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Summary

Climate change remains a critical environmental challenge, primarily driven by greenhouse
gas emissions from human activities. Fossil fuel combustion, particularly coal, remains a
major source of these emissions. Despite its negative impact on the environment and human
health, coal remains widely used to meet growing energy demands, mainly in developing
nations. Common strategies to mitigate the emissions include the improvement of the coal
combustion process and adopting alternative solid fuels. Low- to zero-carbon fuels such as
biomass and iron are promising options, because they can be integrated into existing coal
power plant infrastructure. However, a detailed understanding of the solid fuel combustion
process remains crucial. In this regard, numerical tools like computational fluid dynamics
(CFD) play an important role by providing valuable insights into combustion systems.

In CFD, reactive turbulent gas-solid multiphase systems are typically modelled using the
Euler-Lagrange (EL) approach, which offers a good trade-off between computational effi-
ciency and accuracy. In this framework, the gas phase is treated as a continuum, while
solid particles are represented as discrete Lagrangian point-particles, with explicitly mod-
elled boundary layers. The objective of this work is to re-evaluate the EL framework for
different types of solid fuel particles. The study begins by evaluating the applicability of
the EL approach for biomass combustion through comparison with more costly but more
accurate boundary layer-resolved simulations. This assessment identifies the validity range
of the EL model and recommends coarse-graining strategies for scenarios that fall outside
this range. Building on these insights, a more complex case involving turbulence-chemistry-
particle interactions is explored for coal. Here, a multiphase flamelet/progress variable model
is coupled with a Large Eddy Simulation and the good agreement with experimental mea-
surements confirms the accuracy of the approach. The final part of this thesis extends the EL
framework to iron, presenting a first-of-its-kind investigation into the ignition and combus-
tion of iron particle clouds under shear-driven turbulence. These simulations were conducted
using carrier-phase direct numerical simulation and provided initial insights into the inter-
play between turbulence and the ignition and combustion behaviour of both monodisperse
and polydisperse iron particle clouds.

In this context, this thesis investigates the numerical models for different types of pul-
verised solid fuels. The aim is to give insights that support the optimisation of combustion
systems and contribute to a cleaner, more efficient and more sustainable energy future.
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Kurzfassung

Der Klimawandel stellt nach wie vor eine der größten Herausforderungen für die Umwelt dar,
die hauptsächlich auf den von Menschen verursachten Ausstoß von Treibhausgasemissionen
zurückzuführen ist. Die Verbrennung fossiler Brennstoffe, insbesondere Kohle, ist eine der
Hauptquellen für den Ausstoß dieser Emissionen. Trotz der negativen Auswirkungen auf die
Umwelt und die menschliche Gesundheit wird Kohle in großem Umfang zur Deckung des
wachsenden Energiebedarfs, vor allem in Entwicklungsländern, eingesetzt. Die gängigsten
Ansätze zur Verringerung der Treibhausgasemissionen sind die Verbesserung des Kohlever-
brennungsprozesses und der Einsatz von alternativen festen Brennstoffen. Alternative feste
Brennstoffe wie Biomasse und Eisen sind vielversprechende Optionen, da diese kohlenstoff-
arm/kohlenstofffrei verbrennen und in die bestehende Infrastruktur von Kohlekraftwerken in-
tegriert werden können. Dennoch ist ein detailliertes Verständnis des Verbrennungsprozesses
von festen Brennstoffen unabdingbar für Optimierungsansätze. In diesem Zusammenhang
spielen numerische Werkzeuge wie die numerische Strömungsmechanik (CFD) eine wichtige
Rolle, da sie wertvolle Erkenntnisse zur Verbesserung der Effizienz und Nachhaltigkeit von
Verbrennungssystemen liefern können.

In der CFD werden reaktive turbulente Gas-Feststoff-Mehrphasensysteme in der Regel
mit dem Euler-Lagrange-Ansatz (EL) modelliert. Dieser bietet einen guten Kompromiss aus
Berechnungseffizienz und Berechnungsgenauigkeit. In diesem Ansatz wird die Gasphase ty-
pischerweise als Kontinuum betrachtet, während die Feststoffpartikel als diskrete Lagrange-
Punktpartikel angenommen und somit ihre Grenzschichten explizit modelliert werden. Das
Ziel dieser Arbeit ist es, den EL-Ansatz für verschiedene Arten von Feststoffpartikeln neu
zu bewerten. Die Studie beginnt mit der Bewertung des Anwendungsbereiches des EL-
Ansatzes für die Verbrennung von Biomasse durch den Vergleich mit aufwändigeren, aber
genaueren grenzschichtaufgelösten Simulationen. Diese Bewertung dient dazu, den Gültig-
keitsbereich des EL-Ansatzes zu identifizieren und empfiehlt die Anwendung von Coarse-
Graining-Strategien für Szenarien, die außerhalb dieses Bereichs liegen. Aufbauend auf
diesen Erkenntnissen wird ein komplexerer Fall aufgesetzt, der die Wechselwirkungen zwi-
schen Turbulenz, Chemie und Feststoffpartikeln anhand der Kohleverbrennung untersucht.
Hierbei wird ein mehrphasiger Tabellierungsansatz verwendet, der mit einer Large-Eddy-
Simulation gekoppelt ist. Die gute Übereinstimmung der Simulationsergebnisse mit den
experimentellen Messungen bestätigt die Gültigkeit des Ansatzes. Im letzten Teil der Dis-
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sertation wird der EL-Ansatz auf Eisenpartikel erweitert. Dabei wird die erstmalige Unter-
suchung der Zündung und Verbrennung von Eisenpartikelwolken in schergetriebener Turbu-
lenz vorgestellt. Diese Simulationen werden mithilfe der direkten numerischen Simulation der
Trägerphase durchgeführt und liefern erste Einblicke in das Zusammenspiel zwischen Tur-
bulenz und Zünd- und Verbrennungsverhalten sowohl monodisperser als auch polydisperser
Eisenpartikelwolken.

In diesem Zusammenhang werden in dieser Dissertation die numerischen Methoden zur
Simulation verschiedener Arten von pulverisierten Festbrennstoffen untersucht. Ziel ist es,
Erkenntnisse zu gewinnen, die die Optimierung von Verbrennungssystemen unterstützen und
dazu beitragen, eine saubere, effizientere und nachhaltigere Energienutzung voranzutreiben.
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1 Introduction

1.1 Motivation

Climate change has become one of the most significant environmental challenges facing the
modern world. It involves long-term changes in global temperature and weather patterns.
Such changes can be attributed to natural and human-driven causes. Natural variability
of climate results from internal (e.g. redistribution of energy) and external (e.g. sun and
volcanic activity, changes in the orbit) forcing. However, the impact of natural climate
variability tends to have minimal influence on longer time scales. Over the entire histori-
cal period from 1850 to 2020, natural variability is estimated to have contributed between
±0.23 ◦C to the observed global temperature change [1]. Compared to the natural causes,
human activities are the main driving force of climate change. The numbers given in the
following refer to global averages since regional warming in certain regions (e.g. the Arctic
region) is considerably higher. Since the 1850s (pre-industrial era), a substantial increase
in the atmospheric concentrations of greenhouse gases, i.e. CO2, CH4 and N2O [2, 3], has
been observed with a measured global temperature change of 1.45 ◦C in 2023 [4]. After
deducting the temperature change by natural causes, this leads to a human-driven tempera-
ture change of approximately 1.22−1.68 ◦C. The United Nations has outlined a hypothetical
scenario of what could occur with a global temperature increase above 1.5 degrees. The
scientists and reviewers unanimously agreed, in line with the Paris Agreement, that limiting
the global temperature rise to no more than 1.5 degrees would help to prevent severe climate
consequences and ensure a liveable environment on earth [5].

