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Summary
Particle-laden turbulent flows can be found in many engineering applications and
natural processes. These include internal combustion engines, coal-fired furnaces,
and formation of aerosols. Modeling of particle-laden turbulent flows remains a challenging topic due to the dynamic nature of the dispersed phase that modulates the
turbulent characterstics of the continuous phase through two-way coupling. Despite
the many advancements in computing power, it is still very difficult to simulate
millions of particles in a turbulent gas flow. The computing cost for simulating the
flow around each individual particle is prohibitively expensive if a large number of
particles is present.
The main objective of this thesis is to develop a computational model to simulate
the co-firing of coal and biomass. We also do not want to increase the computational
costs to unrealistic levels. To do this we adopt a point-particle approach. This
approach has been widely used in direct numerical simulation (DNS) of particle
laden flows. The particle is treated as a point and correlations are used to compute
forces acting on the particle and the heat transfer to the particle. The gas phase is
solved within a Eulerian framework, while the dispersed phase (particles) is solved
using Lagrangian tracking of particles and solving equations for mass, temperature,
and velocity of each individual particle.
In the past, several studies in literature have focussed on coal particle combustion
modeling using DNS and large-eddy simulation (LES). Several commercial CFD
codes also include models for coal particle conversion. However, these models can
not be adopted directly to biomass, since these models make some fundamental
assumptions about coal particles that are not valid for biomass particles. The most
notable of these are the kinetic models for reactions on the solid particle surface.
Moreover, as stated earlier, there are significant differences in chemical composition
and thermal properties between coal and biomass particles. These differences in
fuel characterstics require a different treatment of biomass particles while modeling
their conversion. In this thesis, we use previously developed and validated models
for single particle biomass conversion. We adopt these single particle models for
their use in a point-particle DNS CFD model. The developed DNS model captures
the main qualitative nature of the biomass and coal conversion processes. We use
the DNS model to study the effect of various operating parameters like particle size
v

and solid volume fraction on the solid conversion process.
One of the main parameters of interest in the design of industrial furnaces is the
conversion time of solid fuel. The feed rate and sizing of the furnace is primarily
determined by the conversion time of solid fuel under given operating conditions.
In this thesis, we analyze the effect of different model parameters on the conversion
time of solid particles.
In the first part of the thesis (chapter 2 and chapter 3), we focus our attention
on DNS of the biomass conversion process. From our simulation results, we observe
that the heat exchange between the gas and the particles strongly influences the
particle conversion during pyrolysis and combustion. It was observed that the effect
of two-way coupling in the energy equation is significant for particle volume fractions
φ > 1 × 10−5 . At lower volume fractions φ < 10−6 , the effect of particles on
the gas is negligible and at such low volume fractions, particles can be modelled
by just including one-way coupling to reduce the computational costs. However,
typical industrial furnaces have particle volume fractions on the higher side with
φ > 1 × 10−3 and hence the effect of two-way coupling becomes important.
We also find that the conversion time of biomass particles is sensitive to their
diameter and increases for larger particles. One of the main findings of the thesis
is that at constant particle volume fraction the effect of two-way coupling is higher
for smaller particles due to their higher total heat exchange area.
We also study the effect of homogeneous gas phase reactions on the biomass
conversion process. We select a relatively simple model for gas phase reactions and
qualitatively study the effect of these reactions on the biomass conversion process. It
is observed that the inclusion of gas phase reactions in the DNS model decreases the
biomass pyrolysis time due to higher gas temperatures. In contrast, including gas
phase reactions increases the combustion time of biomass due to the lower availability
of oxygen at the particle surface.
The DNS model is also used to perform simulations of realistic biomass particle
size distributions (PSD) to compare the particle conversion times for mono-dispersed
with PSD cases. We analyze the interactions between particles of different sizes in
the PSD case and find that the presence of smaller particles in the distribution
speeds up the conversion process of larger particles.
After analyzing the biomass conversion process using the DNS model, we present
the model for DNS of coal pyrolysis and combustion. We use single particle coal
conversion models from literature for the DNS of coal particles in a turbulent channel
flow. As the size of coal particles is very small compared to the biomass particles,
the number of coal particles in our simulations is very large. Solving the equations
for all the coal particles during the simulation is computationally very expensive
and takes a large amount of memory. To overcome this problem we adopt a particle
grouping method where a virtual particle represents a number of real coal particles
with the same properties. In order to model the interaction between the two phases,
we multiply the two way coupling terms between the gas and particles with the
vi

particle grouping factor.
We analyze the accuracy of this particle grouping method by running simulations
at varying values of the particle grouping factor (ζ). We observe that a value of
ζ = Np /Ncell , where Np is the number of real particles and Ncell the number of grid
cells, results in a good approximation for the simulation with no particle grouping.
This is true for all the particle sizes and solid volume fractions used in our study.
We also observe that the errors due to larger values of ζ are low for simulations with
high solid volume fractions, irrespective of the size of the particles.
Finally, we present the model for DNS of co-firing of coal and biomass. We use
the models developed for sole firing of coal and biomass for the DNS of co-firing. We
define a mass based blending ratio as the ratio between the amount of coal which is
substituted by biomass and the original amount of coal. We study the effect of the
blending ratio on the conversion of coal and biomass in co-firing. It was observed that
during co-firing the presence of coal particles decreases the pyrolysis time of biomass
particles, whereas it increases the combustion time of biomass particles. In contrast,
the presence of biomass particles increases both the pyrolysis and combustion time
of coal particles.
We also study the effect of varying blending ratio on the maximum temperature
inside the furnace as it is one of the critical operating parameters for a furnace.
Using the co-firing model, we find that as the blending ratio increases the maximum
temperature of the gas phase decreases. This is because of the difference in heating
values of the coal and biomass. Coal has a higher heating value than biomass, so as
the blending ratio, i.e., the fraction of biomass in the solid feed increases, the total
heating value of the solid fuel decreases. This causes the maximum temperature of
the gas phase to decrease.
We conclude the thesis in the last chapter where we list the capabilities of the
DNS model. The main limitations of the DNS model are also presented and a scheme
for further improvement of the model in the future is outlined.
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Chapter 1

Introduction
1.1

Background to biomass co-firing

Renewable energy is key to meet the ever increasing needs in a climate-constrained
world. An increased awareness about the depleting fossil fuel resources coupled with
a higher sensibility towards environmental pollution has made biomass an attractive
alternative energy source. Being the only carbon based renewable fuel in our fossil
fuel based economy and due to its large availability in many regions of the world,
biomass has attracted the attention of both scientific researchers and industrial
companies [1]. Consequently, biomass utilization, as an energy source, has continued
to increase and now accounts for over 10% of global primary energy supply [2].
The word biomass refers to all kinds of materials derived from living organisms.
This includes plant matter and its derivatives, such as wood, wood-derived fuels,
fuel crops, agricultural wastes and by-products, and animal waste [29]. This list
comprises the solid, liquid, and gaseous forms of biomass. All these forms of biomass
are used to generate energy in the form of renewable energy sources.
The solid biomass, mainly wood and wood-derived fuels, can be burned in furnaces to generate power. This is one of the main, and more mature, biomass-toenergy pathways. It involves generation of power by burning solid biomass along
with coal in commercial power plants [3, 7]. This process of co-firing biomass with
coal is one of the most economic and easily adaptable methods to increase the proportion of energy generated from renewable sources [4]. The carbon neutrality of
biomass is instrumental in reducing the carbon footprint of these co-firing plants [8].
This is particularly beneficial if the biomass used in co-firing is a waste agricultural
residue. The idea behind coal-biomass co-firing is to utilize existing coal combustion
equipment for burning biomass in order to save on new capital expenditure. Experimental studies have also shown improvement in NOx and SOx emissions when
comparing coal firing and co-firing [5, 6].
Biomass, like coal, consists of different groups of chemical compounds which
1

2

1.2. MODELING OF PARTICLE-LADEN CHANNEL-FLOW

Table 1.1: Proximate and Ultimate analysis of torrified wood, as an example of
biomass fuel, and sub-bituminous coal [29]; db: dry basis, wb: wet basis
Torrified Wood

Coal

Proximate analysis
Moisture (wt%, wb)
Volatile Matter (wt%, db)
Fixed Carbon (wt%, db)
Ash (wt%, db)

1.01
71.5
27.6
0.91

2.0
30.1
57.9
12.0

Ultimate analysis
C
H
N
O (by difference)

49.9
4.9
0.17
44.09

66.2
4.7
1.4
15.7

are classified under the proximate analysis of fuel [83]. These groups - moisture,
volatile matter, fixed-carbon, and ash - undergo chemical conversion in a sequence
of steps inside a furnace. However, biomass differs significantly from coal in its low
carbon, high volatile matter and higher oxygen content [9]. This results in lower
heating values for biomass as compared to coal [8], and significant differences in
conversion times of the fuel particles during co-firing. A comparison of biomass and
coal propreties is given in Table 1.1. These differences in fuel properties result in
suboptimal utilization of biomass while burning it in equipment primarily designed
for coal [10].
To achieve higher efficiencies in the co-firing process, a better understanding of
biomass particle behavior and gas-particle interactions inside the furnace is desired.
A deeper knowledge of biomass particle interactions with the gas inside the furnace will be helpful in improving the design of furnaces and optimizing operating
conditions by changing for example the properties of the biomass particles. In this
thesis, we focus our attention on studying the biomass-coal co-firing by developing
a computational model for the process.

1.2

Modeling of particle-laden channel-flow

Particle-laden turbulent flows can be found in many engineering applications and
natural processes. These include internal combustion engines, coal-fired furnaces,
and formation of aerosols [29]. Modeling of particle-laden turbulent flows remains a
challenging topic due to the dynamic nature of the dispersed phase that modulates
the turbulent characterstics of the continuous phase through two-way coupling. Despite the many advancements in computing power, it is still very difficult to simulate
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millions of particles in a turbulent gas flow. The computing cost for simulating the
flow around each individual particle is prohibitively expensive if a large number of
particles is present [17, 18].
The main objective of this thesis is to develop a computational model to simulate
the co-firing of coal and biomass. We also do not want to increase the computational
costs to unrealistic levels. To do this we adopt a point-particle approach. This
approach has been widely used in direct numerical simulation (DNS) of particle
laden flows [18, 23]. The particle is treated as a point and correlations are used to
compute forces acting on the particle and the heat transfer to the particle. The gas
phase is solved within a Eulerian framework, while the dispersed phase (particles)
is solved using Lagrangian tracking of particles and solving equations for mass,
temperature, and velocity of each individual particle.
In the past, several studies in literature have focussed on coal particle combustion modeling using DNS and large-eddy simulation (LES) [18, 19, 20]. Several
commercial CFD codes also include models for coal particle conversion. However,
these models can not be adopted directly to biomass, since these models make some
fundamental assumptions about coal particles that are not valid for biomass particles. The most notable of these assumptions are the kinetic models for reactions on
the solid particle surface. Moreover, as stated earlier, there are significant differences
in chemical composition and thermal properties between coal and biomass particles.
These differences in fuel characterstics require a different treatment of biomass particles while modeling their conversion. In this thesis, we use previously developed
and validated models for single particle biomass conversion [12]. We adopt these
single particle models for their use in a point-particle DNS CFD model.

1.3

Objectives

The objectives of this thesis are as follows:
• Study the existing models for biomass particle conversion and adopt them for
their use in a CFD code
• Develop a DNS model for biomass conversion in a turbulent channel-flow and
study the effect of model parameters on the biomass conversion process
• Develop a DNS model for coal conversion in a turbulent channel flow and study
the effect of model parameters on the coal conversion process
• Study the coal-biomass co-firing process by varying the coal-biomass blend
ratio
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Outline of the thesis

Based on the above objectives, this thesis is organized into different chapters. Chapter 1 presents a general introduction of the problem and motivation for coal-biomass
co-firing. Chapter 2 starts off with a literature survey of CFD studies on biomass
and coal conversion. This is followed by a description of the biomass conversion process. Next, the single particle biomass pyrolysis and combustion models developed
by Haseli [12] are described in detail. After this, the DNS model for the continuous
phase (gas) is described. The model development is followed by an analysis of results
where we study the effect of varying model parameters like solid volume fraction,
particle size, and two-way coupling on the biomass conversion process.
One of the main parameters of interest in the design of industrial furnaces is the
conversion time of solid fuel. The feed rate and sizing of the furnace is primarily
determined by the conversion time of solid fuel under given operating conditions. In
chapter 2, and also in other chapters of this thesis, we analyze the effect of different
model parameters on the conversion time of solid particles.
In chapter 2, we focus our attention only on the solid-gas heterogeneous reactions.
In chapter 3, we further improve the DNS model by including the homogeneous gas
phase reactions. We select a relatively simple model for gas phase reactions and
qualitatively study the effect of these reactions on the solid conversion process. In
this chapter, we also run simulations by including a particle size distribution for the
biomass particles and analyze the interactions between particles of different sizes.
Chapter 4 describes the model development for coal particle conversion. First
a short literature survey of LES and DNS studies of coal conversion is presented.
This is followed by the description of the DNS model for coal conversion used in
this thesis. This includes details of the single particle models for coal pyrolysis and
combustion. The coal particles are generally much smaller than biomass particles.
For the same particle volume fraction, the number of coal particles is very large
as compared to the number of biomass particles and solving equations for all the
coal particles in the simulation becomes computationally very expensive. To avoid
this, we use a particle grouping method where a number of real coal particles is
represented by a single virtual particle. In chapter 4, we study the application of
this particle grouping method on the DNS of coal particle conversion. In particular
we determine the number of real particles that can be represented by a single virtual
particle without significantly changing the results of the simulation.
In chapter 5, we first present the simulation of a particle-size distribution of coal
particles. After this, we move to the study of the coal-biomass co-firing process. We
use the models developed in previous chapters to simulate the process of co-firing. In
particular, we study the co-pyrolysis process by varying the coal-biomass blending
ratio. The blending ratio is defined as the ratio between the amount of coal which
is substituted by biomass and the original amount of coal. This blending ratio can
be mass-based, if the coal is replaced by the same amount of biomass, or energy-
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based, if the total heating value of the fuel is kept the same. In this thesis, we study
the effects of mass-based blending ratio on the co-firing process, as in most of the
industrial settings the mass flow rate of solid fuel is a more relevant and controlled
parameter [13].
Finally, we conclude the thesis in chapter 6. Here we list the capabilities of the
DNS model and the major conclusions of this work. The main limitations of the
DNS model are also presented and a scheme for further improvement of the model
in the future is outlined.
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Chapter 2

Biomass particle pyrolysis and
combustion
2.1

Introduction

Biomass conversion is a complex process where a number of heterogeneous (solidgas) and homogeneous (gas-gas) reactions take place inside the furnace. Inside
a furnace, the biomass particle first undergoes drying where the moisture inside
the particle evaporates. This is then followed by pyrolysis/devolatilization of the
fuel particle. Upon being heated, the volatile matter in the biomass breaks down
and volatile gases are released [13]. The amount and composition of the released
volatile gases during pyrolysis vary widely with fuel type, temperature and pressure
conditions, and heating rates [14]. Once the volatile gases are released, the virgin
biomass is converted into char which mainly consists of the fixed-carbon part of
the fuel. Finally, the solid char-particle is converted into gaseous products through
heterogeneous combustion reactions. These reactions take place at the char-particle
surface where carbon reacts with oxygen and other gases [15].
Various models of biomass conversion processes - pyrolysis and combustion - are
available in the literature. Haseli has presented an overview of single-particle models for biomass pyrolysis and combustion [12]. A detailed review of single-particle
biomass pyrolysis models is also presented by Di Blasi [13]. The combustion behavior of biomass particles has been extensively investigated by a number of research
groups [16, 17]. These single-particle models are usually focussed on the chemistry
of the biomass particle reactions and are able to capture variations in important
particle quantities - such as particle temperature, mass, and composition - during
pyrolysis and combustion. However, in an industrial furnace, the chemical reactions
of the biomass particles are always coupled with interphase interactions - in terms of
mass, momentum, and heat transfer - between the particles and the gas phase. To
capture all physical and chemical phenomena during the biomass combustion inside
7
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a furnace, a model needs to include the interaction of biomass particles with the
surrounding gas. The complex two-phase flow with the chemically reacting particles
makes Computational Fluid Dynamics (CFD) an ideal choice to study this process
[18]. A comprehensive CFD model can complement the costly full (or even small)
scale laboratory experiments and measurements that are required in the design and
prediction of an efficient biomass combustion process.
In literature, a number of studies on numerical simulations [15-18] of pulverizedcoal-fired furnaces can be found. These studies comprise different levels of detail in
terms of resolving the length and time scales of turbulence with Reynolds-averaged
Navier-Stokes (RANS) equations [19], Large Eddy Simulation [20, 21], and Direct
Numerical Simulation [18]. However, similar studies for biomass combustion are
relatively few. A 2D simulation of biomass co-firing with coal using a detailed burner
geometry is presented by Ghenai and Janajreh [22]. They model turbulence using
the RANS equations with the k − turbulence model and adopt a stochastic tracking
model to predict particle dispersion. Hara et al. [23] present a DNS of a turbulent
pulverized-coal jet flame using a two-step global reaction scheme for pyrolysis of
coal. Brosch et al. [24] present the DNS of pulverized coal combustion with detailed
explanations for the observed effects of root mean square velocity fluctuations of
the gas phase and particle size on the coal particle combustion. To the best of the
author’s knowledge, the present work is the first to investigate biomass combustion
in a 3D turbulent gas flow by means of DNS, thereby extending our understanding
from pulverized-coal-fired furnaces to furnaces suitable for biomass conversion.
The method of Direct Numerical Simulation has the unique advantage, over other
methods, of resolving all length and time scales involved in the turbulence. In order
to model the thermo-chemical conversion of the biomass particles at realistic volume
fractions, and their interaction with the surrounding turbulent gas flow, the DNS
model for the gas phase needs to be coupled with single particle chemistry models
of a biomass particle. To simulate the gas flow with a large number of biomass
particles, simplified models of biomass pyrolysis and combustion are required to reduce the computation time to acceptable levels. The single-particle models available
in literature [25, 26] are very complex and will result in very high computational
costs. Haseli et al. [27, 30] developed simplified models for biomass pyrolysis and
combustion based on some key parameters of interest, like the surface temperature
of particles, the amount of volatiles released, and the conversion time of particles.
Russo et al. [28] combined Haseli’s pyrolysis model [12] with a model for particle
tracking and simulated 3D turbulent particle-laden channel flow by including the
two-way interactions of particles with the gas phase.
Here, we extend Russo’s model for biomass pyrolysis in a channel flow [29] by
adding the relevant solid-gas heterogeneous reactions. The turbulent gas flow is
solved in an Eulerian manner while the particles are tracked in a Lagrangian framework. The two-way gas-particle interactions are modeled in detail. It should be
noted that the presence of particles in turbulent gas flow in principle requires the
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flow around each particle to be resolved in order to be truly called DNS. However,
to simulate millions of chemically reacting particles which interact with a turbulent gas flow, the computational power required to resolve all details of the flow
around the particles would be impossibly high [31, 32]. It is a common practice to
adopt a point-particle approach for simulating flows with a large number of particles. This approach is particularly suitable where particle sizes are smaller than the
Kolmogorov scale η of the turbulent flow [33, 34], which is satisfied in all simulations
presented in this chapter. The typical size of biomass particles in this work is less
than 1 mm. Luo et al. [18] employ this point-particle approach in their DNS model
for pulverized-coal combustion. Several other studies have adopted this approach to
perform DNS and LES [36, 37, 38] of particle-laden turbulent gas flows.
Our aim is to develop a DNS model for biomass conversion in a turbulent gas
flow, which can help to better understand the process inside a furnace. The results
of the DNS model can be used for the development of engineering models of the
process, thus facilitating the optimization of the co-firing process parameters like
conversion time, oxygen-fuel ratio and biomass-coal ratio. The interaction between
turbulence and chemistry in solid-fuel combustion systems is very important but
still not well understood [39]. A DNS model can be instrumental in analyzing the
effects of turbulence on the reaction chemistry inside a combustor. In this chapter,
the framework for the development of such a DNS model, involving the two-way
interactions of chemically reacting particles with the gas, is presented. In order
to establish the need for a detailed DNS model, including in particular the gas
phase transport and interactions, over the single-particle models for the biomass
conversion, we analyze the effects of two-way interactions on the biomass conversion
process.
In section 2.2 we describe the biomass conversion and particle tracking models
used in the DNS. Section 2.3 outlines the gas phase equations including the two-way
coupling terms between the solid and the gas phase. This is followed by the details
of numerical method (section 2.4) and the setup of simulation (section 2.5). Finally,
we end this chapter with the analysis of the DNS results and concluding remarks in
section 2.6.

2.2

Biomass particle model

This section presents the pyrolysis and combustion models for biomass particles used
in the DNS. The equations of motion for Lagrangian tracking of particles are also
presented in this section.
When simulating a large number of particles undergoing thermochemical conversion, the usage of detailed models for particle conversion would cost considerable
computational efforts and time. These detailed models would solve transport equations and chemical kinetics to compute time and space evolution of temperature and
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Figure 2.1: Stages of the biomass conversion process - pyrolysis and combustion;
Tg,b and YO2,b are the bulk gas temperature and bulk gas oxygen concentration
respectively; R is the initial radius of the biomass particle.
species mass inside each particle. However, for many industrial applications, only
a few key parameters - such as particle surface temperature, rate and amount of
particle mass loss, and the duration of conversion processes - are of interest. In this
work, simplified models for particle conversion which include equations for particle
surface temperature, surface reaction rates, and mass loss from particles are used.
These models have sufficient accuracy for engineering purposes of predicting particle
conversion times and gas temperatures [12].
The type of biomass in the simulations is torrified wood. The torrefaction of
biomass is essentially a drying process, which involves thermo-chemical treatment
of biomass particles at 200-300 o C. Drying, in absence of oxygen, evaporates the
moisture content of the biomass particle and therefore the quality of fuel, in terms
of its grindability and hydrophobicity, is improved. After torrefaction, the biomass is
milled to fine particles before being fed into the furnace. The key differences between
wood and torrified wood, after milling, are the smaller size and the more spherical
shape of the torrified fuel particles [40] which is convienient as the biomass pyrolysis
and combustion models that follow are based on the assumption of a spherical shape
of the particle. Biomass particles can be of complex shape and structure [13] and
can even have anisotropic properties [41]. Nevertheless, for torrified wood particles,
the assumption of a spherical shape is better justified than for untorrefied wood.
Figure 2.1 shows the sequence of steps in the biomass conversion process. In
the present model, biomass pyrolysis and char combustion reactions take place in
sequence and not simultaneously, i.e., pyrolysis is followed by combustion. A justification for this, as offered by Haseli [12], is that during pyrolysis the outward
flux of volatile gases released during pyrolysis from the particle is rather strong and
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hence significantly delays the diffusion of oxygen from the bulk gas to the particle
surface. This prevents combustion reactions at the solid surface from happening
until pyrolysis is finished. Hence, our choice for a sequential treatment of pyrolysis
and combustion reactions.

