al. [9] reported earlier this transition.

Their predictions of the transient non-isothermal

behavior inside the particle are in agreement with experi-

mental and theoretical remarks from literature [9, 83, 114].

This confirms that simple combustion models assuming

uniform particle temperature are inadequate, especially for

large particles, and a more detailed mathematical repre-

sentation must be applied.

More recently, a CFD combustion model of a single

biomass particle was developed and employed by Li et al.

[115] to study high-temperature rapid biomass combus-

tion. Biomass devolatilization reaction rate and the

amount of released volatiles are governed by a two-

competing-rate model, considering the swelling properties

of biomass particle during its devolatilization process.

The biomass char oxidation rate is controlled by both

kinetics and oxygen diffusion combining an empirical

method for predicting particle size changes with char

burnout. The apparent kinetics used for these two models

were from high temperature and high heating rate tests.

The mass loss properties and temperature profile during

the biomass devolatilization and combustion processes are

predicted.

The results showed the char oxidation process requires a

longer residence time compared to the heating up, drying

and devolatilization. In addition, an elevated temperature

significantly enhances all the processes occurring in bio-

mass combustion.

Conclusions and Recommendations

Combustion of carbonaceous solids in FB is a complex

process and its modeling usually requires a multi-scale

approach in order to accurately predict its performance. A

deep understanding of the behavior of combusting car-

bonaceous solid at particle scale in FBC systems is

required for design, control and optimization of these units,

including environmental impact issues. In order to achieve

this task, local scale models must be formulated. In this

context, this review intends to describe the existing particle

models dealing with char heterogeneous combustion and

classify them.

The thermal steps that occur during the combustion

process of carbonaceous materials are presented along with

the different approaches to model them. In this way,

kinetic, thermodynamic and neural network models are

presented. Even if these models are important to describe

the chemical sub-processes, this article focuses on the

comprehension and classification of transport models for

the case of char heterogeneous combustion step.

First, the existing transport models were classified and

ordered considering their main characteristics and

assumptions. The most relevant contributions regarding

each category were described and analyzed.

The more detailed models, which are not necessarily the

more convenient to use, require the knowledge of the solid

local structural properties, thus hardening their applicabil-

ity. Moreover, the structural changes suffered by the matrix

during the global combustion (shrinkage, swelling, porosity

change, fragmentation, etc.) should be considered by par-

ticular routines according to the solid nature.

Phenomenological transport models are a relatively

simple alternative with respect to the information they need

for parameter determination, they are low-time consuming

but they are limited because they are frequently based on a

considerable amount of assumptions.

Even if CFD models could be defined as sophisticated

transport models, they are presented in a separate category

(Type III in Table 2) due to their special characteristic and

numerical procedure (pre-processing, processing and post-

processing).

The use and accuracy will be determined by several

factors such as particle size, porosity, solid nature and

physical–chemical properties, and operating conditions.

Thus, the following recommendations arise from the

analysis carried out in this review.

The general case formulation can always be used but

particular situations can be well simulated by more simple

approaches, with less computational demand and infor-

mation required.

As a first criterion, for non-porous particles or diffusion-

controlled regime, the Heterogeneous Shrinking Core

approach appropriately represents the combustion process

(e.g. coal and char at high temperature treatments), while

the Uniform Conversion Model is well suited for small

particles (lower than 200–300 lm) and/or kinetic-con-

trolled conditions (e.g. pulverized coal). Additionally,

flaking ash condition must be taken into account in flu-

idized processes (e.g. biomass, sewage sludge, among

others).

In cases where the particle cannot be considered as

isothermal, the thermal energy conservation equation must

be included in the formulation and coupled to the mass

governing equation.

CFD simple global char combustion models are not

accurate enough when estimating char burnout, especially

for predicting the porosity evolution and its influence on the

particle internal temperature gradient for particles present-

ing Biot number, Bi = hbs.dp/keff C 1. An advanced CFD

particle scale combustion model conveniently overcomes

these uncertainties. One main feature concerning this last
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approach is its capability to predict the particle burnout for a

wide range of bed temperature, from the kinetic-controlled

regime to the diffusion-controlled regime. Local CFD

modeling is a powerful tool that improves significantly the

representation of the phenomena occurring inside the

particle.

Finally, based on the sustained increase in computa-

tional capacity, CFD models can be recommended as a

versatile option to represent solid combustion process.
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94. Canò, G., Salatino, P., Scala, F.: A single particle model of the

fluidized bed combustion of a char particle with a coherent ash

skeleton: application to granulated sewage sludge. Fuel Process.

Technol. 88, 577–584 (2007)

95. Dennis, J.S., Lambert, R.J., Milne, A.J., Scott, S.A., Hayhurst,

A.N.: The kinetics of combustion of chars derived from sewage

sludge. Fuel 84, 117–126 (2005)

96. Chen, C., Kojima, T.: Single char particle combustion at mod-

erate temperature: effects of ash. Fuel Process. Technol. 47,
215–232 (1996)

97. Bhat, A., Ram Bheemarasetti, J., Rajeswara Rao, T.: Kinetics of

rice husk char gasification. Energy Convers. Manag. 42,
2061–2069 (2001)

98. Yasyerli, N., Dogu, T., Dogu, G., Ar, I.: Deactivation model for

textural effects of kinetics of gas–solid noncatalytic reactions

‘‘char gasification with CO2’’. Chem. Eng. Sci. 51, 2523–2528
(1996)
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