The global greenhouse gas emissions can be attributed to the five economic sectors of
energy, agriculture, industry, waste, and land-use change and forestry [6]. The energy sector
is the most significant contributor, accounting for 75.5 % of total emissions, with CO2 making
up three-fourths of all greenhouse gases [2]. In 2023, the burning of fossil fuels such as coal
(24.87 %), oil (29.78 %) and natural gas (21.89 %) of the energy mix was necessary to meet
the global primary energy consumption [7,8], with a share of almost 80 % [9]. Over the next
few decades, global energy demand is expected to increase, driven by industrial growth in
both developing and developed countries and a rising world population. According to the
International Energy Agency [9], demand for fossil fuels will peak by 2030 before declining
to a total share of 58 % by 2050, mainly due to the decrease in coal and the increase in clean
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energy technologies. While clean energy technologies from renewable sources, such as wind
and solar, are carbon-free, their geographical limitations and the intermittency of solar power
cannot continuously meet the energy demands of high-consumption regions. Therefore, the
demand for natural gas and oil is predicted to have the same share in 2050 as today due to
their reliability, the relatively robust gas prices and the irreplaceable use of oil for aviation
and petrochemical sectors.

However, coal power plants still play an important role because of their significant use
in high-demand countries like China and India. Coal encounters less competition in the
energy-intensive industrial sectors, such as iron, steel and cement. It is a reliable technol-
ogy with high energy content and cost-effectiveness, especially in regions where alternative
energy sources are either too expensive or unavailable. Another crucial factor is the po-
tential for disruption of oil and gas supplies because of geopolitical uncertainties, leading
to shortages and higher prices. Near-term disruptions were the COVID-19 pandemic, the
Russian-Ukraine crisis, Middle East conflicts and elections in countries (e.g. USA, India,
Russia and Iran). A strong correlation between global coal demand and oil/gas prices is
observed. Historically, advanced economies consumed more coal per capita than emerging
markets and developing economies. But, this trend has shifted in recent years, as advanced
economies have decommissioned coal plants or reduced their usage, while many emerging
markets and developing economies have built new coal power plants to meet growing energy
demands.

Regardless of the advantages of coal combustion and its essential role in developing
economies and the industrial sector, it causes the most negative impacts on both human
health and the environment compared to all other energy sources [10]. Coal is the energy
source that typically releases higher amounts of nitrogen oxides (NOx), sulfur dioxide (SO2),
carbon dioxide (CO2), heavy metals, and particulate matter per unit of energy than other
fuels. The release of significant pollutants impacts flora, fauna and air quality. In addition
CO2 contributes directly to global warming, as outlined above [11,12].

Mitigating climate change and global warming requires actions to reduce or prevent green-
house gas emissions from human activities, particularly the CO2 emissions from coal com-
bustion. This is crucial for meeting the goals of the Paris Agreement and achieving a
climate-neutral economy by 2050, as set out by the European Union. Several options are
available, with the most common approach being the use of alternative fuels or optimising
the coal combustion process to achieve the desired goal.

A typical replacement of coal is the use of renewable biomass. Solid biomass is considered
a promising renewable alternative to coal due to the opportunity of using existing supply
chains, infrastructure and proven power generation technology. Furthermore, it offers the
possibility of retrofitting existing coal power plants with reasonable effort [13].
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In recent years, an innovative way to replace coal as a fuel involves the use of pulverised
iron within the existing infrastructure of coal power plants [14]. The approach follows the
idea of developing a sustainable, circular, carbon-free energy economy system to store energy
from renewable sources (iron oxide reduction) and to use it on demand in power plants to
produce heat and electricity (iron oxidation) [15, 16].

Optimising the combustion process of solid fuels requires more profound insights into the
underlying physical and chemical processes of solid fuel combustion (SFC). Understanding
the complex interactions between turbulence, chemistry and heat transfer is necessary for
identifying opportunities to improve burner designs or combustion conditions and processes.
Achieving higher combustion efficiencies helps to reduce greenhouse gas emissions and min-
imises environmental impact.

Nowadays, computational fluid dynamics (CFD) has become increasingly important for
conducting comprehensive investigations into combustion processes. CFD employs numerical
analysis to solve systems involving fluid flow, heat transfer, solid particles and chemical
reactions. The development of computers through the years has led to a drastic increase
in the performance of processors so that computational costs have been reduced. This has
opened the way to a wider use of numerical simulation in industrial and research areas. With
numerical simulation, fundamental analyses are adaptable and can be applied to any SFC
process. It serves as a valuable tool for gaining deeper insights into the complex combustion
dynamics and interactions between the flow field and particles.

In this context, this thesis examines the applicability of numerical methods to various
pulverised solid fuel types (such as coal, biomass and iron). It aims to provide valuable
insights that can help optimise combustion systems. These insights encourage contributions
towards the development of a cleaner, more efficient and more sustainable energy economy.

1.2 State of the art

Solid fuel types

Solid fuels are materials that remain in a solid state at room temperature and can react with
oxygen to generate heat. Coal is the most well-known solid fuel. During the pulverised coal
combustion (PCC) process, coal undergoes the major thermo-physical stages: (i) heat-up, (ii)
drying, (iii) devolatilisation, (iv) homogeneous gas combustion, and (v) heterogeneous oxida-
tion. Biomass, another commonly used solid fuel, follows the same stages during pulverised
biomass combustion (PBC). However, biomass generally has a higher moisture content than
coal, causing stage (ii) to be more dominant. Due to the similar conversion processes and the
release of volatile gases in stage (iii), coal and biomass can be classified as volatile-containing
solid fuels. In contrast, the combustion of pulverised metal fuels, such as iron, differs from
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coal and biomass. The conversion of metal fuels is reduced to the stages of (i) heat-up and
(v) heterogeneous oxidation. Without stage (iii), metal fuels can be classified as non-volatile
solid fuels.