2.2.1

Biomass pyrolysis model

Pyrolysis of a solid fuel - biomass or coal - is the thermal degradation of the solid
in the absence of oxidizing agents. This thermo-chemical conversion results into
many products that are, for simplicity, lumped into three groups: permanent gases,
a pyrolytic tar, and char [42]. The permanent gases and tar are the volatiles evolved
from the solid upon heating. The remaining solid gets converted into char subsequently. The relative amount of volatile gases and char produced during pyrolysis
depends on the type of fuel. Torrified biomass contains a high percentage, typically
about 70% [13], of volatile matter with the rest being fixed-carbon and ash. In light
of this fact, the process of pyrolysis becomes very important particularly for biomass
in order to contribute to effective co-firing.
We adopt the model developed by Haseli [27] for the pyrolysis of biomass particles. The model consists of several phases during which the biomass particle evolves
from virgin biomass to char. Although we adopt a point-particle assumption which
usually implies a uniform temperature inside the particle, the pyrolysis model developed by Haseli [27] is based on thermal diffusion inside the particle which results
in temperature variations within the particle. Another key aspect of the model is
the assumption of a pyrolysis temperature, i.e., the temperature at which the virgin
biomass is converted into char with the release of volatile gases. As soon as the
temperature of a layer of virgin biomass inside the particle reaches this pyrolysis
temperature, biomass breaks down into volatile gases and char. The choice of the
pyrolysis temperature has been a matter of debate in literature, and some studies
[43] justify this assumption by choosing a suitable value for the pyrolysis temperature
such that the overall energy balance agrees well with experimental data.
In Appendix A, we present in detail the pyrolysis model of Russo et al. [28]
which is a further computational development of Haseli’s work [12]. The model
considers a spherical biomass particle with uniform initial temperature. The particle
is subjected to an inward heat flux at its surface, due to the hot surrounding gas,
and the surface temperature of the particle starts to rise. The temperature profile
inside the particle evolves as well due to its thermal diffusivity. This phase is called
heating of the virgin biomass and involves two distinct regions inside the particle - an
outer region close to the surface where the temperature has changed, and an inner
region where the temperature is still at its initial value. The position of the moving
thermal front, i.e., the position inside the solid particle where the temperature is
still at its initial value is tracked during this phase.
At some point the thermal front reaches the particle centre and the second phase
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Table 2.1: Kinetic data for char oxidation and char gasification used in this study
[12]

Reaction
Oxidation
Gasification

Pre-exponential factor
(kg/m2 /s/atmn )
382
362

Activation energy
(kJ/kmol)
70810
165050

- pre-pyrolysis heating - starts. The only difference between the first two phases is
in their mathematical formulation. Once the temperature of the particle surface
reaches the pyrolysis temperature, volatiles are released and biomass is converted
into char. This third phase of pyrolysis is marked by the movement of a char front
from the particle surface towards the particle center. The thin layer which has
reached the cut-off pyrolysis temperature is instantaneously converted into char and
volatile gases. The char front separates the volume of the particle - which remains
constant during the pyrolysis - into two regions: an outer region of char and an inner
region of virgin biomass.
Once the pyrolysis stage has finished completely, the biomass has been converted
into char. The solid char then reacts with gases through heterogeneous solid gas
reactions which are described in the next section.

2.2.2

Biomass combustion model

The last stage during biomass particle conversion includes char oxidation and char
gasification reactions with carbon dioxide. The combustion model of Haseli et al.
[30], used for the DNS, is presented in this section. For simplicity, the char obtained
after pyrolysis is treated as pure carbon. We only consider the two most relevant
heterogeneous reactions of solid char with gases - char oxidation with oxygen and
char gasification with carbon dioxide:
C + νO2 → 2(1 − ν)CO + (2ν − 1)CO2

(2.1)

C + CO2 → 2CO

(2.2)

In the above equations the stoichiometric coefficient, ν, of oxygen in the char
oxidation reaction (1) determines the molar ratio of CO and CO2 in the reaction
products. This coefficient, which satisfies 0.5 < ν < 1, depends on the temperature
and is given by an Arrhenius type equation:


2(1 − ν)
Eν
= Aν exp −
PO2,s
(2.3)
(2ν − 1)
RTs
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where Aν and Eν are Arrhenius parameters, R is the universal gas constant, Ts is
the particle surface temperature, and PO2,s is the partial pressure of oxygen at the
particle surface.
The combustion model is formulated based on the traditional shrinking core
approximation. This implies that the char-gas reaction front, where reactions (1)
and (2) take place, starts at the surface of the particle and progresses towards
the center as the reactions take place. This results in a decreasing particle size
with continuing reactions. However, the mass density of the shrinking reactive core
remains unchanged throughout the combustion process. In the shrinking core model,
the radius of the reactive core of the particle, Rcore , is calculated as follows:
P
− i ri
dRcore
=
(2.4)
dt
ρc
where ρc is the density of the char, and ri are the rates of surface reactions (1)
and (2) of the char particle with the gases. The reactions rates are described by an
Arrhenius law in the following way:


Ei
ri = Ai exp −
Pi,s
(2.5)
RTs
The kinetic data, i.e., pre-exponential factors (Ai ), and the activation energies
(Ei ), are selected from a wide range of experimental data [12, 30] and are given in
Table 2.1. To calculate the surface reaction rates, the partial pressures of various
gases at the particle surface (Pi,s ) need to be determined. We adopt the following
approach for this. Using a quasi steady-state assumption the conservation of mass
of O2 and CO2 leads to the following balance equations:
ρg kd,O2 (YO2 ,b − YO2 ,s ) − (r1 + r2 )YO2 ,s =

MO2
νr1
Mc

(2.6)

MCO2
(r2 − (2ν − 1)r1 )
(2.7)
Mc
where ρg is the gas mass density, kd is mass transfer coefficient, Y is the gas species
mass fraction, Mc is the molecular weight of char (carbon), and M is the molecular
weight of the gas species. In the above equations, the first term on the L.H.S.
represents the mass flux of gas due to diffusion from the bulk gas phase (subscript
’b’) to the particle surface (subscript ’s’). The second term denotes the convective
flux of gases leaving the particle surface. The term on the R.H.S. equals the net
rate of mass consumption of the gas species due to the surface reactions. The
above balance equations are used to calculate mass fractions Y of the gases at the
particle surface. Subsequently, the partial pressures of gases at the particle surface
are determined for calculating the reaction rates. To calculate the rates of reactions
(1) and (2), we only need to calculate the partial pressures of O2 and CO2 at the
particle surface.
ρg kd,CO2 (YCO2 ,b − YCO2 ,s ) − (r1 + r2 )YCO2 ,s =
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Apart from the partial pressure of gas species, the combustion model also requires the calculation of the particle surface temperature (Ts ) at which the chemical
reactions take place. During the combustion stage, the temperature of a particle is
calculated from the principle of conservation of energy with an assumption of uniform temperature inside the particle [12, 15]. The particle exchanges heat with its
surroundings - wall and the gases - through convection and radiation. Apart from
this, there is also heat generation due to the exothermic char oxidation reaction (1)
and heat consumption due to the endothermic char gasification reaction (2). The
net enthalpy balance over the particle surface is described in the following way:
mp cpc

X
dTs
= hm Ap (Tg − Ts ) + σAp (Tw4 − Ts4 ) +
ri Ap ∆Hi
dt

(2.8)

i

where mp is the mass of the particle and Ap is its surface area, cpc is the specific heat
capacity of char, σ is the Stefan-Boltzmann constant,  is the emissivity, ∆Hi is the
heat of reaction for the char-gas reactions, and Tw is the reactor wall temperature.
We model radiation only between particles and channel walls. The gas radiation
has been neglected and the gases are considered to be non-gray [44]. We model
biomass combustion in air whose combustion characterstics are very different from
oxy-fuel combustion [44, 45]. In fact, in oxy-fuel combustion, considerably higher
partial pressures of CO2 and H2 O emerge in the product gas, which sum up to almost
1 atm even for operation of the furnace at atmospheric pressure. This means that
radiative emissions from gases are significant and the gases should be considered as
‘gray’ as far as gas radiation is concerned. Correspondingly, gas radiation should be
explicitly included in models for oxy-fuel combustion. However, during combustion
in air, the lower concentrations of O2 result in much lower radiative emissions from
gases. Here, the initial concentration of O2 results in a maximum partial pressure
of CO2 of only 0.15 atm , i.e., much smaller than in oxy-fuel combustion. Hence
we neglect gas radiation and treat the gas as transparent. A similar approach has
recently been employed in the Direct Numerical Simulation studies of combustion
of coal particles [47].
Substituting mp = ρc Vp with ρc the char mass density, particle volume Vp =
4
3
2
πR
core and Ap = 4πRcore in the above equation, we get:
3
X
1
dTs
Rcore ρc cpc
= hm (Tg − Ts ) + σ(Tw4 − Ts4 ) +
ri ∆Hi
3
dt

(2.9)

i

In this subsection, we described the particle conversion model for the combustion
stage. The model includes char-combustion and char-gasification reaction with CO2
and is based on a shrinking core approximation. During the DNS we calculate the
surface temperature for all particles separately. Each particle is characterized by
its location, velocity, temperature, radius, and its char and biomass content. A
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summarized scheme of the biomass pyrolysis and combustion models used in this
work is illustrated in Figure 2.2.
In the next subsection, we describe the equations used for tracking solid particles
in the DNS model.

2.2.3

Particle tracking model

For particle tracking a Lagrangian formulation is used. We use the formulation for
drag force on a spherical particle in a gas flow. Similar assumptions were adopted by
Ma et al. [48] who use a shape factor to incorporate effects of non-spherical particles.
We assume the particle to be spherical while non-sphericity of the particle will be
a future model improvement. As the focus of the study is not on the settling of
particles, and due to the small sizes and short residence time of the particles inside
the reactor furnace, we do not take gravity into account. Newton’s law applied to a
particle which experiences a drag force in a gas flow field can be written as:
1 + 0.15Rep0.687
d(mi vi )
dmi
= mi (u(xi , t) − vi )
+ vi
dt
τp
dt

(2.10)

where mi is the mass of the particle, vi its velocity, and τp is the particle relaxation
time. The velocity of the gas at the particle position xi is represented by u(xi , t).
The two terms on the R.H.S of equation (2.10) are the drag force and the change in
momentum of the particle due to mass loss from the particle during the pyrolysis and
combustion stages. We use the Schiller-Naumann drag correlation which is valid for
particle Reynolds numbers between 0 and 1000. Another way of writing Eq. (2.10)
is in terms of acceleration which directly yields the particle equation of motion:
1 + 0.15Rep0.687
dvi
= (u(xi , t) − vi )
dt
τp

(2.11)

where the particle relaxation time, τp , is calculated based on the mass density (ρp )
and size (dp ) of the particle as τp = d2p ρp /(18µg ), where µg is the viscosity of the gas.
The particle size dp remains constant during the pyrolysis stage, whereas it varies
during the combustion stage according to the shrinking core model. The position of
the particle is obtained by integration of the trajectory equation in time, where the
particle velocity is calculated from Eq. (2.11):
dxi (t)
= vi
dt
with xi and vi the position and the velocity of the particle, respectively.

(2.12)
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Virgin biomass
heating-up

Thick particle
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pre-pyrolysis

Very thick particle
pyrolysis with
moving thermal front
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of pyrolysis

Pyrolysis
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of pyrolysis
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Very thick particle

Combustion
and gasification

Figure 2.2: Scheme of the routes of a biomass particle undergoing pyrolysis and
combustion; in the flow diagram the conversion routes followed by the particle are
dictated by the different criteria. Details of the biomass pyrolysis model are given
in Appendix A.

2.3

Gas model

The evolution of the flow in the gas phase is governed by a set of transport equations
describing conservation of mass, momentum, energy, and gas species mass. In this
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section, we formulate these conservation laws as well as the constitutive equations
required to complete their formulation. The continuous gas phase is treated in an
Eulerian way. The range of temperatures involved in the process of biomass pyrolysis
and combustion is quite high (500-1500 o C). This results in large variations in mass
density of the gas phase which is treated as a compressible Newtonian fluid.
Presently, the model includes 6 gas species - O2 , CO2 , CO, CH4 , H2 O, and N2 .
We consider all the volatiles released during pyrolysis as methane. In the present
chapter, homogeneous gas phase reactions have been neglected, i.e., we consider
the gas mixture to be inert. We will discuss the effects of homogeneous gas phase
reactions on the biomass conversion process in the next chapter.
The governing equations for the gas can be written as the volume integral of
conservation laws over an arbitrary volume V with boundary S:
Z
V

∂w
dV +
∂t

Z

Z
n̂.fc dS =

∂V

Z
n̂.fv dS +

∂V

Z
L2way dV +

V

F dV

(2.13)

V

with w(x, t) = [ρu, ρv, ρw, ρ, e, ρO2 , ρCO2 , ρCO , ρCH4 , ρH2O ]T the vector of dependent variables. Here, ρ is the total mass density of the gas; u, v, and w are
the Cartesian components of the velocity vector; e is the total energy density;
[ρO2 ,ρCO2 ,ρCO , ρCH4 , ρH2O ] are the mass densities of individual gas species, t denotes the time, and x = [x, y, z]T is the vector of Cartesian co-ordinates. These
governing equations express that the rate of change of w in the volume V is due
to the convective fluxes (fc ), the diffusive fluxes (fv ), the two-way coupling terms
(L2way ) which account for the presence of the particles, and F the source terms in
the gas phase. The source term F consists of a driving force, for the channel flow,
that is added to the streamwise momentum equation in such a way that the total
mass flow rate in the streamwise direction is kept exactly constant.
The above set of differential equations is completed with an equation of state for
the gas. In most combustion problems where the temperatures are quite high, the
gas mixture and its components are treated as ideal gases. Therefore, the thermal
equation of state is given by the ideal-gas law:
P M̄
(2.14)
RT
with R the universal gas constant, and M̄ the average molar mass which is defined
as
ρ=

M̄ =

Ng
X
Yi
Mi

!−1
(2.15)

i

with Ng the number of gas species, Mi the molar mass of gas species i and Yi its
mass fraction in the gas mixture. The vector of dependent variables w(x, t) in eq.
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(2.13) contains 5 + Ng − 1 components. The mass fractions of gas species (Yi ’s) vary
with both position and time, and so does the average molar mass of the gas. The
density of N2 is calculated by completing the balance as
ρN2 = ρ − ρO2 − ρCO2 − ρCO − ρCH4 − ρH2O

(2.16)

The temperature of the gas mixture (Tg ) is determined from the total energy
density e which is given as
e = eint + ekin
(2.17)
where

1
ekin = ρui ui
2
eint =

Ng
X

ρi cvi Tg

(2.18)
(2.19)

i

The internal energy density is calculated from equations (2.17) and (2.18). This
is then used to calculate the temperature Tg from equation (2.19). The specific
heat capacity of the gas species at constant volume is calculated using the relation
cvi = cpi − Ri , where cpi is the specific heat capacity at constant pressure, and Ri is
the specific gas constant for the gas species. Gas species heat capacities at constant
pressure, cpi , are calculated as a linear function of temperature using correlations
derived from NIST data [49]. Similar temperature dependent correlations [12] are
used to calculate the thermal conductivity (λi ) and the viscosity (µi ) of the gas
species. The properties of the gas mixture are determined as the mass weighted
average of the individual gas species properties. Once the temperature and density
of the gas species are known, the pressure of the gas mixture is determined using
ideal gas equation (2.14).
To determine the fluxes in equation (2.13), we require models for calculating the
stress tensor (τ ), the heat-flux vector (q ), and the diffusive fluxes of the gas species
(jgi ). The stress tensor of the gas mixture is calculated as the stress tensor for a
single-component Newtonian fluid using Stokes’ assumption and is expressed as:
2
τ = −µ(∇u + (∇u)T − (∇.u)I)
3

(2.20)

where µ is the gas mixture viscosity and I is the unit tensor.
In the present model we only include heat transport due to thermal conduction
and neglect the transport due to mass diffusion. The effects due to pressure and
concentration gradients are usually negligible [50]. For the heat flux q we adopt the
often used Fourier expression for thermal conduction [51]:
q = −λ∇T
with λ the thermal conductivity of the gas mixture.

(2.21)
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The gas species conservation involves the calculation of species mass diffusive
fluxes, jg,i . The diffusion of the gas species can be caused by concentration gradients,
pressure gradients, and temperature gradients in the gas mixture [52]. The effects
of temperature and pressure gradients on the diffusion of gas species are negligible
[50]. The diffusion caused by concentration gradients is described by the StefanMaxwell equation [53]. However, in this equation the diffusion rate of one species
depends on the concentration gradients of all other species, which makes the use of
this equation computationally very expensive. So, the calculation of the diffusive
flux in the current model is treated in a simplified manner by using an expression
which is similar to Fick’s law of binary diffusion. The species mass diffusive fluxes,
jg,i are calculated as

jgi = Dgi,m ∇ρi

(2.22)

where Dgi,m is an effective diffusion coefficient of the gas species in the gas mixture
given by:

1 − Xgi
Dgi,m = P
Xgj

(2.23)

i6=j Dgi,gj

where Xgj is the mole fraction of the gas species and Dgi,gj is the binary diffusion
coefficient of the gas pair available as a function of temperature [12].

2.3.1

Two-way coupling

The two-way coupling terms (L2way ) in the governing equations for the gas phase
(eq. (2.13)) account for the transfer of mass, momentum and energy between the gas
and the particles. It should be noted, that these terms do not change the total mass,
total momentum and total energy of the system but rather account for the transfer
between the discrete and the continuous parts of the model. The assumption is that
all these two-way coupling terms act as point sources in the conservation laws for
the gas phase. The control volume in which a particle is located can be identified
from the coordinates of the centre of the particle. The coupling terms stemming
from this particle will be included only in the gas equations of this control volume.
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2.3. GAS MODEL
The two-way coupling term in eq. (2.13) can be written as:
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(2.24)

where the sum is taken over all particles within the volume V . The first three
components represent the momentum exchange between the two phases and are calculated using Eq. (2.10). The fourth component in equation (2.24) is the total mass
exchange between particles and gas phase due to pyrolysis and combustion reaci
tions. The mass exchange term, dm
dt , for the various stages of conversion of particles
- pyrolysis and combustion - is calculated based on the change in particle density
during the pyrolysis stage or corresponding reaction rates during the combustion
stage. For pyrolysis:


dmi
= 4πrc2 (ρB − ρc )vc
(2.25)
dt pyro
For combustion:


dmi
dt


comb

2
= 4πRcore

X

ri

(2.26)

i

where rc and vc are the radius and velocity of the char front and ρB and ρc are the
mass densities of the solid biomass and char respectively.
The fifth component in eq. (2.24) is the two-way coupling term for the energy
exchange between the particles and the gas. It includes convective heat exchange
between the gas and the particle surface, heat released or consumed during the
particle conversion, and the change in kinetic energy of the particles:




dei
dmi
dmi
d 1
= hm Ap,i (Tg − Ti ) + cv,g Tp
+ cv,g (Ti − Tg )
− ( mi vi2 )
dt
dt pyro
dt comb dt 2
(2.27)
The first term in the above equation is the convective exchange between the gas
and the particles which depends on the particle surface area Ap , relative temperature
difference between the particle and the gas (Tg −Ti ), and the heat transfer coefficient
hm which is calculated using the following well established correlation for a spherical
particle:

CHAPTER 2. BIOMASS PARTICLE PYROLYSIS AND COMBUSTION

hm =

λ
(2 + 0.6Re1/2 P r1/3 )
dp

21

(2.28)

The second term in eq. (2.27) is the energy associated with the release of volatile
gases from the biomass during pyrolysis. The volatiles are released at the char
front at the pyrolysis temperature, Tp . The specific heat capacity of the volatiles is
calculated for methane. The third term in eq. (2.27) is energy exchange associated
with the combustion stage. Gases (O2 and CO2 ) at bulk gas temperature, Tg , travel
to the particle surface where they react with the solid char and the gaseous products
of the reactions are formed at the particle surface temperature, Ti . The last term in
eq. (2.27) is the change in kinetic energy of the particle due to their motion within
the gas flow.
Apart from the total mass, momentum, and energy exchange terms between the
gas and the particles, eq. (2.24) also contains the species exchange terms. These
species mass exchange terms are calculated based on the rates of char-gas reactions
(1) and (2):
X
dmg,i
= Ap,i
ag,i ri
(2.29)
dt
i

where ag,i is the stoichiometric coefficient of the corresponding gas species in the
char-gas reactions.
The properties of the gas at the particle position need to be computed because
they appear in the particle equations and in the two-way coupling terms. To this
end a trilinear interpolation is employed that uses the values of gas properties in
the control volume where the particle is located and in the neighbouring control
volumes.

2.4

Numerical Method

All equations for the gas and the particles are non-dimensionalized using appropriate
reference values. The particle equations are in the form of ordinary differential
equations. The gas equations assume this form after the spatial discretization based
on a second-order accurate finite volume method. To this effect, the domain is
divided into small rectangular cells, closely following Russo et al. [28]. All the
dependent variables are stored in cell centers. All convective and viscous fluxes in eq.
(2.13) are calculated at the cell faces. The values of the dependent variables at cell
faces are determined by averaging over the values of the two nearest neighbouring cell
centers. The spatial derivatives of velocity components, temperature, and gas species
concentrations at the cell faces, which are required in the calculation of viscous fluxes,
are calculated using the smallest stencil possible. The two-way coupling terms in
eq. (2.24) account for all particles present in the cell.
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Boundary conditions in the streamwise and spanwise directions are periodic. In
the wall-normal direction the walls of the channel coincide with the boundaries of the
cells neighbouring the walls. No-slip boundary conditions are applied at the walls for
all three velocity components. An isothermal wall condition is applied to the energy
conservation equation with a constant temperature set for both the upper and the
lower wall. A zero-flux condition is applied to the species conservation equations
with the gradients of gas species concentrations set to zero at the walls. The wall
is also considered to be inert and all the solid-gas reactions take place only at the
biomass particle surface.
In the wall normal direction, the faces of the cells adjacent to the wall coincide
with these walls. For the convective flux the only non-zero flux is then due to the
pressure. The temperature at the wall is given by the constant temperature wall
boundary condition. The three velocity components at the cell faces at the wall
are given by no-slip boundary conditions. The mass density and the energy density
at the cell faces are the average of the values at the first cell inside the geometry
and the dummy cell outiside the geometry. The value of the energy density in the
dummy cell is set equal to the energy density in the first cell.