Turbulence modelling approaches

Combustion systems involving solid fuel particles typically operate under turbulent flow con-
ditions. Turbulence affects the flow-chemistry-particle interaction and can further enhance
the heat and momentum transfer. However, it can also lead to reduced effects in these trans-
fers, e.g. through local flame extinction. Such changes in the interaction of the gas and solid
phase can substantially influence the global ignition and SFC behaviour. Various modelling
approaches are available for studying turbulent flows in the context of numerical simulation.
The three main approaches are the direct numerical simulation (DNS), large eddy simula-
tion (LES) and Reynolds-Averaged Navier-Stokes (RANS). Each approach aims to resolve
turbulent motions across different scales. DNS resolves all relevant scales and offers high
accuracy but comes with a substantial computational cost. LES finds a compromise between
accuracy and computational costs by resolving the largest turbulence scales while modelling
the smaller scales. In contrast, RANS only computes time-averaged flow quantities, making
it a more computationally efficient approach compared to DNS and LES.

For two-phase flows, various scientists have conducted studies on fully-resolved (FR) DNS
of solid fuel particles in the past. In FR-DNS, the computational grid resolves all relevant
gradients, including the particle boundary layers. Mass, momentum, and heat are exchanged
at the interface between the gas and solid phase. This exchange is typically realised through a
set of boundary conditions. While this approach is highly accurate, it comes with significant
computational costs, limiting its use to single particles [17–25] and small particle groups
[26–32]. These investigations focus on the aspects of ignition [17, 19], Reynolds number
[18], transport processes [20, 22, 23], oxygen dependency [18, 19, 25], detailed kinetics [21,
24], pollutant formation [24], interaction effects [26–32] as well as flame propagation and
burning behaviour [27–32] in laminar flows. Such FR-DNSs of solid fuel particles give detailed
descriptions of the physical phenomena occurring around the particle. These insights help
to understand the physical processes and provide valuable data for deriving sub-models that
can be used for LES or carrier-phase DNS (CP-DNS), as discussed next.

Unlike FR-DNS, the CP-DNS approach offers a good balance between accuracy and ef-
ficiency. All relevant turbulence scales are resolved in the CP-DNS, whereas particles are
assumed to be Lagrangian point-particles. This assumption helps to overcome the FR-DNS
limitation of only focusing on single particles and small particle groups, allowing for the
study of larger particle clouds. However, as a result of the point-particle assumption, the
mass, momentum, and heat transfer across the particle boundary layer need to be modelled.
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CP-DNS of solid fuel particles has gained significant popularity in recent years [33–47]. The
authors of [33,34,36] conducted the first CP-DNS studies on a simplified coal jet flame with
reduced kinetics. Subsequent research shifted the focus to more canonical studies but in-
corporated higher complexity in the physical processes. These studies applied CP-DNS to
examine homogeneous isotropic turbulence [35,37,46], shear-driven turbulence [35,37–44,47],
pollutant formation [42,43], detailed homogeneous and heterogeneous kinetics [44] and solid
particle clustering effects [45–47]. Despite the advancements in computational capabilities
over the past few years, the high computational costs of CP-DNS limit its use to primarily
canonical studies.

However, applications involving large-scale and complex geometries, a wide range of tur-
bulent scales, numerous solid fuel particles and interphase coupling processes with detailed
homogeneous and heterogeneous chemistry are highly relevant to the industry and require
numerical investigation. For this purpose, LES has been established as a reliable tool.
By modelling smaller turbulence scales in LES, it is possible to use a larger grid size
than DNS or CP-DNS for numerical studies, which helps to reduce computational costs.
The foundational work of Kurose and Makino [48] from the early 2000s marks the be-
ginning of LES-SFC research. Since then, several research groups have employed LES-
SFC to conduct studies on various scales [49–78]. Some of these studies focus on turbu-
lent jet flames at lab-scale [51, 53, 55, 56, 58, 59, 62, 67, 70], as well as lab-/large-scale fur-
naces [49, 50, 52, 54, 57, 60, 61, 68, 69, 72–80], semi-industrial scale furnaces [63–66, 71] and
industrial scale furnaces [81]. The wide range of studies and their good predictive accuracy
compared with experimental measurements demonstrate the potential of LES in SFC. This
positive trend gives hope for future developments of more detailed combustion models and
conducting full-scale simulations, eventually leading to more efficient and cleaner combustion
systems.

RANS simulations take a different approach by solving only the time-averaged flow field.
This concept is computationally less demanding, which makes it interesting for trend predic-
tions [82–88]. However, RANS simulations are limited by not capturing the unsteady nature
of turbulent flows, which leads to inaccuracies in regions where unsteady and fluctuating
behaviour is dominant [50,52,54,57,60,79,89,90].

Chemistry modelling approaches

The combustion of pulverised solid fuel is characterised by strong interactions between the
flow field, chemical reactions and solid particles. To accurately capture the highly dynamic
behaviour of ignition and combustion, the flow-chemistry-particle interaction must be pre-
cisely reproduced in numerical simulations. Solid fuel particles may release a complex mix-
ture of light gases and tars to the gas phase. Subsequently, the reaction of these species needs
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to be described by a set of reaction equations (reaction mechanism). A detailed description
of the reaction mechanism for solid fuel particles can consist of hundreds of species and
thousands of reactions, which makes it computationally very expensive. Therefore, directly
solving the species transport equations for all species is unfeasible and requires modelling
techniques. These combustion models are based on different assumptions. Commonly used
combustion models for SFC are the eddy break-up model (EBU) [91] and eddy dissipation
model (EDM) [92]. Both models assume that the mixing time scale controls the reaction
rate (infinitely fast chemistry). Other fast chemistry combustion models are the conserved
scalar approach and chemical equilibrium assumption. The eddy dissipation concept model
(EDC) [93] extends the EBU and EDM models to account for more complex chemistry. The
simplified assumption of infinitely fast chemistry in EBU and EDM has the disadvantage of
not accounting for chemical non-equilibrium (important for pollutant formation) and over-
estimating flame temperature and fuel consumption. To overcome the limitation of these
models, several advanced combustion models have been developed in the past few years.
The most prominent models are the transported probably density function (PDF) [94], the
conditional moment closure (CMC) [95], the multiple mapping conditioning (MMC) [96] and
the flamelet [97] approach. The tabulated flamelet model is a well-established combustion
modelling approach with limited cost that has been widely used for single-phase combus-
tion in the past. One major improvement of the flamelet model is the flamelet/progress
variable (FPV) approach [98] for capturing the flame dynamics by introducing a tracking
scalar to describe the extent of chemical reaction. Since the proposed application of the
FPV model with SFC [62], it has become very popular in recent years and led to various
studies [43, 64,66,68,70,72,73,75,77,78,99–101].

Gas-solid interactions

The coupling between gas phase and solid particles needs to be precisely described in the
context of numerical modelling of multiphase gas-solid systems. The most accurate gas-solid
coupling method is the FR approach [17–32]. Here, mass, momentum, energy and species ex-
change are realised at the boundary interface between the gas and solid phase. As mentioned
before, this method is highly accurate but associated with very high computational cost. A
good trade-off between accuracy and computational cost for dispersed gas-solid systems is
the two-way Euler-Lagrange (EL) approach. The standard EL approach treats the bulk gas
phase as a continuum, whereas the solid particles are treated as dispersed Lagrangian point-
particles, assuming that the particle boundary layer is modelled. The interaction between
the point-particle and continuum occurs through the exchange of information between them.
The solid particles retrieve the gas phase data of mass, momentum, energy and species from
the local Eulerian cell (∆) in which they are located. Conversely, the reverse coupling, from
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the solid particles to the gas phase, is implemented through a set of source terms applied to
the local Eulerian cell. However, conflicting requirements arise for a reliable EL approach.
The Eulerian cell needs to be sufficiently large to capture the relevant physics (e.g. small-
scale turbulence) while ensuring that the Lagrangian particle diameter (dp) is much smaller
than the Eulerian cell size, i.e. dp/∆ ≪ 1. For some solid fuel particles, e.g. biomass, the
ratio of dp/∆ is of order one or even larger, invalidating the standard EL approach. This may
result in overestimated coupling interactions, which can cause unphysical behaviour and/or
lead to simulation instabilities [102, 103]. This issue has been investigated in several stud-
ies [37,104–110] where coarse-graining (CG) methods have been developed, which consider a
larger volume of the gas phase. The current development of CG methods can be categorised
into the particle centroid method, divided particle volume method, statistical kernel method
and two-grid method [105]. These methods take a different approach but have the same
objective of distributing the particle source terms to more than just the local Eulerian cell
and considering a larger fluid volume than the local cell to retrieve the far-field gas phase
information.

This section has highlighted important studies on SFC in turbulent flows. Although
extensive research has been conducted, several scientific questions remain unresolved or
insufficiently explored. This work aims to address some of these open issues.

1.3 Thesis objectives

As already outlined in the previous section, many researchers have studied the numerical sim-
ulation of multiphase reactive flows with solid fuels in the EL context in the past. However,
some shortcomings and unknowns in this field are still present today and will be addressed in
this thesis. The aim of this thesis is to numerically re-examine the Euler-Lagrange approach
for gas-solid multiphase systems for different types of solid fuel particles.

The main research objectives of the presented thesis are as follows:

1. Determining the applicability range of Euler-Lagrange approaches for volatile-containing
solid fuel particles in laminar flow:
The Euler-Lagrange approach has been widely applied in several numerical studies in
the past for SFC, but its applicability range has not been substantially quantified. In
the first research objective, a methodology to compare the Euler-Lagrange approach
with fully-resolved DNS is developed. The applicability range of the EL approach is
demonstrated and correction methods are suggested if the approach is no longer valid.
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2. Accurate LES modelling of the complex turbulence-chemistry-particle interaction phe-
nomena occurring in the combustion of volatile-containing solid fuels:
A case with significant complex turbulence-chemistry-particle interaction is studied
in the second research objective. A pre-tabulated flamelet look-up table approach is
developed and applied to explore the combustion of solid fuel particles in a piloted
swirling combustion chamber at high Reynolds number.

3. Extending the modelling framework to study the ignition and combustion of innovative
non-volatile solid fuels (metals) in the CP-DNS context:
The third research objective extends the Euler-Lagrange numerical framework of volatile-
containing to non-volatile solid fuels and studies the ignition and combustion behaviour
of iron particles in shear-driven turbulence. For this purpose, a new numerical solver
with sub-models needs to be developed and validated.

1.4 Thesis outline

This thesis is divided into six chapters. Chapter 2 reviews the theoretical and physical
background of multiphase reacting flows with solid fuel particles and describes the underlying
processes of pulverised solid fuel combustion. The incorporation of theoretical and physical
aspects into numerical models is described in Chapter 3. Chapter 4 presents an overview
of the numerical methods and solution procedure of multiphase gas-solid systems in the
OpenFOAM framework. The studies and results of the investigated research objectives are
presented in Chapter 5. Chapter 6 concludes the thesis and gives an outlook for further
studies.
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2 Theoretical background

This chapter provides the theoretical and physical background necessary to understand the
complexity of reactive multiphase gas-solid systems, which is the main focus of this thesis.
First, the general governing equations for a pure gas phase description are presented briefly,
followed by the extensions required to describe a multiphase system. Afterwards, some in-
sights into the physics of combustion are given. Then, turbulence phenomena are discussed,
including their energy spectrum and length scales. Lastly, an overview of the various types
of pulverised solid fuels and their characteristics is provided. This chapter follows mostly
these textbooks [111–116]. For more detailed derivations and explanations, the reader is
encouraged to refer to the textbooks.

2.1 Multiphase reacting flows

In most engineering problems, a reactive fluid can be assumed as a continuum. Therefore,
only the effects on the macroscopic scale are of interest, whereas molecular motions can
be neglected. On the macroscopic scale, the fluid can be fully characterised by its density,
velocity, pressure, temperature and their changes in space and time. For reacting flows,
additional species governing equations are needed to describe the change of the gas mixture.
In the context of multiphase flows, two or more phases are present. The description of each
phase can be either continuous or dispersed. The continuum assumption can be applied
to two or more phases, provided that distinct interfaces separate them. Alternatively, the
dispersed approach can be used, in which a freely moving dispersed phase with a volume
Vdisp is surrounded by a continuous flow field with volume Vcont that fulfils the requirement of
Vdisp/Vcont ≤ 5e-4 [117]. A dispersed phase typically consists of fluid particles (e.g. droplets
or bubbles) or solid particles (e.g. coal, biomass or iron). The main subject of this thesis is
the numerical treatment of dispersed solid fuel particles in a continuous gas mixture.

2.1.1 Gas phase governing equations

The conservation laws for mass, momentum and energy are typically expressed as govern-
ing equations of fluid flow. They describe the spatial and temporal evolution of density,
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2 Theoretical background

velocity, pressure and temperature. In this section, the three-dimensional and unsteady gov-
erning equations for a non-reactive single gas phase are briefly presented. These equations
are presented in differential form and are applied to compressible flows at low Mach numbers.

Mass conservation

The mass conservation equation (continuity equation) is derived by applying a mass balance
to a finite control volume dV . According to the law of mass conservation, mass can neither
be created nor destroyed. As a result, the total mass flow into and out of the control volume
must equal the mass change rate due to density changes. The continuity equation for a single
gas phase is given as

∂ρ

∂t
+ ∂(ρui)

∂xi
= 0 (2.1)

with subscript < i > and later < j,m > indicating the coordinate directions. The first term
in Eq. (2.1) represents the change of the gas density ρ with time t and the second term
the convective mass transport with velocity ui in the spatial coordinate direction xi. The
density is evaluated from the ideal gas law, which is acceptable for small pressure changes
as

ρ = pM

Ru T
(2.2)

where p is the pressure, M the molar mass, Ru the universal gas constant and T the tem-
perature.