2.4.1

Time Integration

Due to the coupling between the gas and the particles, it is important that the
particle and the gas equations are evaluated at the same time level. Russo et al.
[28] used a low-storage second-order explicit Runge-Kutta scheme to simulate the
process of biomass pyrolysis. We extend their model by including the combustion
stage in the particle conversion model. The results of a single-particle model for
particle surface temperature vs. time during the pyrolysis and combustion stages
are shown in Figure 2.3. In figure 2.3 different stages of the particle conversion
process can be identified, and are marked, in the particle temperature profile. The
first stage is the initial heating-up of the virgin biomass which continues until the
particle surface temperature reaches the pyrolysis temperature (I). We use a value
of pyrolysis temperature equal to 600 K in this work. Once the particle surface
temperature reaches this value, pyrolysis of the biomass starts. This continues until
all the virgin biomass in the particle is converted into char. During this period,
volatile gases are released (II). Afterwards the combustion of the particle starts where
oxygen diffuses from the bulk gas to the particle surface. The highly exothermic and
fast char combustion reaction at the particle surface results in a rapid rise of particle
surface temperature (III). Once the particle radius becomes very small, we stop the
combustion reaction and the remaining particle cools down to the surrounding gas
temperature. We stop the combustion reaction when the reaction core radius shrinks
down to 1% of the initial particle size.
It can be seen in figure 2.3 that the rate at which the particle temperature
rises in the combustion stage is much faster than during the pyrolysis stage. The
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Figure 2.3: Single-particle model results for particle surface temperature (Ts ) vs.
time (t) during the pyrolysis and combustion stages for various values of the particle
diameter as indicated in the legend. The initial particle temperature is 300 K and
the temperature of the channel walls is 1400 K.
fast nature of the combustion process presents itself in the form of stiffness of the
system of equations. This renders the explicit Runge-Kutta scheme (as used during
pyrolysis) inefficient for solving the particle model equations, as a large number of
time steps is required to achieve stability. To resolve this problem, a hybrid implicitexplicit method [54] is used. The system of ordinary differential equations for gas
(after spatial discretization) and particle phases can be represented as follows:
dw
= L(w) + N (w)
dt

(2.30)

where L comprises the stiff terms and N is the non-stiff part of the equations. A
three sub-step hybrid explicit-implicit scheme to advance from w(0) , at time t, to
w(3) , at time t + ∆t, is as follows:
w(1) = w(0) + ∆t[L(α1 w(0) + β1 w(1) ) + γ1 N (0) ]

(2.31)

w(2) = w(1) + ∆t[L(α2 w(1) + β2 w(2) ) + γ2 N (1) + ζ1 N (0) ]

(2.32)

w(3) = w(2) + ∆t[L(α3 w(2) + β3 w(3) ) + γ3 N (2) + ζ2 N (1) ]

(2.33)
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2.5. SETUP OF SIMULATIONS

The coefficients αi , βi , γi and ζi are taken from Spalart et al [54] . To solve the
non-linear algebraic equations arising from the implicit scheme in the combustion
stage, a Newton-Raphson scheme is used. As the stiffness is due to the combustion
model, the implicit scheme is used only during this stage of the particle conversion.
The explicit part of the hybrid scheme is used for the non-stiff gas phase equations,
particle pyrolysis and particle tracking.

2.5

Setup of simulations

We consider the gas-particle system inside a channel, bounded by two parallel horizontal plates (Figure 2.4). The domain size is 4πH in streamwise direction (denoted
by x) and 2πH in spanwise direction (denoted by y), where H is half the channel
height. Simulations are performed with frictional Reynolds number
approximately
p
equal to Reτ = 150, which is based on friction velocity uτ = τw /ρg and half the
channel height. Here, τw is the wall shear stress based on the mean streamwise
velocity component, averaged over the two homogeneous directions and time.
The domain is divided into 1283 control volumes. The grid spacing is uniform
in streamwise and spanwise directions, whereas it is non-uniform in the wall-normal
direction with clustering of grid points near the walls. This choice for the grid
resolution is motivated in detail in Marchioli et al. [35] where simulation results
obtained with various numerical methods were compared. They present simulation
of a particle-laden turbulent channel flow at Reτ = 150 using second-order central
differences, similar to the method used in this work, for the same grid resolution of
1283 . Their results show a good agreement in gas and particle statistics with other
studies based on pseudo spectral methods. Bukhvostova et al. [56] report that this
grid resolution is fine enough to capture the flow characteristics without the need
for any turbulence model in the DNS of droplet-laden turbulent channel flow for the
same Reτ values.
The properties of virgin biomass and char formed after pyrolysis are presented
in Table 2.2. The difference between biomass and char mass density is important as
it is an indicator of mass loss in the form of volatile gases from the particle during
pyrolysis.
In all simulations the flow is initialized with a turbulent velocity field in the
statistically steady state as obtained from a simulation without particles. For the
base case, the initial oxygen mole fraction is XO2 = 0.21 with nitrogen the remainder.
The initial gas temperature is set equal to 1400 K, and the particles are initialized
with a temperature of 300 K which is constant within the particle. The walls of the
channel are maintained at a temperature of 1400 K [28]. We select a temperature of
1400 K for the walls as this is the typical temperature of furnace walls in co-firing
power plants [3]. Above 1400 K the ash present in the solid fuels starts to melt and
causes operational problems.
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Figure 2.4: Geometry of the channel with randomly distributed particles, z is the
wall-normal direction
Table 2.2: Virgin biomass and char properties used in the simulations [28]

Biomass
Char

Mass density
(kg/m3 )
650
190

Thermal conductivity
(W/m/K)
0.25
0.1

Specific heat capacity
(J/kg/K)
2500
1100

Initially, the particles are randomly, and uniformly, distributed throughout the
channel and the particle velocity is initialized with the gas velocity at the position
of particle. With these initial conditions we simulate the pyrolysis and combustion
of biomass particles in a turbulent channel flow.

2.6

Analysis of model results

We present the results of the DNS model for biomass pyrolysis and combustion in a
turbulent channel flow. One of the key parameters in designing a combustor is the
conversion time of the fuel particles. For biomass particles, the total conversion time
(tconv ) is the sum of the time required for the virgin biomass to get converted into
char during the pyrolysis stage (tpyro ) and the time required by the char particle to
burn in the combustion stage (tcomb ). The pyrolysis time includes the time required
to heat the particles from their initial temperature (300 K) to the cut-off pyrolysis
temperature. The combustion time (tcomb ) includes the time taken for the char
conversion via the gasification reactions and the time taken by the char particles to
cool down to the wall temperature.
In a single run of the simulation, the conversion time of different particles with
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Figure 2.5: Probabilty density function for the particle pyrolysis time for different
initial particle sizes and two different initial spatial distributions of the particles, a:
0.5 mm, b: 0.7 mm
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the same initial size varies significantly. Different particles have different conversion
time dependent on their initial spatial location in the domain. Initially, the particles
are randomly, and uniformly, distributed inside the domain. As particles travel
inside the domain they encounter varying gas phase temperature and gas species
concentrations which result in variations in the conversion time of the particles. We
observe a probability density function for the particle conversion time. Figure 2.5
presents the PDFs for particle pyrolysis time for two different particle sizes. We
observe a variation of about 6.6% between the minimum and maximum conversion
time for the particle size dp = 0.5 mm. The difference is around 7.4% for the larger
particle of size dp = 0.7 mm. It can be seen that for the same initial particle size
there is a slight variation in the PDF of conversion time for a different initial spatial
distribution of the particles in the domain. This indicates that these PDFs are
case specific. For all the analysis that follows, we use the values of the maximum
conversion time for the particles.
Temperature profiles for the gas and the particles are shown in Figure 2.6. The
gas and the particle temperatures are averaged over the homogeneous directions and
plotted as functions of the wall normal co-ordinate at different instants of time. The
particle diameter is 0.7 mm and the initial volume fraction φ = 2 × 10−4 . The gas is
initialized at a much higher temperature than the particles, so early on the particles
start extracting energy from the gas by convection. This is the initial heating up
of the particles till they reach the pyrolysis temperature when the virgin biomass
starts converting into char. As the process of pyrolysis continues, particles keep on
extracting heat from the gas. In effect, the pyrolysis of a particle is an endothermic
process which cools down the gas. Particles are also heated up through the radiation
from the hot walls. After a certain time (t = 0.315s), the particles become warmer
than the gas due to the radiative flux from these walls and the direction of the
convective heat flux changes.
Once the process of pyrolysis is finished (at around t = 0.325s), i.e., when all
the biomass is converted into char, the combustion of char begins. This process
is highly exothermic - and fast - as compared to the slow endothermic pyrolysis
process, and generates heat on the particle surface. It results in a sharp rise in the
particle temperature (t = 0.36s). During the same time, the heat is transferred
by convection, resulting in a temperature rise of the gas. The rate and magnitude
of the temperature increase of the gas are dependent on the interphase convective
heat transfer coefficient and the volume fractions of the particles. In Figure 2.6, we
observe that the temperature rise of the gas during combustion is much slower than
that of the particles, in accordance with the low convective heat transfer coefficient
(which in turn depends on Rep ) and the volume fraction of particles (φ = 2 × 10−4 )
used in the simulation.
The particle combustion model is based on a shrinking core approximation where
the radius of the reactive core keeps on shrinking as the combustion continues.
During the combustion stage, the fast char-oxidation reaction with O2 is always
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Figure 2.6: Averaged gas temperature(—) and particle temperature(- - -) at different
instants of time during pyrolysis and combustion; the pyrolysis is finished around
t = 0.315 s, z is the wall normal co-ordinate

coupled to the slow endothermic char-gasification with CO2 . Both these reactions
consume the char particle. We stop the surface reactions when the reactive core
radius becomes very small (less than 1% of its initial value). At this point almost
all the char in the particle has reacted and only the inert ash inside the particle
remains. The inert particles then start cooling down until the particle temperature
reaches the wall temperature.
The sections that follow present the effects of variations in different model parameters on the conversion time of biomass particles. In subsection 2.6.1, we analyze
the effects of two-way coupling on the conversion of the biomass particles. We only
consider two-way coupling in this work and no four-way coupling. We limit our
investigations to φ < 10−3 , as according to Elghobashi [27], four-way coupling of
momentum, i.e. particle-particle collisions, needs to be considered at φ > 10−3 . It
has recently been shown [39] that particle-particle collisions can become important
even at lower particle volume fractions due to preferential concentration of particles.
However, the duration of the simulations in this work is so small that preferential
concentration does not have the time to develop.
We analyze the local particle volume fraction of the particles by dividing the
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domain into 40 blocks in each Cartesian direction. The maximum local particle
volume fraction is observed at the end of the pyrolysis stage and close to the wall
due to turbophoresis effects. After the pyrolysis is finished, the particle volume
fraction decreases rapidly during combustion as the particle size decreases due to
reactions at the particle surface. The observed maximum local volume fraction of
particles during the particle conversion process is about 3 times the initial particle
volume fraction. For all the cases presented in this chapter, except for the case
where the initial particle volume fraction φ = 5 × 10−4 , the maximum local particle
volume fraction is less than 10−3 . Therefore, four-way coupling of momentum is
neglected for all cases. Four-way coupling for the energy equation would include
particle-particle radiative heat exchange that is neglected in the present model and
will be a future extension of this study.
The particle size is also varied during the simulations, but it is always smaller
than the Kolmogorov length, the smallest scale of turbulence, throughout the channel. This justifies the point particle assumption used in this work. In subsections
2.6.2-2.6.3, we vary different model parameters - namely particle size, and initial
particle volume fraction - to study their effect on the conversion time of biomass
particles using the DNS model.

2.6.1

Effect of two-way coupling

When simulating a large number of particles, the conversion times for particles
are different from those obtained from a single-particle biomass conversion model.
The two-way interaction of the particles with the gas affects the surrounding gas
temperature and the gas species concentrations, which in turn affect the particle
conversion process. In this section, we analyze the effect of two-way coupling on
the biomass pyrolysis and combustion stages. Figure 2.7 presents the mean gas
temperature and mean particle temperature as a function of time for two different
initial particle volume fractions (φ) - in this subsection referred to as high and low.
The large variation in average gas temperature for the high particle volume
fraction justifies the choice of two-way coupling in the model. For low particle volume
fractions, it can be seen that there is almost no variation in the gas temperature.
In Figure 2.7 the effect of two-way coupling can also be noticed on the particle
temperature profiles. For sufficiently low φ, pyrolysis is finished earlier and the
average particle temperature at the end of pyrolysis is higher. For higher φ, there
is a delay in the pyrolysis, as also observed by Russo et al. [22].
Similarly, the combustion stage for the particles in the low particle volume fraction case is faster. This is because the oxygen present in the gas mixture is more
than sufficient for the small number of particles. The particles are burnt quickly due
to the fast char-oxidation reaction, and the maximum temperature attained by the
particles is also higher than for the high φ case. For higher φ, the larger number of
particles quickly consumes the oxygen in the surrounding gas mixture which slows
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Figure 2.7: Averaged gas temperature (- - -) and particle temperature (—) at different instants of time during pyrolysis and combustion, low φ = 1 × 10−7 (blue),
high φ = 2 × 10−4 (black)

down the combustion process and also decreases the maximum temperature reached
by the particles.
In Figure 2.8, we present a comparison between the time required in pyrolysis
for two-way and one-way coupling between the gas and the particles. For one-way
coupling, there is no feedback from the particles to the gas and the gas temperature
remains constant during the particle conversion process. Thus, there is no change in
the pyrolysis time either. On the other hand, with two-way coupling, the presence
of particles affects the gas temperature. It can be seen that the effects of twoway coupling become significant for φ > 1 × 10−5 . For higher volume fraction
φ = 5 × 10−4 , the inclusion of the two-way coupling increases the time required
for pyrolysis by almost 100%. It can be concluded that for accurately predicting
the conversion time of particles for φ > 1 × 10−5 , two-way coupling between the
gas and the particles is essential. In contrast, for small particle volume fractions
(φ < 1 × 10−6 ) we can safely neglect the effects of gas-particle interactions and a
constant temperature for the surrounding gas appears to be a good approximation
for modeling the particle reactions.
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Figure 2.8: Pyrolysis time (tpyro ) for different initial particle volume fractions φ

2.6.2

Effect of particle size

To analyze the effects of particle size on conversion time, we performed simulations
at constant initial particle volume fraction (φ = 2 × 10−4 ) and contant initial oxygen
mole fraction (XO2 = 0.21). Figure 2.9 shows the conversion time dependence on
the particle diameter (dp ). Both the pyrolysis time (tpyro ) and combustion time
(tcomb ) increase with increasing particle diameter, although for different reasons.
The process of pyrolysis is governed by the convective heat exchange between the
hot surrounding gas and colder particles. Larger particles require more time for the
heat flux at the surface to influence the particle centre, thus increasing the pyrolysis
time. On the other hand, combustion is modelled using a shrinking core model where
the particle radius decreases during the reactions as the char particle is consumed
by the gas-particle surface reactions. Thus a larger particle would require more time
as it takes longer for its reactive core to shrink.
From Figure 2.9, we can study the contributions of tpyro and tcomb to the total
conversion time (tconv = tpyro + tcomb ). It can be seen that tpyro is the major
contributor in the particle conversion process, contributing between 60-75 % of tconv ,
dependent on particle size. The mass lost from a solid fuel particle during pyrolysis
depends on the proximate volatile matter content of the solid fuel. Biomass, with
its high volatile content (about 70 %), loses most of its mass in the pyrolysis stage
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Figure 2.9: Total conversion time (tconv ), pyrolysis time (tpyro ) and combustion time
(tcomb ) vs particle diameter (dp ) at constant volume fraction (2 × 10−4 )

and thus requires more time for pyrolysis. After the volatiles are released, the
remaining solid, i.e., char - conversion is mainly due to fast combustion reactions.
Note that these results are specific to the surrounding gas oxygen concentration and
temperature used in the simulations.
Figure 2.9 also shows the relative contribution of tpyro and tcomb to tconv . The
relative contribution of pyrolysis (tpyro /tconv ) decreases with increasing particle size,
whereas the contribution of combustion tcomb /tconv increases by about 10% as the
particle size is increased from 0.3 mm to 1 mm. This trend provides a qualitative
validation to the model results as Yang et al. [58] obtained similar qualitative results
in their experiments for wood pyrolysis and combustion.
Figure 2.10 presents the variation of tpyro and tcomb with particle size (dp ) on a
log-log scale along with their corresponding one-way coupling values. The one-way
coupling is only applied to the energy equation, i.e., in case of one-way coupling
there is no heat exchange between the particles and the gas. The coupling for
the total mass, species mass, and momentum equations is always two-way. It can
be seen in Figure 2.10 that both for the pyrolysis and for the combustion, the
difference between two-way and one-way coupling is higher at smaller particle sizes.
This is because as the particle size increases at constant volume fraction, the total
surface area available for heat exchange between the gas and the particles decreases.
This reduces the total interphase convective heat exchange for larger particles as
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Figure 2.10: Pyrolysis time (tpyro ) and combustion time (tcomb ) vs particle diameter
(dp ) for one-way and two-way coupling

compared to the smaller particles and hence a closer agreement between one-way
and two-way coupling is observed for larger particles.
During pyrolysis, for smaller particles, the higher convective heat exchange between the gas and the particles increases the pyrolysis time as particles withdraw
more heat from the gas which decreases the temperature of the gas. In contrast,
during the combustion stage more heat is transferred to the gas because of the larger
interphase surface area thus reducing the particle temperature compared to larger
particles. This reduced temperature decreases the kinetic rate of surface reactions,
thereby increasing the combustion time. According to figure 2.10, we also present
the corresponding values for the combustion time as calculated from a single-particle
model. The single-particle model has a constant surrounding gas temperature and
constant oxygen mass fraction. From figure 2.10, the conversion times from the
single-particle model are the lowest. The relative difference in the combustion time
results for the two-way coupling, one-way coupling and the single-particle model
highlights the importance of two-way coupling for the combustion stage.
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Effect of particle volume fraction

To investigate the effects of particle volume fraction we perform simulations by
varying the initial particle volume fraction (φ) and keeping the particle size constant
at dp = 0.7 mm. The results in Figure 2.11 show that when two-way coupling is
applied, the time required for pyrolysis increases with increasing φ. The convective
heat exchange between the gas and the particles affects the gas temperature. During
the pyrolysis stage, the gas heats up the particles as particles extract heat from the
gas. More particles extract more heat from the gas which slows down the pyrolysis
[22].
During combustion, a higher value of φ requires more oxygen according to the
reaction stoichiometry. For all simulations shown in figure 2.11, the initial oxygen
mass fraction in the surrounding gas is the same (XO2 = 0.21). The amount of
oxygen is stoichiometrically sufficient for φ = 5 × 10−4 and is in excess for all
lower values of φ. In Figure 2.11 the combustion time increases with higher volume
fraction because more particles consume the surrounding oxygen more quickly. At
lower volume fractions there is enough oxygen and char particles lose most of their
mass through the fast oxidation process. In contrast, at higher volume fractions,
the concentration of oxygen in the gas phase decreases quickly which slows down
the oxidation reaction rate. This also results in a higher share of the char particles
being consumed by the slower gasification reaction with CO2 .

2.7

Conclusions

In this chapter, we have extended the DNS model of Russo et al. [22] for biomass
pyrolysis by including Haseli’s [16] single-particle model for biomass combustion,
which is suitable for DNS with a large number of biomass particles. The model
has been adopted for modeling gas-particle interactions with chemically reacting
particles in a turbulent flow.
We observe that the heat exchange between the gas and the particles strongly
influences the particle conversion during pyrolysis and combustion. From the results
in this chapter, which are specific to initial conditions of gas velocity, temperature,
and concentration used in the simulations, it is observed that the effect of twoway coupling in the energy equation is significant for particle volume fractions φ >
1 × 10−5 . At lower volume fractions φ < 10−6 , the effect of particles on the gas
is negligible and at such low volume fractions, particles can be modelled by just
including the one-way coupling to reduce the computational costs. However, typical
industrial furnaces have particle volume fractions on the higher side with φ > 1×10−3
[44] and hence the effect of two-way coupling becomes important. The conversion
time of biomass particles is also sensitive to their diameter and increases for larger
particles. The effect of two-way coupling is higher for smaller particles due to the
higher total heat exchange area in case of small particles.
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Figure 2.11: Total conversion time (tconv ), pyrolysis time (tpyro ) and combustion
time (tcomb ) vs initial particle volume fraction (φ)
In this chapter, we analyzed the results of the DNS model for biomass pyrolysis
and combustion by only taking into account the heterogeneous solid-gas reactions.
In the next chapter, we add homogeneous gas phase reactions to the DNS model
and analyze the effect of adding these reactions on the biomass conversion process.
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Appendix A

Biomass Pyrolysis Model
The biomass pyrolysis model of Haseli [12] consists of several phases for modeling
the overall pyrolysis process. Here, we present the biomass pyrolysis model of Russo
et al. [28] which is an extension of Haseli’s work [12]. A summary of the biomass
pyrolysis model is presented here and more details along with the derivations of
equations can be found elsewhere [29].
The model considers a spherical biomass particle with uniform initial temperature. The particle is subjected to an inward heat flux (q̇) at its surface due to the
hot surrounding gas, and the surface temperature of the particle starts to rise. The
temperature profile inside the particle starts to change due to thermal conduction.
Theoretically, the velocity at which the thermal disturbance propogates through the
particle is infinite [12, 28]. However, according to Haseli [27], immediately after
the particle is subjected to heat flux at its surface, the particle is divided into two
regions: the outer region closer to the surface where the temperature has changed
from its initial value, and the inner region around the center of the particle where
the temperature is still at its initial value. The boundary that separates these two
regions is called the thermal front. The thermal front moves from the surface of the
particle towards its center. Haseli [27] assumes that the thermal front moves with
a finite velocity. This initial phase of biomass pyrolysis is called heating of virgin
biomass.
At some point the thermal front reaches the particle centre and the second phase
- pre-pyrolysis heating - starts. The only difference between the first two phases is
in their mathematical formulation. Once the temperature of the particle surface
reaches the pyrolysis temperature, volatiles are released and biomass is converted
into char. This third phase of pyrolysis is marked by the movement of a char front
from the particle surface towards the particle center. The thin layer which has
reached the cut-off pyrolysis temperature is instantaneously converted into char and
volatile gases. The char front separates the volume of the particle - which remains
constant during the pyrolysis - into two regions: an outer region of char and an inner
37

38 A.1. PYROLYSIS MODEL FOR THERMALLY THIN BIOMASS PARTICLE
region of virgin biomass.
Once the pyrolysis stage has finished completely, the biomass has been converted
into char. The solid char then reacts with gases through heterogeneous solid gas
reactions which were described earlier in chapter 2. This is different from the biomass
pyrolysis model of Russo et al. [28] where the char combustion is not included in
the model and a post-pyrolysis heating stage is added after the pyrolysis.
It should be noted that if the particle diameter exceeds a certain value, depending
on the initial temperature, the pyrolysis temperature, and the heat flux, it may
happen that pyrolysis starts before the thermal front has reached the particle center.
Therefore, Haseli et al. [27] distinguish between thermally thin and thermally thick
particles. Next, we present the pyrolysis model for a thermally thin particle. This
is followed by the pyrolysis model for a thermally thick particle.