Momentum conservation

The momentum equation is based on Newton’s second law and states that all forces acting
on a finite control volume must equal to its rate of momentum change. The momentum
conservation equation is expressed as

∂(ρui)
∂t

+ ∂(ρuiuj)
∂xj

= − ∂p

∂xi
+ ∂τij

∂xj
+ρgi (2.3)

Similar to the continuity equation, the first and second term on the left-hand side (LHS)
indicates the change of momentum over time and through convective transport. The terms
on the right-hand side (RHS) describe all the external forces acting on the control volume.
Considered are the pressure p, the viscous stresses τij and gravitational force ρgi. Assuming
that a Newtonian fluid is present, the viscous stress tensor can be modelled as

τij = µ

(
∂uj

∂xi
+ ∂ui

∂xj

)
− 2

3µ
∂um

∂xm
δij with δij =

{
0
1

if i ̸= j

if i = j
(2.4)
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where µ is the dynamic viscosity and δij is the Kronecker delta.

Energy conservation

For non-reactive single-phase flows, the energy conservation is important for accounting
for temperature changes resulting from boundary effects (e.g. preheated walls) or heat
transfer phenomena (e.g. radiation). The energy equation is based on the first law of
thermodynamics, which states that the rate of energy change in a control volume equals
the total net rate of heat and work changes. The energy equation can be expressed in
various forms [113]. In this thesis, the formulation of the sensible enthalpy hs, defined as
hs = ht − hf (= total enthalpy − enthalpy of formation), is used to account for energy
conservation. Assuming a unity Lewis number Le = α/D, with thermal diffusivity α and
mass diffusivity D, and approximating the heat flux using Fourier’s law leads to the following
formulation

∂(ρhs)
∂t

+ ∂(ρhsuj)
∂xj

= ∂

∂xj

(
µ

Pr
∂hs

∂xj

)
+ Ṡrad. (2.5)

The terms on the LHS represent the unsteady and convection components of the sensible
enthalpy transport, respectively. The changes in enthalpy are caused by heat conduction/dif-
fusion (first RHS term) and by radiative heat transfer Ṡrad. The Prandtl number is calculated
as Pr = µcp/kcond with cp the specific heat capacity and kcond the thermal conductivity.

2.1.2 Reactive multiphase extensions

The governing equations described in Sec. 2.1.1 address the conservation of mass, momen-
tum, and energy for a non-reactive single gas phase system. However, for a system that
includes the combustion of pulverised solid fuels, it is necessary to adapt these equations
to account for a reactive system with multiple species in the gas phase and to consider the
interactions between the gas and solid phases. The set of governing equations for a reactive
multiphase system is represented as

∂ρ

∂t
+ ∂(ρui)

∂xi
= Ṡρ,p (2.6)

∂(ρui)
∂t

+ ∂(ρuiuj)
∂xj

= − ∂p

∂xi
+ ∂

∂xj

[
µ

(
∂uj

∂xi
+ ∂ui

∂xj

)
− 2

3µ
∂um

∂xm
δij

]
+ρgi + Ṡu,p (2.7)

∂(ρhs)
∂t

+ ∂(ρhsuj)
∂xj

= ∂

∂xj

(
µ

Pr
∂hs

∂xj

)
+ Ṡrad + ω̇hs + Ṡhs,p (2.8)

∂(ρYk)
∂t

+ ∂(ρYkuj)
∂xj

= ∂

∂xj

(
µ

Sc
∂Yk

∂xj

)
+ ω̇k + ṠYk,p (2.9)
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where the thermophysical properties (e.g. ρ, µ) are now multicomponent properties. Equa-
tions (2.1), (2.3) and (2.5) have been extended with the source terms of Ṡρ,p, Ṡu,p and Ṡhs,p,
respectively, to account for the interphase transfers of mass, momentum and energy between
gas and solid phase. Due to the chosen definition of sensible enthalpy, it is necessary to
include a homogeneous chemical reaction term ω̇hs , to address heat sources and sinks arising
from exothermic and endothermic reactions. The continuity equation in Eq. (2.6) considers
the conservation of total mass, however, it does not account for the conversion of species
< k > among each other, which occurs in reactive flows. To address this issue, a set of
species conservation equations for species k = 1, . . . ,n is introduced in Eq. (2.9). Differentia-
tion between the species is achieved by using the species mass fraction Yk = mk/mt, which is
defined as the ratio of the mass of the individual species mk to the total mass of the mixture
mt. Additionally, species conservation includes the term ṠYk,p for the interphase exchange
between gas and solid phases. Furthermore, it considers the production and consumption of
the species mass fraction Yk via the homogeneous chemical reaction rate ω̇k. The Schmidt
number is evaluated as Sc = µ/(ρD).

2.2 Combustion

Combustion is a thermochemical process that converts chemical into thermal energy. A
combustion process typically involves a fuel and an oxidiser, which are mixed and burned.
The heat released by the exothermic reaction leads to an increase in temperature, which can
be used in various engineering applications.

2.2.1 Chemical kinetics

A combustion process occurs when different species exchange/rearrange atoms through col-
lisions. During this process, chemical bonds are broken and new bonds are formed. A simple
way of describing combustion is to assume it only involves a single global reaction. How-
ever, it is well-known that the combustion process does not consist of just one reaction step
but involves multiple intermediate steps. These intermediate steps are called elementary
reactions. Reaction mechanisms consist of a series of elementary reactions. Each of these
elementary reactions can be described in the following general form

Nk∑
k=1

ν ′
krWk ⇌

Nk∑
k=1

ν ′′
krWk with r = 1,2, . . . ,Nr (2.10)

where ν ′
kr and ν ′′

kr are the stoichiometric coefficients of reactant and product species, here
denoted as Wk, in the reaction r. Nr describes the total number of reactions and Nk describes
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the number of species participating in the reaction mechanism. The total molar reaction
rate, indicated by superscript < m >, of a species k is given by the sum of its forward and
backward reaction rates in every reaction r as

ω̇m
k = dck

dt
=

Nr∑
r=1

(
ν ′′

kr −ν ′
kr

)kf,r

Nk∏
k=1

c
ν′

kr
k −kb,r

Nk∏
k=1

c
ν′′

kr
k

 . (2.11)

Here, ck = (ρYk)/Mk is the species concentration, Mk the species molar mass, and kf,r and
kb,r are the forward and backward reaction rate constant of reaction r, respectively. The
specific reaction rate constants kr are expressed by the Arrhenius law

kr = ArT βrexp
(

− Ea,r

RuT

)
(2.12)

with Ar the pre-exponential factor, βr the temperature exponent, Ea,r the activation energy
and Ru the universal gas constant. The equilibrium constant Kr relates the forward and
backward reaction rate constants as

Kr = kf,r

kb,r
. (2.13)

The homogeneous chemical reaction rate ω̇k in the species conservation equation, (see Eq.
(2.9)), arises from the expression

ω̇k = ω̇m
k Mk (2.14)

which closes the species conservation equation for a pure gas reacting system. The heat
release rate from chemical reactions in Eq. (2.8) is given by

ω̇hs =
Nk∑
k=1

hf,kω̇k (2.15)

with hf,k denoting the heat of formation of species k.
The field of combustion consists of a wide range of topics and applications. Depending

on the use case, different types of fuel are utilised. The more complex the fuel is, the more
reactions are needed to describe the dynamics of the chemical system accurately. A detailed
reaction mechanism can include hundreds of chemical species and thousands of reactions. In
such a detailed mechanism, the net reaction rate of each species must be calculated as shown
in Eq. (2.14). Since chemical species may participate in multiple reactions, this leads to a
large set of ordinary differential equations (ODEs), which can be computationally expensive
to solve. Various strategies have been employed in the past to address the chemical kinetics
of complex fuels effectively. One popular method is the development of reduced mechanisms,
which aim to replicate the dynamics of a more detailed mechanism by focusing on the reaction
equations of key major and minor species. Another approach involves not directly solving
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the ODEs but instead using simpler models, e.g. flamelet, to describe the chemical state.

2.2.2 Combustion regimes

Combustion processes are typically classified based on the mixing state between fuel and
oxidiser before entering the combustion chamber, which can be either premixed or non-
premixed. However, combustion is a complex process that involves the interplay of mass
and heat transfer, chemical kinetics, fluid dynamics, turbulence-chemistry interaction and
radiative heat transfer. As a result, combustion in practical applications is often described as
multi-regime, as it cannot be classified as purely premixed or non-premixed due to inhomo-
geneities or partial premixing. Nonetheless, based on the idealised assumptions of premixed
and non-premixed flames, different modelling approaches have been developed depending on
the specific combustion regimes, as shown in Fig. 2.1.

fuel + oxidiser

premixed
flame front

post flame
oxidation and radiation

post flame
radiation

surface of
stoichiometric mixture

fuel

oxidiseroxidiser

Figure 2.1: Schematic illustration of a premixed and non-premixed flame setup. Adapted from [112].

2.2.2.1 Premixed combustion

In premixed combustion fuel and oxidiser are homogeneously mixed before entering the
combustion chamber and prior to ignition. A typical example of premixed combustion is a
Bunsen flame operated in premixed mode, i.e. when fuel and air are injected jointly through
the burner nozzle, see Fig. 2.1 (left). The primary advantage of the premixed combustion
regime lies in the precise control of the operating conditions, which directly affect the flame
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speed and structure. The combustion conditions are usually controlled by the equivalence
ratio Φ, which is defined as

Φu = (mox/mfuel)stoic
(mox/mfuel)

∣∣∣∣∣
u

= (Yox/Yfuel)stoic
(Yox/Yfuel)

∣∣∣∣∣
u

(2.16)

where mox and mfuel are the masses of oxidiser and fuel respectively and Yox and Yfuel

represent their corresponding mass fractions. Subscript < stoic > refers to stoichiometric
condition, while < u > and later < b > indicates unburned and burned mixture state, re-
spectively. According to Eq. (2.16), an equivalence ratio of Φu = 1 represents a stoichiometric
mixture, Φu > 1 a fuel-rich mixture and Φu < 1 a fuel-lean mixture. Although stoichiomet-
ric conditions (Φu = 1) are ideal, fuel-lean mixtures (Φu < 1) are commonly used to ensure
complete combustion of the fuel. However, the presence of a homogeneous and flammable
mixture results in a higher explosion risk. On the other hand, homogeneous mixing of fuel
and oxidiser enables spatially uniform combustion zones. This leads to a flame front, which
can be considered as a thin interface, separating the unburned from the burned mixture, as
illustrated in Fig. 2.2.

(I) unburned

Reactants
(fuel + oxidiser)

Products

Temperature Reaction rate

(IV) burned(II) preheat zone

sL

δL

(III) 
reaction 

zone

Figure 2.2: Schematic illustration of a stationary premixed flame structure.

In the ideal case (without curvature), the flame front propagates normally towards the
unburned mixture with a characteristic laminar burning velocity sL and a laminar flame
thickness of δL. The flame structure can be divided into four distinct regions. The regions
are namely (I) the unburned, (II) the preheat zone, (III) the reaction zone and (IV) the
burned regions. A preheat zone is established due to heat conduction from the reaction
zone, leading to a continuous preheating of the unburned mixture. In the reaction zone,
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chemical reactions occur and the majority of heat is released.
In premixed flames, the chemical reaction progress is typically described using a progress

variable Yc. The definition of Yc is not fixed and may vary depending on the chosen reference
quantities or modelling approach. The only requirement for the progress variable is that it
must be monotonic throughout the entire flame. A common approach is to use temperature
as an indicator for the progress variable (i.e. Yc = F(Tu,Tb)). However, a more general
expression is the use of a linear combination of species mass fractions Yc =∑

ak · Yk, where
ak represents a weighting factor for species k. Suitable Yk are intermediate species (e.g. CO)
and combustion products (e.g. H2O). To ensure the progress variable is bounded between 0
and 1, a normalisation procedure is applied as

Yc,norm = Cnorm = Yc −Yc,u

Yc,b −Yc,u
(2.17)

with Yc,norm = 0 standing for unburned and Yc,norm = 1 for fully-burned mixtures.

2.2.2.2 Non-premixed combustion

Non-premixed combustion is characterised by the separate introduction of fuel and oxidiser
into the combustion chamber, where they mix and react. This mode of combustion is
prevalent in many practical applications. Typical examples include counterflow flames, where
fuel and oxidiser are fed in opposing directions and jet flames, where fuel is injected into an
ambient oxidising environment. Combustion will occur in regions where the local mixture
reaches a stoichiometric condition. Insufficient mixing can result in incomplete combustion or
flame quenching. The structure of a typical non-premixed flame is illustrated in Fig. 2.3. The

Fuel

Oxidiser
Products

Reaction rate

Temperature

Figure 2.3: Schematic illustration of a stationary non-premixed flame structure.
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maximum heat release and peak temperature in a non-premixed flame occur where fuel and
oxidiser mix in stoichiometric proportions. On either side of this region, the mixture becomes
fuel-rich or fuel-lean, corresponding to the injection of fuel and oxidiser streams, respectively.
The mixing process is governed by molecular and turbulent diffusion, which is why non-
premixed flames are also referred to as diffusion flames. Unlike premixed combustion, non-
premixed flames lack characteristic properties such as laminar flame speed or flame thickness,
as their behaviour is dominated by mixing rather than reaction kinetics. In this regime, the
mixing rate is typically slower than the chemical reaction rate, making mixing the rate-
limiting step that controls the overall flame. As a result, diffusion flames are often described
by a mixture fraction. The mixture fraction is a conserved scalar that describes the local
composition based on the mixing of fuel and oxidiser as

Z = mfuel
mfuel +mox

(2.18)