A.1
A.1.1

Pyrolysis model for thermally thin biomass particle
Heating of virgin biomass

The heat equation in spherical coordinates (assuming spherical symmetry) governing
the temperature of the particle in the first stage is:


∂T
1 ∂
2 ∂T
= αB 2
r
∂t
r ∂r
∂r

(A.1)

where r is the radial coordinate, t the time, T (r, t) the temperature, and αB the
thermal diffusivity of the virgin biomass. Haseli [27] assumes a parabolic temperature profile which transforms the above partial differential equation into an ordinary
differential equation which is written as follows:
d
(q̇f (rt )) = 60αB q̇
dt

(A.2)

with f (rt ) = 6R2 − q̇Rrt + rt 2 + rt 3 /R + rt 4 /R2 , rt the thermal front position, R
the radius of the particle , and q̇ the external heat flux. The external heat flux q̇ is
given as:
q̇ = h(Tg − Ts ) + σ(Tw4 − Ts4 )

(A.3)

The external heat flux is the sum of convective heat flux and radiative heat flux.
The convective heat flux is proportional to the temperature difference (Tg − Ts )
between the surrounding gas and the particle surface. The convective heat transfer
coefficient h is computed using a correlation given as follows:
hR
= 1 + 0.3Rep 1/2 P r1/3
λ

(A.4)
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where λ is the thermal conductivity, Rep is the Reynolds number based on the
particle diameter and the relative velocity between the particle and the carrier gas
at the particle position, and P r is the Prandtl number.
The radiative heat flux takes into account the heat flux received by the particle
from the walls whose temperature is indicated by Tw and is constant. The StefanBoltzmann constant and the emissivity are indicated by σ and , respectively.
The temperature profile inside the particle is assumed to be parabolic. The
thermal front position rt is given as:
rt = R −

2kB
(Ts − T0 )
q̇

(A.5)

where kB is the thermal conductivity of the biomass and T0 is the initial particle
temperature.
The governing equation of the first phase (heating of biomass) is equation (A.2).
The unknown Ts in this equation needs to be calculated. Equation (A.2) can be
rewritten as:
∂ q̇ dTg
∂f ∂rt ∂ q̇ dTg
60αB q̇ − f ∂T
− q̇ ∂r
dTs
g dt
t ∂ q̇ ∂Tg dt


=
(A.6)
dt
∂ q̇
df
∂rt ∂ q̇
∂rt
f ∂Ts + q̇ drt ∂ q̇ ∂Ts + ∂Ts
with dTg /dt the time derivative of the gas temperature at the particle location.
For times close
√ to the initial time, the solution of this equation is approximately
proportional to t. Hence, explicit time integration methods are not capable of
solving this equation accurately. In order to avoid this problem, Russo et al. [28]
analyzed the solution for small values of t in more detail. For small values of t, Ts will
be close to T0 and q̇ can be assumed constant. A taylor expansion of f (rt ) for Ts close
√
to T0 shows that f (rt ) is proportional to (Ts − T0 )2 . It follows that (Ts − T0 ) ∼ t.
Therefore, Russo et al [28] solve a differential equation for (Ts − T0 )2 , which is
written as:


∂ q̇ dTg
∂f ∂rt ∂ q̇ dTg
2(Ts − T0 ) 60αB q̇(Ts − T0 ) − f ∂Tg dt − q̇ ∂rt ∂ q̇ ∂Tg dt
d
2


(Ts − T0 ) =
dt
∂ q̇
df
∂rt ∂ q̇
∂rt
f ∂T
+
q̇
+
drt
∂ q̇ ∂Ts
∂Ts
s

A.1.2

(A.7)

Pre-pyrolysis

The main difference between this phase and the previous phase is the absence of the
moving thermal front. The governing equation for this phase following Haseli et al.
[27] can be written as:

αB
d
1 R2 q̇
Ts R −
)=3
q̇
(A.8)
dt
5 kB
kB
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The above equation can be solved for Ts by numerically integrating the following
equation:
2 ∂ q̇ dTg
3 αkBB q̇ + 15 kRB ∂T
dTs
g dt
=
(A.9)
2 ∂ q̇
1
R
dt
R − 5 kB ∂Ts

A.1.3

Pyrolysis

In the pyrolysis phase, the particle is divided into two regions which are separated by
a moving char front. The location of the char front (rc ) is the interface at which the
temperature has reached the cut-off pyrolysis temperature. The pyrolysis is assumed
to occur instantaneously. The temperature profiles in the two regions separated by
the char front are assumed to be quadratic functions and are written as:
T (r) = φ2 (r − rc )2 + φ1 (rc − r) + φ0 ,

for 0 ≤ r ≤ rc

(A.10)

T (r) = ψ2 (r − rc )2 + ψ1 (rc − r) + ψ0 ,

for rc ≤ r ≤ R

(A.11)

The heat equation for the inner region (0 ≤ r ≤ rc ) is equation (A.1). The heat
equation for the outer region (rc ≤ r ≤ R) is written as:


∂T
1 ∂
ṁ
∂T
2 ∂T
= αC 2
r
+ (1 − ω)
αvol
(A.12)
2
∂t
r ∂r
∂r
4πr
∂r
where, αC is the thermal diffusivity of biomass char. The second terms on the R.H.S.
of the above equation represents the heat transfer between the volatiles released at
the char front and the char during their transport towards the partial surface. In
the above equation, αvol = Cvol /ρC CC where Cvol and Cc are the specific heats of
volatiles and char, respectively, and ω = ρC /ρB is the ratio of mass densities of char
and biomass. This second term in the R.H.S. of equation (A.12) is an addition by
Russo [29] to the model of Haseli [27].
The model of the pyrolysis phase consists of two heat diffusion problems which
are connected to each other at the char front rc . Because of the moving char front
and the co-existence of two regions inside the particle during pyrolysis phase, there
are 3 governing ordinary differential equations in this phase. The first governing
equation is obtained from energy conservation in the char region and is written as:
d
f (rc , q̇, vc , φ1 ) = 60αC {R2 q̇ + kB rc2 φ1 − rc2 vc ∆hp ρB + (1 − ω)ρB vc Cvol rc2 (Ts − Tp )}
dt
(A.13)
4
4
3
3
2
2
2
2
where f (rc , q̇, vc , φ1 ) = 9R a + 6R q̇ − 11R arc − 9R q̇rc + R q̇rc − R arc + Rq̇rc3 −
Rarc3 + 4arc4 + q̇rc4 , a = vc ρB ∆hp − kB φ1 , with vc the velocity of the char front, and
∆hp the heat of pyrolysis of biomass.
Similarly, the second governing equation for the pyrolysis phase is the energy
conservation equation in the inner region (virgin biomass) and is given as:
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d 1
4
φ1 rc = −αB rc2 φ1
dt 15

(A.14)

Finally, the third governing equation is the definition of char front velocity vc :
d
rc = vc
dt

(A.15)

In the pyrolysis phase, the three unknowns are Ts , vc , and φ1 which are calculated
by solving the three governing equations.
After the pyrolysis is complete, Haseli [12] includes a post-pyrolysis heating phase
that is excluded in our work. This is because as soon as the pyrolysis of biomass is
finished, the combustion of char starts.

A.2

Pyrolysis model for thermally thick biomass particle

The temperature profile inside a thermally thick biomass particle consists of three
regions.
T (r) = T0 ,

for 0 ≤ r ≤ rt

(A.16)

T (r) = φ2 (r − rc )2 + φ1 (rc − r) + φ0 ,

for rt ≤ r ≤ rc

(A.17)

T (r) = ψ2 (r − rc )2 + ψ1 (rc − r) + ψ0 ,

for rc ≤ r ≤ R

(A.18)

The coefficients in the above equations have to be determined using the boundary
conditions. The governing equation for the virgin biomass region (rt ≤ r ≤ rc ) is
written based on the conservation of energy:
d
rc2
h(rt , rc ) = −60αB
dt
rc − rt

(A.19)

where h(rt , rc ) = 4rc3 + 3rc2 rt + 2rc rt2 + rt3 . The energy conservation in the outer
char region (rc ≤ r ≤ R) leads to the second governing equation for this phase of
pyrolysis of the thermally thick particle:



Tp − T0
d
2
2
g(rc , vc , rt ) = 60αC R q̇ − rc ρB vc ∆hp + 2kB
dt
Rc − rt

(A.20)

with g(rc , vc , rt ) = q̇(6R4 − 9R3 rc + R2 rc2 + Rrc3 + rc4 ) + (2kB (Tp − T0 )/(rc − rt ) +
ρB vc ∆hp )(9R4 −11R3 rc −R2 rc2 −Rrc3 +rc4 )+(1−ω)ρB vc Cvol rc2 (Ts −Tp ). Apart from
the above two governing equations, the third governing equation is the definition of
char front velocity as given in equation (A.15).
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A.3. STIFFNESS OF THE EQUATION IN PYROLYSIS MODEL

Stiffness of the equation in pyrolysis model

Russo [29] found that in the early and the late phases of pyrolysis, the particle equations of the pyrolysis model are stiff, for both the thermally thin and the thermally
thick particles. To overcome this problem, Russo [29] divided the pyrolysis phase
into three sub-phases: early stiff pyrolysis, regular pyrolysis, and late stiff pyrolysis.
The equations for the regular pyrolysis phase are the same as presented earlier in
section A.1 and section A.2. The equations for the early stiff pyrolysis sub-phase
can be derived in the same way by assuming a linear temperature profile in the char
region (instead of a quadratic profile). The equations for the late stiff pyrolysis subphase are derived by assuming a constant temperature profile in the virgin biomass
region.
Russo [29] provides more details about the biomass particle pyrolysis model
including the derivation of equations. An scheme of routes of a biomass particle
undergoing pyrolysis is presented in figure 2.2 of chapter 2.

Chapter 3

Effect of gas phase reactions on
Biomass conversion
3.1

Introduction

In the previous chapter, we discussed DNS of biomass particle conversion in a channel
flow by including solid-gas reactions. In this chapter, we extend the model by adding
homogeneous gas phase reactions to the model and study the effect of these reactions
on biomass conversion.
In the biomass conversion process there are two main mechanisms that produce
reactive gases. One is the release of volatile gases during the process of solid particle
pyrolysis, and the other is the heterogeneous solid-gas reactions between the biomass
particle and surrounding gas. We included both of these processes in the model
presented in chapter 2. During biomass pyrolysis, the volatile content of the solid
fuel gets decomposed and is released in the form of volatile gases [13] which is a
complex mixture of several gases. After the pyrolysis is complete, the solid char
burns in the presence of oxygen to produce gaseous products. These gases, which
are released as volatiles and produced during char combustion, can further react
with the oxygen present in the gas phase. In this chapter, our aim is to model these
additional reactions of combustible gases with oxygen.
There are several methods to model gaseous combustion reactions in finite volume simulations [39]. Various levels of detail in terms of kinetics [42, 48] can be
chosen to model these reactions. Studies focussing only on the combustion of gases
[22, 39, 59] employ detailed kinetics of gas phase reactions. In these studies the
reaction kinetics of the gas phase are represented by a combination of several elementary reactions [59]. Such methods are suitable for modeling gas combustion
and are frequently used to analyze flame structures. On the other hand, studies
of solid particle combustion frequently employ simplified models for gas reactions
[20, 21, 18]. It is computationally very expensive to model turbulent channel flow
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Figure 3.1: Stages of the biomass conversion process including the homogeneous
gas phase reactions; Tg and YO2 are the bulk gas temperature and bulk gas oxygen
concentration respectively; R is the initial radius of the biomass particle.
with chemically reacting solid particles along with detailed reaction chemistry in the
gas phase [23]. Since we focus on the biomass particle conversion process, we can
limit ourselves to simplified, yet resonably accurate, kinetics [24] for the gas phase
reactions and study this in interaction with the turbulent flow.
In this chapter we first outline in Section 3.2 the model for including the gas
combustion reactions in the DNS. After this, in Section 3.3, we present and analyze
the results of the DNS model particularly focussing on the effect of gas phase reactions on the biomass conversion process. We summarize our findings in Section
3.4.

3.2

Gas model

A schematic (a modified version of figure 2.1) to show the biomass conversion process by including the gas phase reactions is presented in figure 3.1. The models for
biomass particle conversion as described in the previous chapter (section 2.2) remain
the same here. The only addition is the incorporation of the gas phase reactions.
Most of the equations used for modeling the gas phase in the DNS have already
been described in section 2.3 of the previous chapter. Here, we describe the additional modifications introduced to the DNS model in order to capture the gas phase
reactions of CO and CO2 released during pyrolysis and combustion.
Presently, the model includes 6 gas species - O2 , CO2 , CO, CH4 , H2 O, and N2 .
The governing equations for gas, as presented in eq. 2.13, is repeated here with
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Table 3.1: Kinetic data for gas phase oxidation reactions of methane and CO [60]
Reaction
CH4
CO

Pre-exponential factor
Aig (m3 /kg/s)
1.6 × 107
7 × 104

Activation energy
Eig (J/mol)
1.08 × 105
6.65 × 104

additional terms to account for the gas combustion reactions:
Z
V

∂w
dV +
∂t

Z

Z
n̂.fc dS =

∂V

Z
n̂.fv dS +

∂V

Z
L2way dV +

V

F dV

(3.1)

V

with w(x, t) = [ρu, ρv, ρw, ρ, e, ρO2 , ρCO2 , ρCO , ρCH4 , ρH2O ]T the vector of dependent
variables. These governing equations express the rate of change of w in the volume
V in terms of the convective fluxes (fc ), the diffusive fluxes (fv ), and the two-way
coupling terms (L2way ) as before, accounting for the presence of the particles, as
well as the contributions represented by F , the source terms in the gas phase. In
this chapter we will extend F to capture the additional gas phase reactions
The two-way couling terms (L2way ) in the species balance equations account for
the addition (or consumption) of gases due to solid particle conversion. During
pyrolysis, volatiles released from the particle are added to the gas phase, whereas
during combustion, solid char consumes O2 from the gas phase and generates CO2
and CO. The source term F in the gas species balance equations includes the rates of
homogeneous gas phase reaction which are described later. For the energy equation
the source term F includes the heats of reactions of the homogeneous gas phase
reactions also described later in this chapter.
While calculating the internal energy (eq. 2.19), we did not include the heat of
formation of the gas species. The heat of formation of gas species can be included
in the model in two ways. We can either include the heats of formation while
calculating the internal energy in which case it would not be required to include the
heat of reaction separately in the source term F . The other way, which we follow
in this work, is to not include the heats of formation in the calculation of internal
energy and separately include the heats of reactions in the source term F .

3.2.1

Gas phase reaction chemistry

During pyrolysis, volatile gases are released from the solid particle. These volatile
gases are a mixture of various gases - mainly CO, CO2 , CH4 , and tar - depending
on the type of the solid fuel particle. Tar is a complex mixture of higher hydrocarbon gases including aromatics like benzene and toluene [13]. Tar is represented
chemically as Cx Hy Oz , and the reaction chemistry is adjusted according to the stoichiometry. However, reliable thermochemical information (i.e., activation energy,

46

3.3. NUMERICAL IMPLEMENTATION

pre-exponential factor, and reduced chemical mechanism for a general volatile fuel
of the form Cx Hy Oz ) is absent in literature. In the absence of this information
and for the sake of simplicity we assume that the volatile matter released from the
biomass is solely methane. Similar assumptions have been adopted by other authors
in literature [18, 24] with acceptable results.
The methane released during pyrolysis reacts with the oxygen present in the
gas. During biomass combustion, CO2 and CO are produced and are added to the
gas phase. The CO produced in this process can further combust by reaction with
oxygen. For the gas phase reactions, we consider two-step reaction chemistry which
involves the oxidation reactions of CH4 and CO:
CH4 + 1.5O2 → CO + 2H2 O

(3.2)

CO + 0.5O2 → CO2

(3.3)

The reaction rates for the reacting gases - methane and CO - are calculated
based on the follwing equation:


Eig
rig = Aig exp −
ρ2 Yg YO2
(3.4)
RTg g
where the pre-exponential factors (Aig ) and the activation energies (Eig ) for the two
reactions are given in table 3.1.

3.3

Numerical implementation

The details of the numerical method employed for the DNS of the coal conversion
process are similar to the DNS of biomass conversion as outlined in chapter 2. The
main difference is in the rates of biomass pyrolysis and combustion reactions due to
the interaction with the additional gas phase reactions.
The exothermic nature of gas phase reactions, increases the temperature of the
gas phase which then increases the heat transfer to the particle surface. Due to this
the rate of pyrolysis of the biomass particles also increases. The gas reactions also
consume the oxygen in the gas phase thereby reducing the oxygen available to the
particles for the char combustion reaction. This slows down the char combustion
process. The challenge in this chapter is to understand the interplay between these
two counteracting mechanisms.
In chapter 2, we described the time integration scheme used in the DNS model.
We adopted a hybrid implicit-explicit RK method [54] for the time integration of
particle and gas equations. The implicit part of the scheme is used for the faster
char combustion stage, while the explicit part is used for the char pyrolysis, particle
tracking, and the gas equations. The details of the method have been presented
earlier in chapter 2.
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The properties of virgin biomass and char formed after pyrolysis are same as
presented in Table 2.2 of chapter 2. In all simulations the flow is initialized with a
turbulent velocity field in the statistically steady state as obtained from a simulation
without particles. For the base case, the initial oxygen mole fraction is XO2 = 0.21
with nitrogen the remainder. The initial gas temperature is set equal to 1400 K, and
the particles are initialized with a temperature of 300 K which is constant within
the particle. The walls of the channel are maintained at a temperature of 1400 K
[28]. Initially, the particles are randomly, and uniformly, distributed throughout the
channel and the particle velocity is initialized with the gas velocity at the position
of particle.
In the next section, we present the analysis of results of the DNS model after
including gas phase reactions.

3.4

Analysis of results

We present the results of the DNS model for biomass pyrolysis and combustion in
a turbulent channel flow. As in chapter 2, we observe that in a single run of the
simulation, the conversion time of different particles with the same initial size varies
significantly. We present the pdf of conversion time of particles in figure 3.2. For
the results presented in figure 3.2, the initial solid volume fraction was 1 × 10−5 .
We observe a variation of about 11% between the minimum and maximum conversion time for an initial particle size dp = 0.5 mm. It can be seen that for the
same initial particle size there is a slight variation in the PDF of conversion time for
a different initial spatial distribution of the particles in the domain. This indicates
that these PDF’s are slightly case specific. Figure 3.2 also shows multiple peaks
in the PDF for different particle sizes. We observe one characteristic peak for the
particle size of 1 mm, and two peaks for the smaller particle sizes. However, the
detailed analysis of the characteristics of these PDF’s is beyond the scope of this
work. For the analysis that follows in this chapter, we concentrate on the maximum
conversion time observed over all particles.
In the subsections that follow, we study the effect of two-way coupling, gas phase
reactions, particle size, and particle size distribution on the biomass conversion
process. For all the results presented, unless specified otherwise, the initial oxygen
mole fraction is XO2 = 0.21 with nitrogen the remainder.

3.4.1

Effect of two-way coupling

In chapter 2 we determined that for accurately predicting the conversion time of
particles for volume fractions larger than 1 × 10−5 , two-way coupling between the
gas and the particles is essential. Similar to the previous chapter, we analyze the
effect of two-way coupling on the biomass conversion process after including gas
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Figure 3.2: Probabilty density function for the particle pyrolysis time for different
initial particle sizes and two different intial spatial distributions of the particles, a:
particle size 0.5 mm, b: 0.7 mm, c: 1 mm.

phase reactions in figure 3.3. For the results presented in figure 3.3 the initial
particle size (dp ) is 0.7 mm.
When the gas phase reactions are included in the model, the difference in the
pyrolysis time between one-way and two-way coupling is reduced. This can be explained as the effect of the two competing phenomena mentioned above. In fact,
during pyrolysis, the particles withdraw heat from the gas thus contributing to a lowering of the gas temperature. But during pyrolysis the particles also release volatile
combustible gases which react with oxygen in the bulk gas to produce additional
heat. Combined, these gas combustion reactions are seen to result in higher gas
temperatures as compared to the case of two-way coupling without gas reactions.
The higher gas temperatures thus result in a lower biomass pyrolysis time, as can
be seen in figure 3.3.
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Figure 3.3: Pyrolysis time (tpyro ) for different initial particle volume fractions φ
with one-way and two-way coupling illustrating the inclusion of gas phase reactions,
lowering the pyrolysis time

3.4.2

Effect of gas phase reactions

Figure 3.4 presents the mean gas temperature and mean particle temperature for two
cases - with and without gas phase reactions. The initial particle size is 0.7 mm and
the initial particle volume fraction is 2 × 10−4 . It can be seen that during pyrolysis,
the gas and particle temperatures are higher for the case which includes gas phase
reactions. This is due to the combustion of volatile gases in the gas phase. This
increased temperature results in a shorter pyrolysis time of the biomass particles.
Conversely, during combustion, as can be seen in figure 3.4, the particle temperatures
are lower for the case with gas phase reactions. This is because the volatile gases
consume a part of the oxygen and hence decrease the availability of oxygen at the
particle surface during the char combustion phase. This slows down the rate of char
combustion reactions and hence we observe lower particle temperatures. We can
also see a drop in the maximum particle surface temperature for the same reason.
In figure 3.4, we can also see that the particle temperature decreases more slowly
during char combustion with gas reactions than without. The slow decrease of the
particle temperature during combustion in the case with gas phase reactions is due
to a higher mean gas temperature. This is because of the exothermic reactions in
the gas phase which increase the mean gas phase temperature. It can be seen in
the figure that at some point the mean gas temperature is equal to or even higher
than the particle temperature. When this happens, the direction of convective heat
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Figure 3.4: Averaged gas temperature(- - -) and particle temperature(—) during
pyrolysis and combustion, with and without gas phase reactions.

exchange between the particles and gas is reversed, which in turn slows down the
cooling of particles.
Figure 3.5 presents the pyrolysis time of biomass particles for varying initial
particle sizes for cases with and without gas reactions. It can be seen that the
effect of gas phase reactions on the pyrolysis time is stronger for smaller particles.
This is because pyrolysis is governed by the heat transferred from the gas to the
particles. For smaller particles the availability of a large total surface area for heat
exchange implies that more heat can be transferred to the particles. This reduces
the pyrolysis time. It can be seen that for larger particles, the effect of including
gas phase reactions is very small.
In Figure 3.6, we present the combustion times for varying particle sizes. It can
be seen that, unlike during pyrolysis, the effect of gas phase reactions is stronger for
larger particles. This is because unlike pyrolysis, the combustion process is mainly
governed by the kinetic rates of char-gas reactions which in turn depend on the
availability of oxygen at the particle surface. For large particles, the duration of the
combustion process is longer which causes a higher fraction of oxygen to be consumed
in the gas phase reactions. Hence, during combustion, the effect of including gas
phase reactions is stronger for larger particles.
In figures 3.5 and 3.6, the results are presented for two different values of the
initial particle volume fraction - low (1 × 10−5 ) and high (1 × 10−4 ). It can be
seen that the effects of including gas phase reactions, during both the pyrolysis and
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Figure 3.5: Pyrolysis time (tpyro ) vs. initial particle diameter (dp ) for cases with
and without gas phase reactions at low
(10−5 ) and high (10−4 ) volume fraction.