The mixture fraction is a useful variable because it is defined to be zero (Z = 0) for a pure
oxidiser stream and unity (Z = 1) for a pure fuel stream. During combustion, the original fuel
and oxidiser species undergo different stages of conversion, making it challenging to directly
track their individual mass contributions. However, since chemical elements are conserved
throughout the reaction, the mixture fraction can instead be defined in terms of elemental
mass fractions. To account for this, Bilger [118] proposed a generalised formulation of the
mixture fraction based on conserved elemental species for systems involving hydrocarbon
fuels (i.e. C, H and O) and oxygen as

Z = 2ζC/WC + ζH/2WH −2(ζO − ζO,ox)/WO
2ζC,fuel/WC + ζH,fuel/2WH +2ζO,ox/WO

(2.19)

with Wα the atomic weight of element α. The elemental mass fraction ζα is defined as

ζα =
Nk∑
k=1

ak,αWα

Mk
Yk. (2.20)

Here, ak,α denotes the number of atoms of element α in species k. Equation (2.19) is
valid throughout the entire computational domain, making it useful for tracking the mixture
composition. Alternatively, rather than calculating the mixture fraction from elemental mass
fractions using Eq. (2.19), it is also common to treat the mixture fraction as a transported
scalar as

∂(ρZ)
∂t

+ ∂(ρZuj)
∂xj

= ∂

∂xj

(
µ

Sc
∂Z

∂xj

)
. (2.21)
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Furthermore, the primary concept behind the mixture fraction is that the thermochemical
state of a non-premixed flame can be expressed as a function of the mixture fraction. Thus,
determining the mixture fraction alone is sufficient to characterise the flame.

It is important to note that the mixture fraction transport equation for single phase flows
does not contain any chemical source term, as it is based on the conservation of chemical
elements, which remain unchanged by chemical reactions. However, when extended to mul-
tiphase flows, see Sec. 3.4.2, the presence of multiple fuel streams necessitates modifications
to this formulation.

2.3 Turbulence

Fluid flows are present in nearly every aspect of daily life and play an important role in solving
various engineering challenges. In general, these flows can be classified into two types, namely
laminar and turbulent. To determine which flow regime is present, the Reynolds number
serves as a key characteristic parameter with

Re = u ·L
ν

(2.22)

where u is the characteristic fluid velocity, L the characteristic length scale and ν the kine-
matic viscosity of the fluid. The Reynolds number can also be interpreted as the ratio
between inertial and viscous forces. When the Reynolds number remains below a critical
threshold (Re < Recrit), the flow stays laminar. However, once Re exceeds this critical value,
the destabilising inertial forces dominate over the stabilising viscous forces, leading to the
transition from laminar to turbulent flow. Laminar flow is characterised by smooth, orderly
motion in stratified layers, where the fluid moves predominantly in one direction without
chaotic or random fluctuations. Such flows can be fully described by the governing equa-
tions introduced in Sec. 2.1.1 and in simple scenarios, may even be solved analytically. In
contrast, turbulent flow is defined by unsteady, irregular, and chaotic behaviour. The mo-
tion of eddies in turbulent regimes is three-dimensional and unpredictable. Although the
same fundamental equations presented in Sec. 2.1.1 can also express turbulent flows, their
complexity makes analytical solutions impractical. Instead, numerical approaches such as
the finite volume method (FVM) in CFD must be employed to analyse and solve them.
More details will be explained later in Secs. 3.1 and 4.2. Turbulent flows are a multiscale
phenomenon and are characterised by a wide range of spatial and temporal scales, enabling
effective mixing and transport of heat, mass and momentum. Despite the seemingly chaotic
nature of turbulence, coherent structures such as vortices or eddies can still be identified.
Their behaviour reveals an underlying order governed by the multiscale energy distribution
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of the flow. One of the defining mechanisms of turbulence is vortex stretching. Large eddies
interact with the mean flow, extracting energy and becoming elongated. As these eddies
stretch, they become unstable and break down into smaller eddies, a phenomenon known as
the energy cascade. This concept, introduced by [119], describes how energy is transferred
from the largest eddies to progressively smaller ones. Those eddies differ in characteris-
tic length, velocity and time scale. The different length scales and their associated energy
content is illustrated in Fig. 2.4. The large eddies are governed by the geometry and/or the

Integral range
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scales

Integral
scales

Taylor
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Kolmogorov
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Figure 2.4: Schematic illustration of the turbulent kinetic energy spectrum E over the wavenumber k.
Adapted from [112].

boundaries of the flow and are primarily influenced by convective forces. These integral scale
eddies are associated with low wavenumbers and high kinetic energy. Their characteristic
length, velocity and time scales can be estimated as

lint = k3/2

ϵ
, uint = k1/2, tint = lint

uint
= k

ϵ
(2.23)

with k the turbulence kinetic energy and ϵ the turbulence dissipation rate. Both quantities
are calculated as

k = 1
2
(
u′

iu
′
i

)
, ϵ = τij

∂u′
i

∂xj
with τij = µ

(
∂uj

∂xi
+ ∂ui

∂xj

)
− 2

3µ
∂um

∂xm
δij . (2.24)

Here, overbar < > and superscript <′> denote time-averaged and fluctuating quantities,
respectively. τij represents the viscous stress tensor. As energy cascades down to smaller
structures, the eddies become increasingly isotropic and are eventually dominated by viscous
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effects. In the inertial sub-range of the energy spectrum, the slope typically follows a −5/3
trend, which reflects the systematic transfer of energy across different scales. The charac-
teristic length in this spectrum is referred to as the Taylor scale. An approximation of the
characteristic scales is given as

λ =
(

10νk

ϵ

)1/2
, uλ =

(2
3k
)1/2

, tλ = lλ
uλ

=
(15ν

ϵ

)1/2
. (2.25)

This energy cascade continues until it reaches the smallest scales of motion, known as the
Kolmogorov scales. At these microscopic scales, viscous dissipation converts the remaining
turbulent kinetic energy into thermal energy. The Kolmogorov scales are identified by the
following expressions

η =
(

ν3

ϵ

)1/4
, uη = (νϵ)1/4 , tη = lη

uη
=
(

ν

ϵ

)1/2
. (2.26)

The energy cascade is fundamental to turbulence modelling and has a direct impact on it.
Further details are given in Sec. 3.1.

2.4 Pulverised solid fuels

Pulverised solid fuel combustion is still one of the most widespread technologies for power
generation, industrial heating and potentially future energy systems. Prior to the combus-
tion process, the solid fuel is finely ground into micrometre-sized particles, also known as
pulverisation. The advantage of pulverisation lies in the significantly increased surface area
compared with larger particles, which allows for more efficient combustion, i.e. faster ig-
nition and improved heat release, thereby enhancing thermal efficiency and overall energy
conversion. Based on their volatile content, pulverised solid fuels can generally be classified
into volatile and non-volatile fuels.

2.4.1 Volatile-containing solid fuels

Conventional fossil fuels like coal and renewable sources like biomass are classified as volatile-
containing solid fuels. A classification of solid fuels is often based on the atomic ratios
of oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C), as shown in the van Krevelen
Diagram in Fig. 2.5.