0.4

0.5

0.6
0.7
dp (mm)

0.8

0.9

1

Figure 3.6: Combustion time (tcomb ) vs.
initial particle diameter (dp ) for cases
with and without gas phase reactions at
low (10−5 ) and high (10−4 ) volume fraction.

the combustion phases, are stronger for the higher initial volume fraction. This is
mainly because of the larger amount of volatile gases released during pyrolysis at
high particle volume fractions. Since the amount of reacting gases is higher, the
effect of gas phase reactions on both pyrolysis and combustion is also stronger.

3.4.3

Effect of initial particle size

To analyze the effects of the initial particle size on conversion time, we performed
simulations at constant initial particle volume fraction (φ = 2 × 10−4 ) and constant
initial oxygen mole fraction (XO2 = 0.21) while varying the initial particle size
(and hence the number of particles). Figure 3.7 presents the variation of tpyro and
tcomb with particle size (dp ) on a log-log scale along with their corresponding oneway coupling values. Similar to the analysis in chapter 2, i.e., without gas phase
reactions in the DNS model, it can be seen in Figure 3.7 that both for pyrolysis and
combustion, the relative difference between two-way and one-way coupling is higher
at smaller particle sizes. In fact, as the particle size increases at constant volume
fraction, the total surface area available for heat exchange between the gas and the
particles decreases. This reduces the total interphase convective heat exchange for
larger particles as compared to the smaller particles and hence a closer agreement
between one-way and two-way coupling is observed for larger particles.
The particle size also affects the local tempearture gradients in the domain. In
Figure 3.8 and Figure 3.9, we present the RMS temperature of the gas, during
pyrolysis and combustion stages respectively, for 3 different particle sizes. The RMS
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Figure 3.7: Pyrolysis time (tpyro ) and combustion time (tcomb ) vs. initial particle
diameter (dp ) for one-way and two-way coupling. The effect of multiple particles is
clear from a comparison with the single particle combustion time prediction.
of the gas temperature is averaged over the homogeneous directions and presented
as a function of the wall normal coordinate for time instants where the particles
have undergone 50% conversion in both the pyrolysis and combustion stages.
It can be seen that TRM S is higher for larger initial particle sizes in both the
pyrolysis and combustion stages. We also see higher peaks for TRM S in case of
larger particles. For the same initial particle volume fraction, smaller particles have
a more uniform distribution over the domain. During the simulation, solid particles
act as heat sinks in the pyrolysis stage and heat sources in the combustion stage.
For smaller particles, a more uniform distribution of solid paricles means a more
uniform distribution of heat sources and sinks which results in lower local variations
in temperature of the gas phase and hence a lower TRM S .
From figure 3.8 and 3.9 it can also be seen that TRM S is higher in the combustion
stage than in the pyrolysis stage. This can be attributed to the relative rates of
pyrolysis and char-combustion reactions. The char combustion reaction is much
faster (about 2 orders of magnitude) than the pyrolysis reaction. Notice that these
local fluctuations in temperature, which have an effect on the particles, can not be
predicted in simulations based on single particle models.
In Figure 3.10 we present the effect of initial particle size on oxygen concentration
in the gas phase. During pyrolysis the oxygen is consumed by the volatile gases
released from the solid particles, whereas during combustion the oxygen is consumed
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at the solid particle surface by the char combustion reaction. In the figure, these two
stages of oxygen - during pyrolysis and during combustion - can be seen distinctly.
It can be seen in figure 3.10 that for the larger particles the rate of consumption
of oxygen is slower in both pyrolysis and combustion stages. During pyrolysis, the
intial heating up phase of the particles consumes no oxygen and this initial stage
is relatively long for the bigger particles. During the combustion stage, the rate
of combustion reactions determines the rate at which the oxygen is consumed in
the domain. For larger particles, at fixed initial particle volume fraction, the total
surface area available for char combustion is lower. This reduces the total rate of
char combustion and so we see a slower rate of consumption of oxygen for larger
particles.

3.4.4

Particle size distribution

In practical applications of burning biomass, the biomass particles are not monodispersed, i.e., they are not all of the same size, even initially. The biomass particle
diameter usually follows a Rosin-Rammler distribution [57] as shown in figure 3.11.
This Rosin-Rammler distribution is a good approximation for the small particles
but it overpredicts the number of larger particles somewhat. Also, in reality, very
few particles are larger than 3 mm. Therefore, we truncate the distribution at 3
mm. Moreover, for particles larger than 3 mm the point-particle assumption used
in this study becomes questionable.
At the lower end of the distribution, the presence of smaller particles requires a
very small time step because of the stability restrictions associated with the explicit
time integration for the particle motion. Including very small particles would lead to
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used in the simulation.

very long computational times. Therefore, we also truncate the distribution at the
lower end at 0.3 mm. The lower bound for the particle diameter in the distribution
implies that almost 13% of the particles present in the distribution are ignored.
However, these small particles constitute a very small fraction (0.2%) of the total
mass of biomass present. Hence, these smaller particles can be safely neglected in
the simulation.
We compare the conversion time of particles in two cases: mono-dispersed (where
all particles are of the same initial size) and PSD (where particle sizes follow a distribution) with the same initial solid volume fraction. We select a particular particle
size in the PSD case and compare its conversion time with the mono-dispersed case
with the same size. Figure 3.12 shows the total conversion time, pyrolysis time and
combustion time of particles in the mono-dispersed and the PSD cases.
In a PSD case, at an instant in time, the particles of different sizes are in different
reaction stages. This results in the interaction between these particles via the gas
phase. It can be seen that for larger particles the total conversion time in the PSD
case is considerably lower than in the mono-dispersed case. This holds true for both
the pyrolysis and combustion and can be explained as follows. During a run in the
PSD case, while the larger particles are undergoing pyrolysis, the smaller particles
have already undergone their pyrolysis stage and are in the char combustion stage.
The char combustion reaction of the smaller particles, and the gas phase reactions
caused by the volatiles released during pyrolysis of the smaller particles, being highly
exothermic, generate heat which speeds up the pyrolysis stage of larger particles thus
decreasing the total conversion time. The heat which is generated by the combustion
of smaller particles also helps in the combustion stage of larger particles by increasing
the mean gas temperature and thus increasing the rate of char combustion reaction
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thereby decreasing the combustion time of larger particles as seen in figure 3.13. This
effect is partially counteracted by the smaller available amount of oxygen, which is
already consumed by the smaller particles.
The effect on the conversion time of smaller particles in the PSD case is opposite
to that of the larger particles. The bigger particles being slow in the conversion
process also slow down the conversion process of smaller particles. It can be seen
in Figure 3.13 that for smaller particle sizes the combustion and pyrolysis times are
higher for the PSD case than in the mono-dispersed case. It can also be seen in
the figure that at a certain particle diameter these effects - speed up by the small
particles and slow down due to the large particles in the distribution - are balanced
and we see little difference between the mono-dispersed and PSD cases for these
particle sizes. This happens for particles with a size around 0.9 mm.

3.5

Conclusions

In this chapter, we have extended the DNS model for biomass particle conversion
by including homogeneous gas phase reactions.
We observe that the inclusion of gas phase reactions in the DNS model decreases
the biomass pyrolysis time due to higher gas temperatures. In contrast, including gas
phase reactions increases the combustion time of biomass due to the lower availability
of oxygen at the particle surface. We also find that the effect of gas phase reactions
on pyrolysis is higher for smaller particles due to the higher heat exchange area.
However, for combustion the effect is higher for larger particles due to the longer
duration of the combustion process which results in more oxygen getting consumed in
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the gas phase reactions, thereby decreasing the oxygen available for char combustion.
The model is also used to perform simulations of realistic biomass particle
size distributions (PSD) to compare the particle conversion times for both monodispersed and PSD cases. We analyze the interactions between particles of different
sizes in the PSD case and find that the presence of smaller particles in the distribution speeds up the conversion process of larger particles and conversely slows down
the conversion of the smaller particles.
The DNS model for biomass pyrolysis and combustion as presented in this chapter now includes models for almost all major chemical phenomena (although some
in a much simplified form). Our aim in this work is to study the co-firing process of
biomass with coal. Keeping this in mind, we describe the developement of a model
for coal particle conversion in the next chapter.

Chapter 4

Coal particle pyrolysis and
combustion
4.1

Introduction

Coal has occupied the position of a major primary energy source for a long time.
However, coal-fired power plants produce large amounts of pollutants. The efficient
and clean utilization of coal is a big problem in combustion processes. Researchers
have been working towards improving the efficiency of the coal conversion process
and the development of different ways to reduce the burden of coal conversion technologies on the environment [61, 62, 63]. Burning coal together with a cleaner, and
more sustainable, fuel - like biomass - is one of the many ways in which coal-fired
processes can be made more environmentally friendly.
Biomass co-firing with coal is still not well understood [39]. Our aim in this work
is to develop a model for biomass and coal co-firing that can be used to improve our
understanding of the co-firing process. In the previous two chapters, we described
the models for biomass combustion and pyrolysis along with the scheme for gas
phase combustion of reactive gases. In this chapter, we present the model for the
conversion of solid coal particles.
Unlike biomass, coal combustion and pyrolysis has been the area of interest for
many researchers [65, 66, 67, 68]. A small summary of this was presented earlier in
section 2.1 of chapter 2. Here we present a more comprehensive literature survey of
coal combustion CFD modeling studies.
A number of analyses have used Reynolds Averaged Navier Stokes (RANS) and
Large Eddy Simulations (LES) for the analysis of coal combustion [65, 66, 67, 68].
A tubular oxygen-coal blast furnace was investigated by Guo et al. [65] using RANS
simulations where they used a two-fluid model to describe coal particles. They
studied the effect of residence time on the mixing of coal particles and oxygen.
Another such sudy using RANS is by Gu et al. [66] where they study the flow
57
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pattern inside a coal fired blast furnace using RANS simulations.
A number of coal combustion studies use Lagrangian tracking of coal particles.
Maldonadao et al. [67] studied the combustion of pulverized coal in a blast furnace
using RANS simulations. Shen et al. [68] carried out a similar study for pulverized
coal combustion focussing on the effect of the injection location of coal particles
inside the furnace. They used a mixture of hydrocarbons to represent the volatile
gases released during coal pyrolysis. Bermudez et al. [69] studied NOx formation inside coal combustion furnaces using RANS simulations. Other studies [70, 71, 72] for
RANS simulations of pulverized coal combustion include more detailed devolatilization models for coal pyrolysis which give better agreement with experiments.
Several studies using LES to investigate the coal conversion process inside a furnace exist in the literature [73, 74, 75]. Jovanovic et al. [73] numerically studied
a system that uses oxygen and flue gas for the combustion of coal. They analyzed the ignition properties and flame stability near the injector inside the furnace.
They also compared their results with RANS simulations of the same system and
demonstrated that the predictions of the LES model provide better agreement with
the experimental data. Franchetti et al. [74] conducted LES simulations of the
coal combustion process of a pulverized coal jet flame. Stein et al. [75] used both
Lagrangian and Eulerian representations of the particles for LES simulation of a
laboratory scale burner and obtained satisfactory agreement between experimental data and the predictions of LES simulations. They compared conversion time
and maximum gas phase temperature values from the experimental data with the
simulation results.
In comparision to the RANS and LES studies for the coal conversion process,
fewer studies exist that use DNS to analyze the coal conversion process. Luo et al.
[18] carried out Direct Numerical Simulation for the carrier phase of a turbulent
jet involving coal particle-laden flow. They used a simplification by representing
the volatile gases as methane. They employed Lagrangian tracking of coal particles
and treated the particles as point sources. A similar approach has been adopted
by Brosch et al. [24] to study the localised forced ignition of coal particles in a
turbulent flow. Hara et al. [23] carried out DNS of a jet flame with pulverized coal
particles mainly focussing on the pyrolysis of coal particles. They used a global
volatile matter reaction scheme based on the detailed reaction mechanism of various
volatile gases.
In this chapter, we present our DNS model for coal pyrolysis and combustion. We
use models from literature for various coal conversion processes and adapt them to
be used in the DNS model. In the next section of this chapter, we present the kinetic
models for the conversion of coal particles. The information about the numerical
method used for the DNS and its implementation is presentated in section 4.3. This
is followed by the analysis of some results in section 4.4.
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Table 4.1: Proximate and ultimate analysis of bituminous coal [76]
Proximate
Fixed Carbon
Volatiles
Moisture
Ash

4.2

%
68.9
26.3
3.9
15.5

Ultimate (DAF)
C
H
O
N
S

%
81.2
8.9
6.9
2.1
0.9

Coal conversion models

The general scheme for the coal particle conversion is similar to that of biomass
particles as shown in figure 3.1 of the previous chapter. The main difference lies in
the composition of coal particles and the kinetics of the coal conversion processes. A
typical coal particle has relatively less volatile matter as compared to the biomass.
The composition of a coal particle is given in terms of its proximate and ultimate
analysis [76]. In this study, the type of coal we use is bitumious coal whose composition is given in table 4.1. The reason for choosing this type of coal is because it
has been used in many experimental and numerical investigations [72, 73, 74, 76].
The proximate analysis of the coal consists of the fraction of fixed carbon, volatile
matter, moisture, and ash in the coal. The ultimate analysis describes the elemental
composition of the coal on a dry-ash-free (DAF) basis.
The process of coal conversion results in mass loss from the coal particles during
pyrolysis and combustion. The total mass change of the coal particle can be written
as:
dmp
= ṁv + ṁc
(4.1)
dt
where ṁv is the volatile release rate i.e. the pyrolysis rate, and ṁc is the mass loss
rate due to the combustion of the coal particle. Similar to the biomass particles, we
assume the pyrolysis and combustion stages to be sequential, i.e. pyrolysis followed
by combustion. This assumption is justified as the release of volatile gases from the
coal particle during pyrolysis prevents oxygen from reaching the particle surface,
thus preventing the combustion of char [12].

4.2.1

Coal pyrolysis

There are several models for coal pyrolysis available in literature [23, 71, 72]. These
models are specific to the type of coal used in the study. In this study, we use a
more widely used pyrolysis model for the bituminous type of coal.
The coal pyrolysis reaction is simulated by a two competing reaction kinetic
model as suggested by Kobayashi et al. [77]. In this model, the pyrolysis process
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Table 4.2: Kinetic data for coal pyrolysis reactions[77]
Reaction
m˙v,1
m˙v,2

Pre-exponential factor
Av,i (1/s)
3.7 × 104
1.46 × 1110

Activation energy
Ev,i (J/mol)
7.37 × 104
2.51 × 105

Enthalpy
Hv,i (J/kg)
1.67 × 106
8.37 × 106

consists of two competing first order reactions to account for the effect of heating
rates on coal pyrolysis. Each of these reactions describes the degradation of coal to
residual chars (R1 and R2 ) and volatiles (V1 and V2 ) as given below
coal = (1 − α1 )R1 + α1 V1
(1 − α2 )R2 + α2 V2

(4.2)

The mechanism involving R1 and V1 is dominant at low particle temperatures,
whereas the mechanism involving R2 and V2 takes precedence at higher particle
temperatures. The coefficient α1 is the proximate volatile fraction of the coal (dryash-free basis) and the coefficient α2 is determined experimentally [18]. Based on
equation 4.2, the pyrolysis rate ṁv can be expressed as [23, 18, 24]
ṁv,i = ṁv,1 + ṁv,2

(4.3)

where, ṁv,i is the mass loss rate which is calculated for the two elementary reactions
as


Eav,i
ṁv,i = −αi mdaf,p Av,i exp −
(4.4)
RTp
where mdaf,p is the mass of the dry-ash-free content of the particle and Tp is the
temperature of the particle. The pre-exponential factors (Av,i ), the activation energies (Eav,i ), and the enthalpies of devolatilization for the two reactions are listed
in table 4.2 [77, 18, 24]. Moreover, similar to other DNS studies of coal conversion
in literature, the volatiles released during the pyrolysis are assumed to be methane.
This greatly reduces the kinetic reaction mechanism of the gas phase as it limits the
number of gas species in the model [18].

4.2.2

Coal combustion

The coal combustion model is similar to the biomass particle combustion model
as described in section 2.2 of chapter 2. We consider the following heterogeneous
reactions of solid char with the gases.
C + νO2 → 2(1 − ν)CO + (2ν − 1)CO2

(4.5)
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Table 4.3: Kinetic data for coal char oxidation and gasification used in this study
[18]
Reaction
Oxidation
Gasification

Pre-exponential factor
(kg/m2 /s/atmn )
280
312

Activation energy
(kJ/kmol)
78652
172350

C + CO2 → 2CO

(4.6)

As described earlier, in the above equations the stoichiometric coefficient, ν, of
oxygen in the char oxidation reaction (4.5) determines the molar ratio of CO and
CO2 in the reaction products. This coefficient, which satisfies 0.5 < ν < 1, depends
on the temperature and is given by an Arrhenius type equation (equation 2.3). The
reaction rates for the above two reactions are described by an Arrhenius law in the
following way:

ri = Ai exp


Ei
ni
−
Pi,s
RTs

(4.7)

The kinetic data, i.e., pre-exponential factors (Ai ), activation energies (Ei ), and the
order of reaction (ni ), are selected from a wide range of experimental data [77, 18]
and are given in Table 4.3. To calculate the surface reaction rates, the partial
pressures of various gases at the particle surface (Pi,s ) need to be determined using
a quasi steady-state assumption for the conservation of mass of O2 and CO2 . The
relevant equations (eq. 2.6 and eq. 2.7) for the calculation of partial pressures of
gas species at the particle surface were described before in chapter 2 of this thesis.
The pyrolysis of a coal particle is an endothermic process, i.e, it consumes energy,
whereas the combustion is mainly an exothermic process. Various enthalpies of
reactions are associated with these processes and they result in energy loss/gain
from the solid particle surface. The coal particle energy balance equation can be
written as
X
dTp
= hm Ap (Tg − Tp ) + σAp (Tw4 − Tp4 ) − m˙v,1 Hv,1 − m˙v,2 Hv,2 +
ri Ap ∆Hi
dt
i
(4.8)
where mp is the mass of the particle and Ap is its surface area, cpc is the specific heat
capacity of the particle, σ is the Stefan-Boltzmann constant,  is the emissivity, Hv,1
and Hv,2 are the enthalpies of the pyrolysis reactions, ∆Hi is the heat of reaction
for the char-gas reactions during the combustion stage, and Tw is the reactor wall
temperature. In this study, the enthalpies of the high and low temperature pyrolysis
reactions are considered constant [18, 24].
mp cpc
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In equation 4.8, the specific heat capacity of a coal particle cpc is calculated as
follows
cpc = 836.0 + 1.53(Tp − 273.0) − 5.4 × 10−4 (Tp − 273.0)2
(4.9)
Unlike the larger biomass particles, where we considered a non-uniform temperature inside the particle during the pyrolysis stage, the temperature of the coal
particle both during the pyrolysis and the combustion is assumed to be uniform.
This assumption is reasonable due the much smaller size of the coal particles (dp =
0.025-0.1 mm) as compared to the biomass particles (dp = 0.25-1 mm).
The coupling between the mass, momentum, energy, and species conservation
equations between the dispersed phase (i.e. coal particles) and continuous phase
is obtained by means of two-way coupling terms as described before in chapter 2
and chapter 3. For momentum exchange, the particle tracking equations are based
on the drag force on a spherical particle (section 2.2.3). Moreover, like biomass
particles, we limit ourselves to lower solid volume fractions so that particle-particle
collisions can be safely neglected.

4.3

Numerical Implementation

The details of the numerical method employed for the DNS of the coal conversion
process are similar to the DNS of biomass conversion as outlined in chapter 2. All
equations for the gas and for the particles are non-dimensionalized using appropriate
reference values. The particle equations are in the form of ordinary differential
equations. The gas equations assume this form after spatial discretization based on
a second-order accurate finite volume method. To this effect, the domain is divided
into small rectangular cells. The domain is divided into 1283 control volumes. The
grid spacing is uniform in streamwise and spanwise directions, whereas it is nonuniform in the wall-normal direction with clustering of grid points near the walls.
Despite the many similarities between the numerical implementation of the DNS
of coal and biomass particles, there are some significant differences. These diferences
are described in the next few subsections.

4.3.1

Grouping of coal particles

Initially, the particles are randomly, and uniformly, distributed throughout the channel. The smaller size of coal particles (0.025-0.1 mm) as compared to the larger
biomass particles (0.25-1 mm) presents itself in the form of a computational problem. For a simulation with the same volume fraction, the number of coal particles
is orders of magnitude higher than the number of biomass particles. This greatly
increases the computational time of the model as the number of particle equations
to be solved in the simulation increases. The number of coal particles for different
solid volume fractions and particle sizes is given in table 4.4. As can be seen in table
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Table 4.4: Number of coal particles (Np ) for different solid volume fractions φ, and
particle sizes dp (in mm)
φ
1 × 10−6

dp [mm]
0.025
0.05
0.1

Np
1.54 × 108
1.93 × 107
2.41 × 106

1 × 10−5

0.025
0.05
0.1

1.54 × 109
1.93 × 108
2.41 × 107

1 × 10−4

0.025
0.05
0.1

1.54 × 1010
1.93 × 109
2.41 × 108

4.4, for higher solid volume fractions and smaller particles, the number of particles
can easily be more than 1 billion. This results in very long computational time and
memory requirements.
In order to circumvent this problem, we investigated whether it is possible to
solve the particle equations only for a reduced number of particles, which would
be representing the entire set of particles in much the same way as members of a
parliament represent a much larger population. To do this, we adopt a particle
grouping model. In this approach, a number of real coal particles is represented
by a single virtual coal particle. The virtual particle has the same properties like
velocity, temperature, location etc. as the real particles it represents. In this way we
avoid solving solid particle equations for all the particles, and the equations are only
solved for the virtual particles. We define the number of real particles represented
by the virtual particles as the particle grouping factor, ζ. The two-way coupling
terms for the mass, momentum, energy, and species exchange between the particles
and gas are multiplied by ζ. The scheme can easily be implemented as we assume
the solid coal particles to be point sources, and do not resolve the velocity field of
the gas around the particles.
We investigate the accuracy of this particle grouping scheme by simulations with
different values of ζ for varying particle volume fraction (φ) and particle size (dp ).
The results will be discussed below in section 4.5.

4.3.2

Time integration

The results of a single-particle model for solid particle surface temperature vs. time
during the pyrolysis and combustion stages of coal particle conversion are shown
in Figure 4.1. The results are shown for two different particle sizes of 0.025 mm
and 0.05 mm. These sizes are much smaller than the minimum size of the biomass
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Figure 4.1: Single-particle model results for coal particle surface temperature (Ts )
vs. time (t) during the pyrolysis and combustion stages for two different values of
the particle diameter as indicated in the legend. The initial particle temperature is
300 K and the temperature of the channel walls is 1400 K.

particles that we investigated in chapter 3. The main difference between the single
particle model results for the biomass and coal particles is in the relative rates of the
pyrolysis and combustion stages. In chapter 2, figure 2.3 presents the single particle
model results for the biomass conversion model. It can be seen by comparing figure
2.3 with figure 4.1, that the rate of pyrolysis reaction for the coal particle is much
faster than that of the biomass particles. On the other hand, the rate of combustion
reaction for the coal particles is slower when compared to that of biomass particles.
The difference in rates of reaction during the pyrolysis stage can be explained by
the different formulation of pyrolysis models for the coal and biomass. For biomass,
the pyrolysis model is based on the heat transfer inside the particle from the surface
of the particle and is limited by the rate of heat conduction inside the particle. This
formulation of the pyrolysis model was applied for the biomass particles due to their
much larger size. In contrast, for the smaller coal particles, the pyrolysis model is
based on kinetics. The reaction rate kinetics for coal pyrolysis are quite fast.
The char combustion models for the biomass and coal are similar in their formulation, although the kinetic rates of the combustion reactions are different. This
difference in rates is due to the difference in properties of char formed after the
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Figure 4.2: Relative rates of coal pyrolysis, coal combustion, and biomass combustion reactions for a solid particle of size (dp ) 0.1 mm for different particle surface
temperatures. The coal particle density is 2200 kg/m3 .

volatiles are released from coal and biomass. The different pore structure of the
char formed after the pyrolysis of coal and biomass results in different kinetics of
combustion and gasification reactions of the solid char with the gases.
Figure 4.2 shows the relative initial rates of pyrolysis and combustion for the
coal particle of size (dp ) 0.1 mm at different temperatures. The figure also shows
the corresponding rates of biomass combustion reaction for the same particle size.
It can be seen from figure 4.2 that coal pyrolysis is the fastest when compared to
coal combustion and biomass combustion. Coal pyrolysis is approximately an order
of magnitude faster than the biomass combustion and about 2 order of magnitudes
faster than the coal combustion at higher temperatures.
In chapter 2, we presented the time integration scheme used in the DNS for the
biomass conversion process. A hybrid implicit-explicit Runge-Kutta method [54]
was used. For the faster biomass combustion process, we used the implicit part of
the method, whereas for the non-stiff gas equations, particle tracking, and biomass
pyrolysis we used the explicit part of the time integration scheme. In this chapter,
for coal conversion, we use the implicit part of the method for both the coal pyrolysis
and combustion reactions. Moreover, we also use a variable time step with smaller
time steps during the pyrolysis stage of the coal conversion process. This does not
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result in a significant increase in time required for the simulation as the total time
required for coal conversion is much shorter than that required for the biomass
conversion process. For the gas phase equations, the explicit part of the method is
used.

4.4

Setup of simulations

We consider the gas-particle system inside a channel, bounded by two parallel horizontal plates. The domain size is 4πH in streamwise direction and 2πH in spanwise direction, where H is half the channel height. Simulations are performed with
frictional Reynolds number
p approximately equal to Reτ = 150, which is based on
friction velocity uτ = τw /ρg and half the channel height. Here, τw is the wall
shear stress based on the mean streamwise velocity component, averaged over the
two homogeneous directions and time.
In all simulations the flow is initialized with a turbulent velocity field in the statistically steady state as obtained from a simulation without particles. For the base
case, the initial oxygen mole fraction is XO2 = 0.21 with nitrogen the remainder. In
all the simulations presented in this chapter the amount of oxygen is stoichiometrically sufficient. The initial gas temperature is set equal to 1400 K, and the particles
are initialized with a temperature of 300 K which is constant within the particle. The
walls of the channel are maintained at a temperature of 1400 K [28]. Initially, the
particles are randomly, and uniformly, distributed throughout the channel and the
particle velocity is initialized with the gas velocity at the position of particle. With
these initial conditions we simulate the pyrolysis and combustion of coal particles in
a turbulent channel flow.
Initially, simulations are carried out without any particle grouping at particle
volume fractions (φ) of 1 × 10−6 , 1 × 10−5 and 1 × 10−4 with a particle size of
0.1 mm. The results of these simulation are used to determine a suitable particle
grouping factor. In the next section, an analysis of the results is presented for the
DNS of the coal conversion process.

4.5

Analysis of results

Similar to biomass particles, we observe that in a single run of the simulation, the
conversion time of different coal particles with the same initial size varies significantly. We present the pdf of the conversion time of particles in figure 4.3. For the
results presented in figure 4.3, the initial solid volume fraction was 1 × 10−5 .
As observed in the figure, there is a variation of about about 9% for the larger
particle of size 0.05 mm and a variation of about 11% for the smaller particles with
size 0.025 mm. It can also be seen that for the same initial particle size there is
a slight variation in the PDF of the conversion time for a different initial spatial
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Figure 4.3: Probabilty density function for the coal particle pyrolysis time for different initial particle sizes and two different initial spatial distributions of the particles,
particle size a: 0.025 mm, b: 0.05 mm
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distribution of the particles in the domain. This indicates that these PDF’s are case
specific. We also observe a relatively big tail towards the end of the distribution of
conversion time. This is especially true for smaller particles. In the earlier chapters
on biomass conversion, we based our analysis of biomass conversion times on the
maximum conversion time of the distribution, i.e., the time at which the last particle
was converted. This would be less appropriate in case of the smaller coal particles
because of the big tail towards the end of the distribution of conversion time. To
solve this problem we perform the analysis of coal particle conversion times based
on the time at which 90% of the particle have completed the converison (t90% ). For
the analysis that follows, we use the value of t90% .
As given in table 4.4, due the small size of coal particles, the number of coal
particles in the DNS is very large. This makes it computationally expensive to
run different simulations to study the effect of different model parameters on model
results. We adopt a particle grouping approach to reduce the computational time
of the simulations.
Figure 4.4 presents the pyrolysis time of coal particles for different particle grouping factors (ζ) and for three different solid volume fractions. The coal particle size
is 0.1 mm. The solid volume fractions (φ) are 1 × 10−6 , 1 × 10−5 , and 1 × 10−4 .
In figure 4.5 we present the combustion time of coal particles for different particle
grouping factors. It can be seen from figures 4.4 and 4.5 that the pyrolysis time
increases with increasing particle grouping factor while the combustion time slightly
decreases. This can be explained on the basis of the endothermic nature of the
pyrolysis reaction and the exothermic nature of the combustion reaction. As the
grouping factor increases, it creates larger heat sinks by two-way coupling between
the particles and the gas, thus decreasing the local temperature of the gas at the
particle position. This in turn decreases the rate of the pyrolysis reaction. The opposite is true for the exothermic combustion reaction. In case of combustion, which
releases heat, larger particle grouping factors result in higher temperatures around
the particles, thus increasing the rate of the combustion reaction.
The reduction in combustion time is largest for the smallest particle volume
fraction. This can be understood from the oxygen present near a coal particle. For
larger particle volume fraction the reduction in local oxygen concentration near the
particle is larger than for smaller particle volume fractions and therefore has a larger
negative effect on the speed of combustion.

4.5.1

Effect of particle grouping

Intuitively, the accuracy of this particle grouping scheme will be dependent on the
number of particles present per finite volume cell of the numerical method used for
the gas phase. If the number of particles present per computational cell is high, the
local differences in variables of the gas phase will be small. We postulate that the
particle grouping scheme would be accurate if the number of virtual particles does
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Figure 4.4: Pyrolysis time of coal particles for different particle grouping factors and different solid volume fractions.
Particle size is 0.1 mm.
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Figure 4.5: Combustion time of coal particles for different particle grouping factors and different solid volume fractions.
Particle size is 0.1 mm.

Table 4.5: Different particle volume fractions (φ) and particle sizes (dp ) used in the
simulations
φ
1 × 10−6

dp
0.1

Np
2.41 × 106

Np /Ncell
1.1

1 × 10−5

0.05
0.07
0.08
0.1

1.93 × 108
7.13 × 107
4.82 × 107
2.41 × 107

92
35
23
11

1 × 10−4

0.1

2.41 × 108

110

not differ much from the number of computational cells in the numerical method for
the gas. Indeed, mathematically, the two-way coupling terms between the gas and
the particles would be equal if there are N similar particles present in a cell, or if
one effective particle with the same properties and ζ = N is present in the cell.
We investigate this by running simulations for a particle size of 0.1 mm for different particle grouping factors and for different initial solid volume fractions. Table
4.5 lists the different cases with corresponding values of number of particles (Np ).
The table also shows the ratio of number of particles and number of computational
cells in the domain (Np /N cell).
We study the relative error in pyrolysis and combustion times for different particle grouping factors. Figure 4.6 presents the relative error in values of pyrolysis
and combustion times of coal particles for different particle grouping factors at an
initial solid volume fraction of 1 × 10−6 . At this solid volume fraction, the Np /Ncell
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Figure 4.6: Relative error in pyrolysis and combustion time of coal particle for
different particle grouping factors (ζ). Particle size is 0.1 mm and initial solid
volume fraction is φ = 1 × 10−6
is 1.1. The values of particle grouping factors that we investigate for this case are
ζ = [1, 2, 3, 4, 10, 50].
In figure 4.6 we observe that the error in the conversion times starts increasing
as we increase the value of ζ from 1 to higher values. This is expected as Np /Ncell
is equal to 1.1 and so a value of ζ greater than 1 should result in higher errors.
However, we see that relative error in both the pyrolysis and combustion time is less
than 1% for ζ < 4. At higher values of the particle grouping factor (ζ = 50), we
observe higher errors of 2% and 3.5% in the pyrolysis time and the combustion time
respectively.
We perform a similar analysis for a higher value of the particle volume fraction
(φ = 1 × 10−5 ). At this φ, Np /Ncell is 11. Figure 4.7 presents the relative errors
in the conversion times for this case. As can be seen from the figure, the error in
the conversion times is negligible for ζ < 10. The error starts increasing for higher
values of ζ. For ζ > 50, we observe that the relative errors in the conversion times
are larger than 1%.
Figure 4.8 shows the relative errors in the conversion times for an even higher
value of the particle volume fraction (φ = 1 × 10−4 ). This is the highest particle
volume fraction we use in case of coal particle conversion. In this case, Np /Ncell
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Figure 4.7: Error in pyrolysis and combustion time of coal particle for different
particle grouping factors (ζ). Particle size is 0.1 mm and initial solid volume fraction
is φ = 1 × 10−5

is 110. We observe that for this value of particle volume fraction, the errors in
conversion times are insignificant for ζ < 100.
From the above three cases, we conclude that the relative errors in conversion
times for varying values of particle grouping factor (ζ) are dependent on the initial
particle volume fraction. At higher particle volume fractions (φ) we can use larger
values of ζ without compromising the accuracy of the results. It should be noted
that the pyrolysis and combustion times are mean quantities in the simulation. To
further validate the above conclusion, we study the effect of particle grouping on the
RMS of the gas temperature for the three particle volume fractions.
In figure 4.9, we present the RMS of the gas temperature during the pyrolysis
stage averaged over the homogeneous directions for different particle grouping factors. The particle size is 0.1 mm. We present results of TRM S for three different
initial particle volume fractions. It can be seen that just like particle conversion
times, the difference in TRM S for varying values of ζ is dependent on the initial
particle volume fraction. From figure 4.9a we see that TRM S for ζ = 1, and ζ = 2
is very close, whereas TRM S starts showing noticeable variations at higher particle
grouping factors. This is in accordance with Np /Ncell =1.1 for this case.
Similarly, from figures 4.9b and 4.9c we observe that also at higher particle
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Figure 4.8: Error in pyrolysis and combustion time of coal particle for different
particle grouping factors (ζ). Particle size is 0.1 mm and initial solid volume fraction
is φ = 1 × 10−4
volume fractions, the differences in TRM S are insignificant for ζ < Np /Ncell . These
observations are similar to those observed in the case of pyrolysis and combustion
times of coal particles. Hence, we conclude that for a given initial particle volume
fraction (φ), using a value of ζ < Np /Ncell results in insignificant errors in coal
particle conversion times and gas temperatures. This result can be used to perform
simulations of coal particles at higher values of the particle grouping factors for
higher particle volume fractions. This keeps our simulation time limited as we no
longer need to solve the particle equations for all the solid particles.

4.5.2

Effect of particle volume fraction

In figures 4.10 and 4.11 we present the relative errors in pyrolysis time and combustion time of coal particles for different particle grouping factors (ζ) and initial
particle volume fractions (φ). For all the cases, the conversion time value at ζ = 1 is
used as the base case value. It can be seen from the figures that the relative errors
in conversion time are higher at lower particle volume fractions. Moreover, the rate
at which these errors increase are also higher for lower particle volume fractions.
This means that the effect of particle grouping is larger at lower particle volume
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Figure 4.9: RMS of gas temperature for different values of particle grouping factors
and different initial particle volume fraction(φ). a) φ = 1 × 10−6 ; b) φ = 1 × 10−5 ;
c) φ = 1 × 10−4 . The particle size is 0.1 mm.
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Figure 4.10: Relative error in pyrolysis
time for coal particle of size 0.1 mm as
a function of particle grouping factor (ζ)
for different initial particle volume fraction (φ) values as shown in legend.
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Figure 4.11: Relative error in combustion time for coal particle of size 0.1 mm
as a function of particle grouping factor
(ζ) for different initial particle volume
fraction (φ) values as shown in legend.

fractions. We observe that the smaller the number of particles in the domain, the
higher is the effect of particle grouping method.

4.5.3

Effect of particle size

Next, we analyze the effect of particle grouping for different values of the particle
size on coal particle conversion. Figure 4.12 presents the pyrolysis time and the
combustion time of coal particles of different particle sizes at a particle volume
fraction of φ = 1 × 10−5 . In figure 4.12 no particle grouping is applied so that ζ = 1.
It can be seen in the figure that both the pyrolysis time and the combustion time
increase with increasing particle size. This is because for coal particles both these
processes are modelled as shrinking core kinetic models. Hence, larger particles take
more time for conversion. Also, the combustion times are higher than the pyrolysis
times as the process of combustion of coal particles is slower than pyrolysis. This is
in contrast to the conversion of biomass particles where the process of pyrolysis is
much slower than combustion. This is because coal particles have relatively lower
volatile content as compared to biomass particles. A typical sub-bituminous coal
has about 30% volatile content whereas the volatile content of biomass is around
70%.
To study the effect of particle grouping for varying particle diameter, we run
simulation for 4 different particle sizes (dp ) while keeping the initial particle volume
fraction (φ) constant at 1 × 10−5 . At different particle size the number of coal
particles in the domain is different. This results in the values of Np /Ncell as shown in
table 4.5. Based on the results of the previous sections, that indicate the importance
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Figure 4.12: Pyrolysis and combustion time of coal particle for different particle
sizes (dp ). The initial solid volume fraction is φ = 1 × 10−5

of the value of Np /Ncell , we use different values of the particle grouping factor for
different particle sizes. From the results we observe that our previous obervation
that the relative error in the conversion times is insignificant for ζ < Np /Ncell holds
true also at smaller particle sizes.
Figure 4.13 shows the pyrolysis time of coal particles of different sizes for varying
values of the particle grouping factor. In these simulations the particle volume
fraction is kept constant. It can be seen from the figure that the relative errors
in the pyrolysis time are negligible for lower particle grouping factors. We also
observe that the rate at which the errors due to particle grouping increase is higher
for larger particles. For a given particle volume fraction, larger particles imply a
smaller number of particles in the domain. Thus the effect of particle grouping is
larger for larger particles.
Figure 4.14 shows the corresponding results for the combustion time of coal
particles. Similar to the pyrolysis time, the effect of particle grouping is higher for
larger particles. From these observations we can conclude that the effect of particle
grouping is relatively lower for cases with a larger number of particles in the domain.
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Figure 4.13: Relative error in pyrolysis
time of coal particles for different particle grouping factor (ζ) and different particle sizes(dp ).
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Figure 4.14: Relative error in combustion time of coal particles for different
particle grouping factor (ζ) and different particle sizes(dp ).

Scaling the particle grouping factor

In the previous three subsections, we analyzed the effect of the particle grouping
factor (ζ) on coal conversion by varying either the particle volume fraction or the
particle size. To study the combined effect of particle size and volume fraction, we
define a parameter that represents the average distance between the coal particles.
If Np,v is the number of virtual particles, Vp is the volume of one particle, and VD
is the volume of the domain, then, ζNp,v is the number of real particles. It follows
that solid particle volume fraction (φ) can be expressed in these variables as:
ζNp,v Vp
VD
The average volume per computational particle is then equal to:
φ=

VD /Np,v =

ζVp
φ

(4.10)

(4.11)

The average distance between the particles in the domain (δ) is a measure of the
size of this volume and equals:

δ=

ζVp
φ

1/3
(4.12)

We use this parameter to study the effect of particle grouping for different particle
sizes and particle volume fractions. Figure 4.15 presents the relative error in the
pyrolysis time for different particle sizes and volume fractions as a function of the
average distance between the particles in the domain. We observe that the relative
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between the particles (δ). The particle
sizes and volume fractions are as shown
in legend.

Figure 4.16: Relative error in combustion time as a function of average distance between the particles (δ). The
particle sizes and volume fractions are
as shown in legend.

errors for different cases are negligible below some threshold value of δ, irrespective
of the particle volume fraction and diameter. From the figure we can see that this
threshold value of δ is around 0.015. For values of δ higher than 0.015, we start
seeing some differences in pyrolysis time. As expected, the relative error increase as
the value of δ increases. We also observe that the rate at which the error increases
after the threshold value of δ is different for different combinations of particle size
and particle volume fraction.
Figure 4.16 shows the corresponding results for the combustion time. We observe
similar behavior as for the pyrolysis time. Again, below the threshold value of
δ = 0.015, we observe negligible differences. As explained earlier, the combustion
time decreases for higher particle grouping factors. Hence, the deviations in the
combustion time are negative.
Apart from the pyrolysis time and combustion time, we also study the error in
TRM S of the gas phase as a function of δ. To do this, we define the relative error in
TRM S as follows:
R H/2
TRM S,error =

2
−H/2 (TRM S,ζ − TRM S,1 ) dz
R H/2
2
−H/2 (TRM S,1 ) dz

(4.13)

where the integral is between the two walls of the channel. Figure 4.17 shows
the relative error in TRM S as a function of δ. Similar to the results of pyrolysis
time and comsbution time, we observe that the error in TRM S is negligible for all
values of δ below a threshold value. This threshold value is again close to 0.015.
From the observations from figures 4.15, 4.16, and 4.17, we conclude that for the
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Figure 4.17: Relative error in TRMS as a function of average distance between the
particles (δ). The particle sizes and volume fractions are as shown in legend.
coal conversion simulations presented in this chapter, the errors in quantities due
to particle grouping are negligible for an avarage distance between the particles δ
equal to 0.015.

4.6

Conclusions

In this chapter we presented the model for DNS of coal pyrolysis and combustion.
We use single particle coal conversion models from literature and use them for the
DNS of coal particles in a turbulent channel flow.
As the size of coal particles is very small compared to the biomass particles, the
number of coal particles in our simulations is very large. Solving the equations for
all the coal particles during the simulation is computationally very expensive and
takes a large amount of memory. To overcome this problem we adopt a particle
grouping method where a virtual particle represents a number of real coal particles
with the same properties. In order to model the interaction between the two phases,
we multiply the two way coupling terms between the gas and particles with the
particle grouping factor.
We analyze the accuracy of this particle grouping scheme by running simulations
at varying values of the particle grouping factor (ζ). We observe that a value of
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ζ = Np /Ncell results in a good approximation for the simulation with no particle
grouping. This is true for all the particle sizes and solid volume fractions used in
our study. We also observe that the errors due to larger values of ζ are low for
simulations with high solid volume fractions. This is also true for simulations with
smaller particles.
We observed that the threshold for ζ below which the relative error in the results
is negligible corresponds to an average distance between two particles approximately
equal to 0.015H, where H is half the channel height. This distance can be compared
to the size of a computational cell. The length of a grid cell in the streamwise
direction equals 0.098H and in the spanwise direction 0.049H, both significantly
larger than this threshold value. The average length of a grid cell in the wallnormal direction, however, is 0.016H, which is very close to the threshold value. We
hypothesize that this threshold value of δ is linked to grid resolution and not to the
actual physics of the problem. More research into the origin of threshold value of δ
is required.
In the next chapter, we will use the models developed in chapter 3 and chapter
4 to analyze the co-firing process of biomass and coal.
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Chapter 5

Co-firing of biomass and coal
5.1

Introduction

In the earlier chapters of this thesis, we presented models for biomass conversion in
chapter 3 and for coal conversion in chapter 4. In this chapter, we study the process
of co-firing of biomass with coal.
Co-firing coal with biomass is considered environmentally friendly for multiple
reasons. First, burning biomass causes no net increase in CO2 . Biomass consumes
the same amount of CO2 from the atmosphere during its growth as is released
during its burning. So, blending coal with biomass can effectively reduce the CO2
emissions. In some cases, co-firing of biomass residues also reduces the amount of
CH4 by avoiding the CH4 release from the otherwise land-filled biomass [78]. This
is an important benefit, because it is believed that CH4 is 21 times more harmful
than CO2 in terms of its global warming impact. Furthermore, co-firing of coal with
biomass also results in reduced NOx and SOx emmissions [79]. Finally, from an
economical point of view, co-firing biomass with coal can also result in the utilization
of less expensive fuel with a possible reduction in fuel costs [80].
Blending of coal with biomass also improves some major operational problems
in systems which rely on biomass as the sole fuel. The high moisture and ash
content in biomass is the cause of ignition and combustion problems inside a furnace
[81]. The highly variable properties of biomass are also a major source of problems.
Furthermore, the lower heating value of biomass (as compared to coal) results in
lower temperatures inside the furnace. This could result in slagging and fouling
problems due to deposition of ash [81]. Coal has relatively lower ash and moisture
content. It also has a higher heating value thus resulting in higher temperatures
inside the furnace. Co-firing of coal with biomass can therefore prevent some of the
problems in a sole biomass firing system.
Based on the above factors, co-firing holds more appeal than both sole fuel firing
options. In this chapter we will present the model for biomass-coal co-firing and
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analyze the results. In the next section we present a summary of models used for
biomass and coal conversion along with the assumptions we make in the modeling.
Section 5.3 describes the numerical implementation of the model. Next, we describe
the setup of simulations in section 5.4. This is followed by an analysis of results in
section 5.5, where we study the effect of blending ratio on biomass and coal co-firing
process.

5.2

Modeling of biomass-coal co-firing

Modeling of conversion of a biomass-coal blend is a complex problem that involves
modeling conversion of two chemically different solid fuels. Several studies for coal
combustion exist in the literature (as presented in Chapter 4). However, there are
fewer studies on biomass-coal co-firing in the literature. This is probably due to the
fact that co-firing is still a developing technology. We present a summary of CFD
modeling studies of biomass-coal co-firing in the literature.
A mathematical model for biomass-coal blend conversion using the k– turbulence model is presented by Abbas et al. [83]. They used a single step model for
both coal and biomass devolatilization, and a kinetic shrinking core model for char
combustion. They used a Eulerian-Lagrangian approach to model the gas and particle phases. The gas phase equations were based on a Eulerian reference frame while
the particle phase equations were modeled using particle tracking in a Lagrangian
reference frame. To account for the variations in the properties of coal and biomass,
they track the volatile gases released from both fuels separately. The authors also
compared the results with experiments on co-firing coal and biomass (sawdust) in
an industrial furnace and found good agreement between the experiments and the
model results.
A similar model was presented by Dhanaplan et al. [84] who used the same
model to study coal-only and coal-biomass blend conversion. They predicted an
early devolatilization of large biomass particles due to the presence of smaller coal
particles. Their model also included chemistry for NOx formation and predicted
lower NOx formation in biomass-coal co-firing as compared to sole coal firing.
A full-scale coal and straw–fired utility boiler was modeled by Kaer et al. [85].
They developed an extended particle conversion model and used a commercial CFD
code (CFX 4.2) to model the gas phase. They used a k– turbulence model and
incorporated a two-step homogeneous gas phase reaction model. They analyzed
the combustion behavior of blend fuel near the burner mouth and found that the
devolatilization and burnout of biomass (straw) occurred further away from the
burner mouth than the devolatilization and burnout of coal. This was in strong
contrast to sole coal converion models where most of the devolatiliation occurred very
close to the burner. In addition, they observed significant variations in trajectories
of biomass particles inside the furnace as compared to coal particles i.e. biomass
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Table 5.1: Properties of the biomass (torrified wood) and coal used in the simulations

Torrified Wood
Coal

Mass density
(kg/m3 )
650
850

Thermal conductivity
(W/m/K)
0.25
0.3

Heating Value
(MJ/kg)
17.8
25.4

particles disperse more as compared to the coal particles.
Apart from the modeling studies of the co-firing process, there are several experimental studies on the co-firing of biomass-coal blends. A detailed review of literature
on experimental studies of co-firing process is presented by Sami et al. [86]. In their
review, they mention several types of biomass including agricultural wastes, municipal wastes, and organic material. They present experimental results of a large
variety of coal and biomass blends, and also identify some critical operational issues
in co-firing of biomass-coal blends.
In CFD modeling studies of co-firing, the k– model has been used extensively.
This is mainly due to the relatively lower computational complexity of a Reynoldsaveraged Navier-Stokes model and easier implementation. More detailed CFD studies on co-firing that use LES and DNS approaches are relatively few. In this section,
we outline the major difference in conversion of coal and biomass. We also summarize the models for conversion of biomass and coal as presented in earlier chapters
of this thesis.
In chapter 1, table 1.1 presents the typical composition of coal and biomass fuels.
The properties of coal and biomass which are used in the simulation are presented
in table 5.1. From the tables, the main differences between coal and biomass that
are important for modelling of co-firing are summarized as follows:
• Coal has a much lower volatile content than biomass. A typical sub-bituminous
coal has around 30% volatile matter, while biomass generally has more than
70% volatile matter.
• The heating value of coal is higher than that of biomass.
• The total carbon content of coal is higher than that of biomass. Biomass has
a much higher oxygen content.
These factors result in differences in conversion behavior of coal and biomass
particles. A CFD model should be able to capture these differences to analyze the
interactions between the different solid fuel particles.
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Biomass pyrolysis and combustion

As presented in chapter 2, we adopt the model developed by Haseli [27] for the
pyrolysis of biomass particles. The model consists of several phases during which
the biomass particle evolves from virgin biomass to char. Although we adopt a point
particle assumption which usually implies a uniform temperature inside the particle,
the pyrolysis model developed by Haseli [27] is based on thermal diffusion inside the
particle which results in temperature variations within the particle. We also assume
a fixed pyrolysis temperature, i.e., the temperature at which the virgin biomass is
converted into char with the release of volatile gases. As soon as the temperature
of a layer of virgin biomass inside the particle reaches this pyrolysis temperature,
biomass breaks down into volatile gases and char.
The char produced after the pyrolysis of biomass further enters the combustion stage. The biomass combustion model is formulated based on the traditional
shrinking core approximation. We consider reactions of char with O2 and CO2 . The
shrinking core approach implies that the char-gas reaction front starts at the surface
of the particle and progresses towards the center as the reactions take place. This
results in a decreasing particle size with continuing reactions. However, the mass
density of the shrinking reactive core remains unchanged throughout the combustion process. The details of the models for biomass pyrolysis and combustion are
presented in chapter 2.

5.2.2

Coal pyrolysis and combustion

In contrast to the biomass pyrolysis model that is based on heat transfer inside
the solid particles, the coal pyrolysis model is based on reaction kinetics. The
coal pyrolysis reaction is simulated by a two competing reactions kinetic model as
suggested by Kobayashi et al. [77]. In this model, the pyrolysis process consists
of two competing first order reactions to account for the effect of heating rates on
coal pyrolysis. Each of these reactions describes the degradation of coal to their
respective residual chars and volatiles.
The coal combustion model is similar to the biomass combustion model in its
formulation. It also adopts a shrinking core approach to model the combustion of
a coal particle. However, the kinetics of coal combustion are very different than
biomass combustion. The details of the coal conversion model used in this chapter
are presented in chapter 4.
In this thesis, our aim is to present a framework for DNS of biomass and coal
co-firing. This is perhaps one of the first studies to do so. Our aim here is to demonstrate that such simulations are possible, without the ambition of comprehensive and
fully quantitative modeling. We use biomass and coal conversion models from literature that can be adapted for use in DNS. We choose these models because they
offer a good combination of level of detail and computational complexity.
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Co-firing model assumptions

Apart from using different models for coal and biomass conversion, we make the
following assumptions in our co-firing model:
• The volatile gases released from both the biomass and coal are considered to
be methane. There is no difference in the methane released from biomass
and coal. This assumption has been made in several CFD studies of coal
conversion [23, 18, 19]. This assumption greatly simplifies the homogeneous
gas combustion model without compromising too much on the accuracy of the
results [18].
• All the differences in physical structure of chars formed after the pyrolysis of
coal and biomass are accounted for by using different kinetic parameters for
coal and biomass combustion.
We study the co-pyrolysis process by varying the blending ratio (θ). As stated
earlier in chapter 1 of this thesis, the blending ratio is defined as the ratio between
the amount of coal which is substituted by biomass and the original amount of coal.
This blending ratio can be mass-based, if the coal is replaced by the same amount of
biomass, or energy-based, if the total heating value of the fuel is kept the same. In
this thesis, we study the effects of mass-based blending ratio on the co-firing process,
as in most of the industrial settings the mass flow rate of solid fuel is a more relevant
and controlled parameter [13].

5.3

Numerical Implementation

The details of the numerical method employed for the DNS of the co-firing process
are similar to the DNS of biomass conversion as outlined in chapter 2. All equations
for the gas and for the particles are non-dimensionalized using appropriate reference
values. The particle equations are in the form of ordinary differential equations.
The gas equations assume this form after spatial discretization based on a secondorder accurate finite volume method. To this effect, the domain is divided into small
rectangular cells. The domain is divided into 1283 control volumes. The grid spacing
is uniform in streamwise and spanwise directions, whereas it is non-uniform in the
wall-normal direction with clustering of grid points near the walls.
Initially, the particles are randomly, and uniformly, distributed throughout the
channel. The distribution is done separately for biomass and coal particles. In
the co-firing process, the typical size of coal particles is very small as compared to
biomass particles. This is a result of different grinding properties of biomass and
coal particles.
Therefore, a similar mass of coal and biomass particles would result in very
different numbers of solid particles. As we observed in chapter 4, for a similar solid
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Table 5.2: Number of coal and biomass particles for different blending ratios (based
on mass flow). The coal particle size (dp ) is 0.1 mm and the biomass particle size
(dp ) is 0.5 mm. The base case mass flow rate is calculated for 100% coal particle
feed with initial solid volume fraction of φ = 1 × 10−4 .
Blending
ratio
0
0.1
0.2
0.3
0.4

Np,coal

Np,bio

Np,coal /Ncell

2.41 × 108
2.17 × 108
1.93 × 108
1.69 × 108
1.45 × 108

0
2.52 × 105
5.05 × 105
7.57 × 105
1.01 × 106

115
103
92
80
69

volume fraction as used in chapter 2 for biomass particles, the total number of coal
particles can be more than 1 billion. To solve this problem, we analyzed a particle
grouping scheme for coal particles in chapter 4.

5.3.1

Grouping of coal particles

Table 5.3 present the number of biomass and coal particles for different blending
ratios. As can be seen from the table, the number of coal particles can be very large
which results in excessive computational costs. In chapter 4, we analyzed a particle
grouping approach. In this approach, a number of real coal particles is represented
by a single virtual coal particle. The virtual particle has the same properties like
velocity, temperature, location etc. as the real particles it represents. In this way we
avoid solving solid particle equations for all the particles by solving the equations
only for the virtual particles. In chapter 4, we defined the number of real particles
represented by one virtual particle as the particle grouping factor, ζ. In this approach
of particle grouping, the two-way coupling terms for the mass, momentum, energy,
and species exchange between the particles and gas are multiplied by ζ.
We analyzed the accuracy of this particle grouping scheme by running simulations at varying values of the particle grouping factor (ζ) and observed that a value
of ζ = Np /Ncell results in a good approximation for the simulation with no particle
grouping. Here, Np is the total number of real particles in the simulation, and Ncell
is the number of grid cells in the DNS. We found that this conclusion holds true for
all the particle sizes and solid volume fractions used in our study.
Based on these results, we use different particle grouping factors for different
blending ratio in our study. The value of the particle grouping factor (ζ) for a
particular blending ratio corresponds to the ζ = Np /Ncell . Here, Np is the total
number of real coal particles in the simulation.
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Time integration

The main difference between the single particle model results for the biomass and
coal particles is in the relative rates of the pyrolysis and combustion stages. In figure
4.2 of chapter 4, we presented the relative initial rates of pyrolysis and combustion
for coal particles of size (dp ) 0.1 mm at different temperatures. The figure also
showed the corresponding rates of the biomass combustion reaction for the same
particle size. We observed that coal pyrolysis is the fastest when compared to coal
combustion and biomass combustion. Coal pyrolysis is approximately an order of
magnitude faster than biomass combustion.
The difference in rates of reaction during the pyrolysis stage can be explained
by the different formulation of the pyrolysis models for the coal and biomass. For
biomass, the pyrolysis model is based on the heat transfer inside the particle from
the surface of the particle to its center and is limited by the rate of heat conduction
inside the particle. This formulation of the pyrolysis model was applied to the
biomass particles due to their much larger size. In contrast, for the smaller coal
particles, the pyrolysis model is based on kinetics. The reaction rate kinetics for
coal pyrolysis are quite fast.
The char combustion models for biomass and coal are similar in their formulation,
although the kinetic rates of the combustion reactions are different. This difference
in rates is due to the difference in properties of char formed after the volatiles are
released from coal and biomass. The different pore structure of the char formed
after the pyrolysis of coal and biomass results in different kinetics of combustion
and gasification reactions of the solid char with the gases.
In chapter 2, we presented the time integration scheme used in the DNS for the
biomass conversion process. A hybrid implicit-explicit Runge-Kutta method [54]
was used. For the faster biomass combustion process, we used the implicit part of
the method, whereas for the non-stiff gas equations, particle tracking, and biomass
pyrolysis we used the explicit part of the time integration scheme. We use the same
method for solving the biomass particle equations during the co-firing. For coal
conversion, we use the implicit part of the method for both the coal pyrolysis and
the coal combustion reactions. Moreover, we also use a variable time step with
smaller time steps during the pyrolysis stage of the coal conversion process. This
does not result in a significant increase in time required for the simulation as the
total time required for coal conversion is much shorter than that required for the
biomass conversion process. For the gas phase equations, the explicit part of the
method is used.

5.4

Setup of simulations

We consider the gas-particle system inside a channel, bounded by two parallel horizontal plates. The domain size is 4πH in streamwise direction and 2πH in span-
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wise direction, where H is half the channel height. Simulations are performed with
frictional Reynolds number
p approximately equal to Reτ = 150, which is based on
friction velocity uτ = τw /ρg and half the channel height. Here, τw is the wall
shear stress based on the mean streamwise velocity component, averaged over the
two homogeneous directions and time.
In all simulations the flow is initialized with a turbulent velocity field in the
statistically steady state as obtained from a simulation without particles. The initial
gas temperature is set equal to 1400 K. For the base case, the initial oxygen mole
fraction is XO2 = 0.21 with nitrogen the remainder. During the simulations we limit
ourselves to low particle volume fractions φ ≤ 1 × 10−4 . This is done to ensure that
the amount of oxygen is stoichiometrically sufficient for all the simulations presented
in the chapter.
The coal and biomass particles are treated as two separate solids and their equations are solved separately. We do not include collisions and heat transfer by radiation between the coal and biomass particles. All interactions between coal and
biomass particles occur through the gas phase. The particles (coal and biomass) are
initialized with a temperature of 300 K which is constant within the particle. The
walls of the channel are maintained at a temperature of 1400 K [28]. Initially, the
particles are randomly, and uniformly, distributed throughout the channel and the
particle velocity is initialized with the gas velocity at the position of the particle.
In addition to the different kinetic rates of reaction for coal and biomass particles,
the sizes of coal and biomass particles used in the simulation are also different. In
this chapter, we study only mono-dispersed cases for coal and biomass particles.
This means that all the biomass particles in the simulation have the same initial
size. This is also true for coal particles, but the initial sizes of coal and biomass
particles in the simulation are different.
With these initial conditions we simulate the co-firing of biomass and coal particles in a turbulent channel flow. In the next section, an analysis of the results is
presented for the DNS of the biomass and coal co-firing.

5.5

Co-firing results

As stated earlier, coal and biomass are chemically two quite different fuels. In this
section, our primary aim is to study the effect of one fuel on the conversion of the
other during co-firing. We do this by varying the blending ratio (θ). As defined
earlier, θ is the ratio between the amount (in kg) of coal which is substituted by
biomass and the original amount of coal.
We keep the total mass of solids constant while varying the blending ratio. The
total mass of solids is the sum of the mass of coal particles and the mass of biomass
particles. We first select an initial solid volume fraction for a case with sole coal
firing and calculate the mass of solids for this case. As we vary the blending ratio,
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more biomass particles are added and the initial solid volume fraction changes (due
to the difference in size of coal and biomass particles). However, since the blending
ratio is defined in terms of mass, the total mass of solids remains constant.
In coal fired power plants, biomass blending in solid fuel is done in order to
mitigate the harmful effects of coal burning on the environment. Generally, the
biomass blending is between 5-15% of the solid feed by mass [9]. A higher blending
ratio means more biomass in the solid feed. Since most of the furnaces are designed
for a coal only operation, a higher blending ratio can lead to severe operational
problems. Co-firing is still a developing technology and futher efforts are being
made to increase the blending ratio in industrial furnaces.
In this study, we limit ourselves to blending ratios (θ) of less than 0.4. The θ
values that we study are: [0, 0.1, 0.2, 0.3, 0.4, 1]. Here, θ = 0 corresponds to the
sole coal firing case, whereas θ = 1 is for the sole biomass firing case.
Table 5.4 shows the different cases we analyze in this chapter. For all the cases
presented in table 5.4, we vary the blending ratio as mentioned above. In our
simulations, coal and biomass particles are of different sizes with coal particle size
being smaller than biomass particle size. This is done in order to better represent
the situation inside an industrial furnace where coal particles are much smaller than
biomass particles.
As shown in table 5.4, we run simulations for two different solid mass loadings
M1 and M2. These mass loadings correspond to solid volume fractions (φ) of 1×10−4
and 1 × 10−5 respectively, where φ is calculated for the sole coal firing case.
In this chapter, we focus our attention only on the cases with mono-dispersed
particles i.e. we do not apply any PDF to the particle size. This is done to simplify
our analysis. In cases with a particle size distribution, the simultaneous effect of
different particle sizes along with other variables like blending ratio would be hard to
quantify. In such cases, it would be hard to assign the effect to a specific parameter.
In the next subsection, we analyze the effect of blending ratio on the biomass
and coal conversion during co-firing.

5.5.1

Effect of blending ratio

We first analyze the effect of the blending ratio on biomass conversion process.
The effect of the presence of coal on biomass pyrolysis and biomass conbustion is
analyzed separately. In figure 5.1, we present the pyrolysis time of biomass particles
for different blending ratios (θ) during co-firing. Here, θ = 1 is the case of sole
biomass firing. As θ is reduced from its maximum value of 1, the amount of coal in
the solid feed increases.
It can be seen in figure 5.1 that the pyrolysis time of biomass particles decreases
as the blending ratio is decreased, i.e., as more coal is added. This can be explained
from the different conversion times of coal and biomass particles. The conversion of
coal is a much faster process than biomass conversion. This is because of the smaller
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Table 5.3: Different cases studied to analyze the effect of blending ratio on co-firing
of coal and biomass. The coal particle diameter (dp,coal ) is kept constant at 0.1
mm. The two mass loadings M1 and M2 correspond to solid volume fractions (φ) of
1 × 10−4 and 1 × 10−5 respectively, where φ is calculated for the sole coal firing case
Case

Solid mass loading
kg

A
B
C
D

1.07 × 10−1
1.07 × 10−2
1.07 × 10−1
1.07 × 10−2

(M1)
(M2)
(M1)
(M2)

dp,biomass
mm
0.5
0.5
1
1

size of coal particles and faster reaction kinetics of coal pyrolysis and combustion
reactions. In contrast, the larger biomass particles take longer time for pyrolysis.
For the case presented in figure 5.1, the biomass particle size is 0.5 mm and the
coal particle size is 0.1 mm. For these sizes of solid particles, the coal particles finish
their pyrolysis quickly and start the combustion stage while the biomass particles
are still in their pyrolysis stage. The coal combustion being an exothermic process
results in an increase in temperature of the gas phase. This in turn increases the
rate of pyrolysis of biomass particles and reduces their pyrolysis time. Hence, as
we increase the fraction of coal particles (i.e. decrease θ) in the solid feed during
co-firing, the pyrolysis time of biomass particles decreases.
Figure 5.2 shows the combustion time of biomass particles for different blending
ratios during co-firing. As can be seen in figure, the effect of θ on the combustion
of biomass is opposite to what we observed in case of biomass pyrolysis. As we
decrease θ, it is observed that the combsution time of biomass particles increases
slightly. To explain this we need to take into account two factors: the temperature
of the gas phase and the oxygen available for combustion of biomass particles.
As explained earlier, the combustion of coal particles starts much earlier than
the combustion of biomass particles. This increases the temperature of the gas
phase which should result in faster combustion rates for biomass particles. However,
the combustion of coal particles consumes a part of the oxygen. This reduces the
availability of oxygen for the biomass particle combustion which slows down the rate
of combustion reactions. As we observed in Chapter 3, the biomass combustion rate
is very sensitive to the amount of oxygen available to the particles. So, despite an
increase in gas temperature, the reduction in oxygen availability for biomass particle
results in longer combustion time. The figure 5.2 shows that this effect is largest at
the largest mass loading, where the decrease in the amount of available oxygen is
largest.
In figure 5.3, we present the mass loss of biomass particles as a function of time
for different blending ratios. The mass loss for different blending ratios has been
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Figure 5.1: Pyrolysis time of biomass particles as a function of blending ratio (θ).
The biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1 mm.
The results are for two different solid mass loadings M1 and M2 as given in table
5.4

normalized by the initial mass of biomass in each case. In figure 5.3, the two stages
of biomass conversion - pyrolysis and combustion - can be identified separately. The
combustion of biomass starts once all the volatiles in biomass are released i.e after
about 70% of mass loss.
From figure 5.3, it can be seen that as the blending ratio is decreased, the biomass
particles lose mass relatively faster, which results in a lower pyrolysis time. The effect
of blending ratio on the combustion of biomass is also visible in the figure. At lower
blending ratios the combustion stage starts earlier but the combustion time is also
higher.
The total conversion time of biomass particles is the sum of their pyrolysis and
combustion times. From figure 5.3 we can see that there is not much difference in
the total conversion time of biomass particles for different blending ratios. This is
because of the opposite effects of blending ratio in the pyrolysis and combustion
stages of biomass particles. With decreasing blending ratio, the pyrolysis time decreases while the combustion time increases, and so the effect of blending ratio on
total conversion time of biomass is small.
Next, we analyze the effect of blending ratio on coal conversion during co-firing.
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Figure 5.2: Combustion time for biomass particles as a function of blending ratio
(θ). The biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1
mm. The results are for two different solid mass loadings M1 and M2 as given in
table 5.4

In figure 5.4, we present the pyrolysis time of coal particles for different blending
ratios (θ) during co-firing. Here, θ = 0 is the case of sole coal firing.
The effect of coal particles on biomass pyrolysis was to decrease the biomass
pyrolysis time. In contrast, the effect of biomass particles on coal pyrolysis in just
the opposite. We observe in figure 5.4, that as the blending ratio is increased i.e.
as the fraction of biomass in the solid feed is increased, the pyrolysis time of coal
particle also increases.
This increase in pyrolysis time of coal particles with increasing blending ratio
can be attributed to the endothermic nature of the biomass pyrolysis stage. As the
coal pyrolysis proceeds (at a rate much faster than biomass pyrolysis), the biomass
particles are still in their pre-heating phase of the pyrolysis model (as explained in
chapter 2 of this thesis). During this stage, the biomass particles consume a lot of
heat which decreases the gas temperature. The rate of coal pyrolysis, being a kinetic
process, depends on the gas temperature. So, a higher blending ratio (i.e. a higher
fraction of biomass in feed) results in a higher coal pyrolysis time. This also explains
the observation that the effect of blending ratio is larger at the larger mass loading.
Similarly, we observe an increase in coal combustion time with increasing blend-
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Figure 5.3: Mass loss for biomass particles for different blending ratios (θ). The
mass loss has been normalized by the initial mass of biomass in each case. The
biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1 mm. The
results correspond to solid mass loading M1

ing ratio. In figure 5.5, we present the coal combustion time for different blending
ratios. As the coal particles start their combustion stage, the biomass particles are
still undergoing pyrolysis. A higher number of biomass particles in the solid feed
results in lower gas temperatures, which slows down the rate of combustion of coal
particles. Also here we observe a relatively larger effect of the presence of biomass
particles at the higher mass loading.
In figure 5.6, we present the relative changes in pyrolysis time for coal and
biomass for varying blending ratio. The relative changes for each fuel are calculated
with respect to the pyrolysis time of the sole fuel firing case. This means that relative
changes in the pyrolysis time of coal are calculated based on the coal pyrolysis time
at θ = 0, while the relative change for biomass is calculated with respect on the
biomass pyrolysis time at θ = 1.
We observe that with varying blending ratio, the relative changes in pyrolysis
time for biomass particles are larger than those of coal particles. This is due to the
fact that the coal pyrolysis is a faster process than the biomass pyrolysis and so the
biomass particles have less time to affect the coal pyrolysis process. In figure 5.6, we
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Figure 5.4: Pyrolysis time for coal particles as a function of blending ratio (θ). The
biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1 mm. The
results are for two different solid mass loadings M1 and M2 as given in table 5.4
can also observe the opposite nature of the effect each fuel has on the pyrolysis of
the other fuel, i.e., more coal decreases the pyrolysis time of biomass, whereas more
biomass increases the pyrolysis time of coal.
Figure 5.7 presents the relative changes in combustion time for coal and biomass
for varying blending ratio. We observe that, unlike pyrolysis, the relative effect of
biomass on coal combustion and the relative effect of coal on biomass combustion
are comparable. This is mainly due to the comparable combustion times of coal
and biomass particles. The coal combustion is slower than the biomass combustion.
This is dictated by the reaction kinetics of coal and biomass char. So, despite the
much smaller size of coal particle for the cases presented in figure 5.7, its combustion
time is comparable to the combustion time of a much larger biomass particle. Due
to this we observe that the effect of blending ratio on coal combustion is significant.
In co-firing, the furnace has to be designed/operated to burn all the solid fuel,
i.e., both coal and biomass. The residence time of solid particles inside a furnace
is governed by the solid mass feed rate to the furnace and the size of the furnace.
After the conversion of solid particles inside the furnace, the flue gas is collected
at the exit of the furnace for processing. The inert ash from the solids is collected
separately after it gets molten [3].
In our simulations, we observe that the biomass particles have a higher total
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Figure 5.5: Combustion time for coal particles as a function of blending ratio (θ).
The biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1 mm.
The results are for two different solid mass loadings M1 and M2 as given in table
5.4

conversion time than the coal particles. So the furnace should be operated such that
all the biomass particles are burnt inside the furnance. During this time, all the coal
particles will also be fully burnt as they have a shorter total conversion time than
biomass particles.
From figures 5.6 and 5.7, we observe that as we increase the blending ratio,
the total conversion time of both the biomass and the coal increases. This effect
is quite small for coal particles and modest for biomass particles. During co-firing,
the relative differences in biomass conversion time due to changes in blending ratio
will govern the operation of the furnace. An increase in blending ratio will result
in longer conversion time for biomass particles. Even a small increase in conversion
time of the biomass particles inside the furnace can lead to unreacted solid particles
being trapped in the flue gas and ash. The removal of solid particles from the flue
gas requires additional equipments like cyclones [7]. Moreover, a high concentration
of carbon containing solid particles in the molten ash makes it unusable for certain
applications [9].
During co-firing, for a furnace designed to be operated at a particular blending
ratio, the modest relative differences in conversion time of biomass that we observe
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time of coal and biomass. The biomass
particle diameter is 0.5 mm and coal particle diameter is 0.1 mm. The results
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Figure 5.7: Relative changes in combustion time of coal and biomass. The
biomass particle diameter is 0.5 mm and
coal particle diameter is 0.1 mm. The results correspond to the solid mass loading M1

in figures 5.6 and 5.7 can lead to serious operational problems. To avoid these
problems, the operating conditions (solid feed rate) should be changed accordingly.

5.5.2

Effect of varying biomass particle size and blending ratio

In this subsection, we analyze the effect of biomass particle size on the co-firing. As
in the earlier analysis, we also vary the blending ratio.
Figure 5.8 presents the relative changes in the conversion time of biomass particles for two different sizes with varying blending ratio. From the figure it can be
seen that the relative changes in both pyrolysis and combustion time of the biomass
particles are somewhat higher for the larger particle size considered here. The absolute conversion time of larger biomass particles is higher and so coal particles have
more time to affect the process of biomass conversion thus leading to higher relative
changes in the conversion times.
In figure 5.9 we show the relative changes in the conversion time of coal particles
for two different sizes of biomass particles with varying blending ratio. In this
chapter, we do not change the size of the coal particles and only vary the size of
biomass particle. As can be seen in the figure that when we vary the blending ratio,
the effect of the biomass particles size on coal conversion is opposite to its effect
on biomass conversion. In figure 5.9 we observe that the relative changes in coal
combustion and pyrolysis are higher in case of smaller biomass particles.
This can be explained on the basis of number of biomass particles present in the

CHAPTER 5. CO-FIRING OF BIOMASS AND COAL

97

relative changes in conversion time, %

6
4
2
0
-2
-4
-6
-8

Pyrolysis, dp,bio = 0.5 mm

-10

Combustion, dp,bio = 0.5 mm

-12

Combustion, dp,bio = 1 mm

0.1

Pyrolysis, dp,bio = 1 mm

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

θ

Figure 5.8: Relative changes in conversion time for biomass particles as a function of
blending ratio (θ) and for two different sizes of biomass particles. The coal particle
diameter is 0.1 mm and the results are for solid mass loading M1. The biomass
particle diameter is as given in the legend.
domain. As we do not vary the size of the coal particles, for a given blending ratio
and solid mass loading the number of coal particles remains constant. But as we
increase the size of the biomass particles, the number of biomass particles decreases.
In figure 5.9, we observe that the effect of blending ratio on coal conversion is larger
at smaller biomass particle size. This is because a larger number of biomass particles
is affecting the conversion process of coal.

5.5.3

Effect of varying solid mass loading and blending ratio

In this section we present results of varying the solid mass loading along with the
blending ratio on the coal and biomass conversion. In figures 5.10 and 5.11 we show
the relative changes in the conversion time of biomass particles and coal particles
respectively. The results are presented for two different solid mass loadings with
varying blending ratio. The two solid mass loadings - M1 and M2 - correspond to
solid volume fractions (φ) of 1×10−4 and 1×10−5 respectively, where φ is calculated
for the sole coal firing case.
From figures 5.10 and 5.11 we observe that the effect of blending ratio on the
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Figure 5.9: Relative changes in conversion time for coal particles as a function of
blending ratio (θ) and for two different sizes of biomass particles. The coal particle
diameter is 0.1 mm and the results are for solid mass loading M1. The biomass
particle diameter is as given in the legend.
biomass and coal conversion is higher at mass loading M1. Mass loading M1 is 10
times the mass loading M2. This means that the total number of particles - both
coal and biomass - for a given blending ratio will be higher at mass loading M1 as
compared to mass loading M2.
The higher number of solid particles leads to more interaction between the two
solid fuels through the gas phase. Hence, we observe higher relative changes in both
the pyrolysis and combustion time of coal and biomass particles at mass loading M1.

5.5.4

Effect of blending ratio on the gas phase maximum temperature

In this subsection, we focus our attention on one of the important parameters in
the design of a furnace for co-firing. As stated in the introduction of this chapter,
the temperatures inside the furnace are critical for its operation. This is because
the ash present in the solid fuels needs to melt, so that it can be taken out of the
furnace without any problems. If the maximum temperature in the furnace becomes
too low, then the ash might not melt which could lead to deposition and slagging
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Figure 5.10: Relative changes in the conversion time of biomass as a function of
blending ratio. The biomass particle diameter is 0.5 mm and the coal particle
diameter is 0.1 mm. The results are for
two different solid mass loadings M1 and
M2 as shown in table 5.4.
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Figure 5.11: Relative changes in the conversion time of coal as a function of
blending ratio. The biomass particle diameter is 0.5 mm and the coal particle
diameter is 0.1 mm. The results are for
two different solid mass loadings M1 and
M2 as shown in table 5.4.

[81] inside the furnace.
We use the DNS model of co-firing to study the variation of maximum gas
temperature with varying blending ratio. In figure 5.12 we present the maximum
temperature of the gas phase for varying blending ratio for two different mass loadings.
It can be seen that as the blending ratio increases, the maximum temperature
of the gas phase decreases. This is caused by the difference in heating values of coal
and biomass. As given in table 5.1, coal has a higher heating value than biomass.
As the blending ratio i.e, the fraction of biomass in the solid feed increases while
keeping the mass loading constant, the total heating value of the solid fuel decreases.
This casues the maximum temperature of the gas phase to decrease.
The blending ratio for co-firing should be chosen so that the maximum temperature of the gas phase does not go below the ash melting point. The ash melting
temperature for wood-ash is typically around 1600 K. A higher blending ratio might
lead to the maximum temperature falling below this value thus resulting in fouling inside the furnace. The results show that this can become especially critical at
higher mass loadings, where the effect of the presence of biomass on the maximum
gas temperature is highest.
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Figure 5.12: Maximum temperature of the gas phase as a function of blending ratio
(θ). The biomass particle diameter is 0.5 mm and the coal particle diameter is 0.1
mm. The results are for two different solid mass loadings M1 and M2 as given in
table 5.4

5.6

Conclusions

In this chapter we presented the model for DNS of co-firing of coal and biomass.
We used the models developed for sole firing of coal and biomass for the DNS of
co-firing.
We defined a mass based blending ratio as the ratio between the amount of coal
which is substituted by biomass and the original amount of coal. We studied the
effect of blending ratio on the conversion of coal and biomass in co-firing.
We found that the presence of coal particles decreases the pyrolysis time of
biomass particles, whereas it increases the combustion time of biomass particles. In
contrast, the presence of biomass particles increases both the pyrolysis and combustion time of coal particles.
We also found that the effect of blending ratio on coal conversion is higher in
case of smaller biomass particles, which is caused by the higher number of biomass
particles. The same effect was observed in case of higher solid mass loading where
a larger number of solid particles in the domain increases the interaction between
coal and biomass particles through the gas phase.
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In our simulations, we observe that the biomass particles have a higher total
conversion time than the coal particles. So the furnace should be operated such that
all the biomass particles are burnt inside the furnance. In such a operation, all the
coal particles will also be burnt as they have a smaller total conversion time. We
observe that as we increase the blending ratio, the total conversion time of both
the biomass and the coal increases. This effect is quite small for coal particles and
modest for biomass particles. During co-firing, the relative differences in biomass
conversion time due to changes in blending ratio will govern the operation of the
furnace.
For a furnace designed to be operated at a particular blending ratio, even the
modest relative differences in conversion time for biomass can lead to serious operational problems. To avoid these problems, the operating conditions should be
changed accordingly.
Apart from the conversion time of solid fuel, the maximum temperature inside
the furnace is one of the critical operating parameters for a furnace. This is because
the ash present in the solid fuels needs to melt so that it can be taken out of the
furnace without any problems. If the maximum temperature in the furnace becomes
too low, then the ash might not melt which could lead to deposition and slagging
inside the furnace. Even a small drop in temperature of the gas phase that leads
to the temperature falling below the ash melting temperature could lead to severe
fouling of the furnace.
In this chapter, we use the co-firing model to study the effect of blending ratio
on the maximum temperature and observe that as the blending ratio increases the
maximum temperature of the gas phase decreases. This is caused by the difference in
heating values of the coal and biomass. Coal has a higher heating value than biomass
so as the blending ratio, i.e., the fraction of biomass in the solid feed increases, the
total heating value of the solid fuel decreases. This causes the maximum temperature
of the gas phase to decrease.

102

5.6. CONCLUSIONS

Chapter 6

Conclusions and
Recommendations
6.1

Conclusions

As described in the introductory chapter of this thesis, the main aim of this thesis
was to develop a computational model for biomass and coal co-firing. To achieve
this goal, we proceeded as follows:
• We studied the existing models for biomass particle conversion and adopted
them for their use in a CFD code.
• We developed a DNS model for biomass conversion in a turbulent channel-flow
and studied the effect of changing model parameters on the biomass conversion
process.
• We developed a DNS model for coal conversion in a turbulent channel-flow
and studied the effect of changing model parameters on the coal conversion
process.
• We studied the coal-biomass co-firing process by varying the coal-biomass
blending ratio.
In this thesis, we used the single particle models available for conversion of
biomass and coal and adopted them for their use in the DNS model. The developed
DNS model captures the main qualitative nature of the biomass and coal conversion
processes. We used the DNS model to study the effect of various operating parameters like particle size and solid volume fraction on the solid conversion process.
Next, we present the major conclusions of this thesis. We group these conclusions
according to the chapters of the thesis.
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In chapter 2 of the thesis, we have extended the DNS model of Russo et al.
[22] for biomass pyrolysis by including Haseli’s [16] single-particle model for biomass
combustion, which is suitable for DNS with a large number of biomass particles.
The model has been adopted for modeling gas-particle interactions with chemically
reacting particles in a turbulent flow.
We observed that the heat exchange between the gas and the particles strongly
influences the particle conversion during pyrolysis and combustion. From the results
in chapter 2, it is observed that the effect of two-way coupling in the energy equation
is significant for particle volume fractions φ > 1 × 10−5 . At lower volume fractions
φ < 10−6 , the effect of particles on the gas is negligible and at such low volume
fractions, particles can be modelled by just including one-way coupling to reduce
the computational costs. However, typical industrial furnaces have particle volume
fractions on the higher side with φ > 1 × 10−3 [44] and hence the effect of two-way
coupling becomes important.
We also found that the conversion time of biomass particles is sensitive to their
diameter and increases for larger particles. One of the main findings of chapter 2 is
that at constant particle volume fraction the effect of two-way coupling is higher for
smaller particles due to their higher total heat exchange area.
In chapter 2, we analyzed the results of the DNS model for biomass pyrolysis and
combustion by only taking into account the heterogeneous solid-gas reactions. In
chapter 3, we added homogeneous gas phase reactions to the DNS model to bring the
model closer to reality. We used the model to study the effect of gas phase reactions
on the biomass conversion process. We observed that the inclusion of gas phase
reactions in the DNS model decreases the biomass pyrolysis time due to higher gas
temperatures. In contrast, including gas phase reactions increases the combustion
time of biomass due to the lower availability of oxygen at the particle surface.
We also found that the effect of gas phase reactions on pyrolysis is higher for
smaller particles due to their higher heat exchange area. However, for combustion
the effect is higher for larger particles due to the longer duration of the combustion
process, which results in more oxygen getting consumed in the gas phase reactions,
thereby decreasing the oxygen available for char combustion.
In chapter 3, the DNS model has also been used to perform simulations of realistic
biomass particle size distributions (PSD) to compare the particle conversion times
for mono-dispersed with PSD cases. We analyzed the interactions between particles
of different sizes in the PSD case and found that the presence of smaller particles in
the distribution speeds up the conversion process of larger particles.
In chapter 4, we presented the model for DNS of coal pyrolysis and combustion.
We used single particle coal conversion models from literature for the DNS of coal
particles in a turbulent channel flow.
As the size of coal particles is very small compared to the biomass particles, the
number of coal particles in our simulations is very large. Solving the equations for
all the coal particles during the simulation is computationally very expensive and
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takes a large amount of memory. To overcome this problem we adopted a particle
grouping method where a virtual particle represents a number of real coal particles
with the same properties. In order to model the interaction between the two phases,
we multiplied the two way coupling terms between the gas and particles with the
particle grouping factor.
We analyzed the accuracy of this particle grouping method by running simulations at varying values of the particle grouping factor (ζ). We observe that a value
of ζ = Np /Ncell , where Np is the number of virtual particles and Ncell the number
of grid cells, results in a good approximation for the simulation with no particle
grouping. This is true for all the particle sizes and solid volume fractions used in
our study. We also observed that the errors due to larger values of ζ are low for
simulations with high solid volume fractions, irrespective of the size of the particles.
We observed that the threshold for ζ below which the relative error in the results
is negligible corresponds to an average distance between two particles approximately
equal to 0.015H, where H is half the channel height. This distance can be compared
to the size of a computational cell. The length of a grid cell in the streamwise
direction equals 0.098H and in the spanwise direction 0.049H, both significantly
larger than this threshold value. The average length of a grid cell in the wall-normal
direction, however, is 0.016H, which is very close to the threshold value.
Finally, in chapter 5, we presented the model for DNS of co-firing of coal and
biomass. We used the models developed for sole firing of coal and biomass for the
DNS of co-firing. A mass based blending ratio is defined as the ratio between the
amount of coal which is substituted by biomass and the original amount of coal. In
chapter 5, we studied the effect of the blending ratio on the conversion of coal and
biomass in co-firing.
We observed that during co-firing the presence of coal particles decreases the
pyrolysis time of biomass particles, whereas it increases the combustion time of
biomass particles. In contrast, the presence of biomass particles increases both the
pyrolysis and combustion time of coal particles.
We also observed that the effect of blending ratio on coal conversion is higher in
case of smaller biomass particles, which is caused by the higher number of biomass
particles. The same effect is observed in case of higher solid mass loading where a
larger number of solid particles in the domain increases the interaction between coal
and biomass particles through the gas phase.
In our simulations, we observe that the biomass particles have a higher total
conversion time than the coal particles. So the furnace should be operated such that
all the biomass particles are burnt inside the furnance. In such a operation, all the
coal particles will also be burnt as they have a smaller total conversion time. We
observe that as we increase the blending ratio, the total conversion time of both
the biomass and the coal increases. This effect is quite small for coal particles and
modest for biomass particles. During co-firing, the relative differences in biomass
conversion time due to changes in blending ratio will govern the operation of the
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furnace.
For a furnace designed to be operated at a particular blending ratio, even the
modest relative differences in conversion time for biomass can lead to serious operational problems. To avoid these problems, the operating conditions should be
changed accordingly.
We also studied the effect of varying blending ratio on the maximum temperature
inside the furnace as it is one of the critical operating parameters for a furnace. Using
the co-firing model, we found that as the blending ratio increases the maximum
temperature of the gas phase decreases. This is because of the difference in heating
values of the coal and biomass. Coal has a higher heating value than biomass, so as
the blending ratio, i.e., the fraction of biomass in the solid feed increases, the total
heating value of the solid fuel decreases. This causes the maximum temperature of
the gas phase to decrease.

6.2

Recommendations

The DNS model presented in this thesis incorporates several simplifying assumptions in describing various aspects of pyrolysis and combustion of biomass and coal
particles. Some of these assumptions and possible improvements/recommendations
are listed below.
• One of the main assumptions for biomass conversion is the spherical shape
of the biomass particles. Biomass particles are highly unspherical in shape
[13, 14, 15]. This is in contrast to coal particles which are very close to spherical
in shape [23]. Although we use a point particle assumption in our model,
the equations for particle tracking, heat transfer, and kinetic reaction rates
have been formulated with an assumption of spherical shape for the biomass
particles. An improvement of our model would be to remove this assumption
for biomass particles. This can be done in two ways: Either use a correction
factor to account for the non-spherical shape of the particles [87], or use a
combination of standard non-spherical shapes to represent biomass particles
[88]. In either case the orientation of the particles will play a role and equations
describing the evolution of this orientation should be solved along with the
other equations for the particle properties.
• As our main objective in this thesis was to present a framework for the DNS of
biomass particle conversion, we used very simplified reaction kinetics for gas
phase homogeneous reactions. The chemistry in the gas phase is represented
by a single methane combustion reaction in our model. Other studies on
coal combustion [23, 48] use a detailed chemical kinetics consisting of several
elementary reactions to represent the chemistry of gases present in the gas
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phase. Similar gas phase reaction models can be included in the DNS of
biomass conversion to improve its predictive capability.
• The assumption of point particle in our model becomes questionable for larger
particles. If the particle is larger than the typical length scales of the the
flow, the expressions used for the drag force and the convective heat transfer
between gas and particles are no longer valid and finite-size effects need to be
incorporated.
• Multiple other issues with the numerical method need to be addressed in order
to obtain a stable numerical method for a wide range of particle sizes. Currently, the stability issues in our model limit us to a smallest particle size of
0.025 mm and a largest particle size of 3 mm. Moreover, the presence of a large
particle near the wall may lead to instability because its influence on the gas
properties in the control volume where the particle is located may be too high.
This presents a problem in particular in the region close to the walls, since
the size of the control volume is smallest there. If the particle is larger than
the control volume, the two-way coupling terms in the gas equations should
be distributed over more control volumes.
In light of these assumptions, the DNS model presented in this thesis captures
the main qualitative nature of the multitude of dynamic interactions between the
gas flow, the particles, and the processes occuring. The presented approach shows
that such models for biomass and coal conversion can be developed with sufficient
accuracy without increasing the computational costs too much. Fewer model assumptions as outlined above can further improve the model’s accuracy but this
would also lead to an increase in computational time. More research is needed to
quantify the impact of such potential improvements. Such research will benefit from
ongoing rapid advancements in computing technology which will drive further computational discoveries and analysis in this field. The advancements in computing
technology will make it possible in the near future to run detailed simulations for
biomass and coal conversion in a reasonable amount of time.
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Societal Summary
Renewable energy is key to meet the ever increasing needs in a climate-constrained
world. An increased awareness about the depleting fossil fuel resources coupled with
a higher sensibility towards environmental pollution has made biomass an attractive
alternative energy source. Being the only carbon based renewable fuel in our fossil
fuel based economy and due to its large availability in many regions of the world,
biomass has attracted the attention of both scientific researchers and industrial
companies. Consequently, biomass utilization, as an energy source, has continued
to increase and now accounts for over 10% of global primary energy supply.
The word biomass refers to all kinds of materials derived from living organisms.
This inludes plant matter and its derivatives, such as wood, wood-derived fuels, fuel
crops, agricultural wastes and by-products, and animal waste. This list comprises
the solid, liquid, and gaseous forms of biomass. All these forms of biomass are used
to generate energy in the form of renewable energy sources.
The solid biomass, mainly wood and wood-derived fuels, can be burned in furnaces to generate power. This is one of the main, and more mature, biomass-toenergy pathways. It involves generation of power by burning solid biomass along
with coal in commercial power plants. This process of co-firing biomass with coal is
one of the most economic and easily adaptable methods to increase the proportion
of energy generated from renewable sources. The carbon neutrality of biomass is
instrumental in reducing the carbon footprint of these co-firing plants. This is particularly beneficial if the biomass used in co-firing is a waste agricultural residue.
The idea behind coal-biomass co-firing is to utilize existing coal combustion equipment for burning biomass in order to save on new capital expenditure. Experimental
studies have also shown improvement in NOx and SOx emissions when comparing
coal firing and co-firing.
However, biomass differs significantly from coal in its low carbon, high volatile
matter and higher oxygen content. This results in lower heating values for biomass as
compared to coal, and significant differences in conversion times of the fuel particles
during co-firing. These differences in fuel properties result in suboptimal utilization
of biomass while burning it in equipment primarily designed for coal. To achieve
higher efficiencies in the co-firing process, a better understanding of biomass particle behavior and gas-particle interactions inside the furnace is desired. A deeper
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knowledge of biomass particle interactions with the gas inside the furnace will be
helpful in improving the design of furnaces and optimizing operating conditions by
changing for example the properties of the biomass particles.
In this thesis, we focus our attention on studying the biomass-coal co-firing by
developing a computational model for the process. In the past, much attention
has been focused on the modeling of coal combustion. The success of such efforts
is illustrated by the incorporation of coal conversion models into standard CFD
commercial software packages. Modeling of other solid fuels, such as biomass, is
still a relatively new field. Existing models for coal conversion can not be directly
adopted for biomass because the fundamental assumptions in coal conversion process
are not applicable to biomass particles.
We use single particle models for biomass pyrolysis and combustion and adopt
them for their use in a CFD model of solid particles and gas. We combine the models for biomass conversion and coal conversion to study the co-firing process inside
a furnace. The CFD model presented in this thesis captures the main qualitative
nature of the multitude of dynamic interactions between the gas flow, the particles, and the processes occuring. The presented approach shows that such models
for biomass and coal conversion can be developed with sufficient accuracy without
increasing the computational costs too much.
In future, such research will further benefit from ongoing rapid advancements in
computing technology which will drive further computational discoveries and analysis in this field. The advancements in computing technology will make it possible
in the near future to run detailed simulations for biomass and coal conversion in a
reasonable amount of time.
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