Coal is a combustible sedimentary rock formed from ancient plant matter that has un-
dergone peatification and coalification. In prehistoric swamp environments, plant material
accumulated to form peat, which was subsequently buried by geological processes, such as
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Figure 2.5: Classification of solid fuels in the Van Krevelen diagram by the hydrogen/carbon and oxygen/-
carbon ratios. Adapted from [120].

crustal movement and flooding. Over millions of years, the combined effects of pressure,
temperature, and time have converted the peat into coal due to coalification. The extent of
coalification determines the specific properties of coal, resulting in different coal types with
various moisture, volatile matter and energy content. To effectively characterise different
coals, they are sub-classified by ranks, which reflects the degree of coalification. The typical
classification includes four ranks (from low to high), namely lignite, sub-bituminous, bitu-
minous and anthracite. Identification and assigning coal to the specific rank is determined
by proximate and ultimate analysis. The proximate analysis evaluates the moisture, volatile
matter, fixed carbon and ash content, whereas the ultimate analysis identifies the elemental
composition [121].

Biomass is a renewable energy source and is formed from living organisms, primarily
plants. In contrast to fossil fuels, which take millions of years to form, biomass renews in
relatively short times, making it a sustainable alternative. Biomass resources that are sus-
tainably available and suitable for direct combustion or conversion into alternative energy
carriers are referred to as feedstocks. Common biomass feedstocks originate from botanical
and biological sources, which are agriculture residues (e.g. straw, nutshells), forestry residues
(e.g. trees, wood waste), municipal waste (e.g. food and paper waste) and dedicated energy
crops (e.g. miscanthus, switchgrass). The majority of biomass originates from botanical
sources. This plant-based biomass captures solar energy through photosynthesis and stores
it in chemical bonds of C,H,O-containing compounds. The biomass composition varies signif-
icantly, depending on its source and processing steps, which highly influence the subsequent
energy conversion process. Typical biomass contains more volatile matter, a higher mois-
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ture content and a lower energy density than coal (upper right in Fig. 2.5). Structurally,
biomass is composed primarily of three organic polymers, namely cellulose, hemicellulose
and lignin. These components influence the thermal degradation behaviour, chemical reac-
tivity and overall combustion characteristics of biomass. Similar to coal, biomass can also
be characterised through proximate and ultimate analysis [122].

Proximate analysis

Proximate analysis is a measurement technique to determine the key chemical properties of
volatile-containing solid fuels. The results provide information about the fuel composition
and its quality. The analysis expresses the composition on a mass percent basis and cate-
gorises it into four main components: moisture, volatile matter, ash and fixed carbon. The
measurement is standardised for coal in ISO 17246 and for biomass in ISO 18122, 18123
and 18134. The procedure to measure the four main components is briefly explained in the
following:

• Moisture is determined by measuring the mass loss of a heated sample at 107±3◦C
for 1 hour until a constant weight is established. The calculation is as follows:

Moisture in% = weight loss
weight of sample ·100 (2.27)

• Volatile matter is determined by measuring the mass loss of a heated sample (dry) at
950±20◦C for 7 min in an inert atmosphere, such as nitrogen or argon. The calculation
is as follows:

Volatile matter in% = weightloss due to volatile matter
weight of dry sample ·100 (2.28)

• Ash is determined by measuring the residual mass of a heated sample (dry and without
volatile matter) at 575±25◦C for biomass and 750±15◦C for coal in an oxidising gas,
such as air. The temperature is held as long as all carbonaceous material is burnt.
The calculation is as follows:

Ash in% = weight of residue
weight of sample ·100 (2.29)

• Fixed carbon is a calculated value and is evaluated by the difference of 100 and the
sum of the percentages of moisture, volatile matter and ash as

Fixed carbon in% = 100− (Moisture+Volatile Matter+Ash) (2.30)
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The yield of volatile gases is typically higher than the amount obtained by proximate analysis
due to the faster heating conditions experienced in practical applications, which result in a
higher initial amount of volatile matter (VM). To account for this difference, a Q-factor can
be applied, defined as

Q = mp,VM,0
mp,VM,prox

(2.31)

where mp,VM,0 represents the available volatile matter at higher heating rates and mp,VM,prox

corresponds to the value obtained from proximate analysis.

Ultimate analysis

Ultimate analysis is another measurement method used to determine different key charac-
teristics of solid fuels. The method identifies the elemental composition by measuring the
amounts of carbon (C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O). Compared
to proximate analysis, ultimate analysis is more complex and costlier. The contents of C, H,
and N are simultaneously measured by the combustion of the sample at elevated tempera-
tures in an oxygen environment. From the corresponding gases of CO2,H2O,N2/NOx, the
elemental composition is quantified with an elemental analyser. The standard procedures
are outlined in ISO 29541 for coal and ISO 16948 for biomass. The elemental composition
of sulphur can be determined using various methods. The most common methods are the
Eschka method for coal (ISO 334) and high temperature method for biomass (ISO 15178).
Finally, the oxygen content is calculated by the difference as

O in% = 100− (C+H+N+S+Ash+Moisture). (2.32)

The moisture and ash values are obtained from the proximate analysis. From the elementary
composition, the calorific values of the solid fuels can be approximated.

Thermal conversion process

The thermal conversion process of volatile-containing solid fuel consists of several main
stages, as schematically shown in Fig. 2.6. These stages are the (i) particle heating, (ii)
particle drying, (iii) volatile gas release from the particle (devolatilisation or pyrolysis), (iv)
homogeneous gas phase combustion and (v) heterogeneous particle surface reactions (char
conversion). A brief overview of each stage is provided below with some parts following [123].

(i) Particle heating
In the initial stage, the fuel particle absorbs heat from the surrounding environment
through convection and/or radiation, causing its temperature to rise. This temperature
increase leads to moisture evaporation and initiates thermal decomposition, during
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which chemical bonds are broken, forming lighter and heavier molecular fragments.

(ii) Particle drying
As the particle temperature approaches the boiling point of water (≈ 373 K), mois-
ture starts to evaporate. Biomass typically contains a high moisture content, whereas
coal contains significantly less due to its higher carbon content (see Fig. 2.5, lower
left). Given the relatively low boiling point of water and the endothermic nature of
evaporation, the drying process is mostly completed before subsequent thermal stages
begin. The duration and effectiveness of drying are strongly influenced by the initial
composition of the solid fuel, the particle size and ambient conditions.

(iii) Particle devolatilisation
The pyrolysis behaviour of the solid fuel is highly dependent on its initial molecular
structure, which is composed of various monomers connected by chemical bonds. As
the particle temperature rises, these chemical bonds undergo breaking and reformation.
Variations in monomer composition and bonding (solid fuel structure) lead to significant
differences in devolatilisation rates and product yields. Generally, the devolatilisation
process can be divided into two distinct steps:

• Primary devolatilisation is mainly characterised by the breaking of labile chem-
ical bonds and the formation of more stable bonds. Labile bonds are associated
with releasing smaller molecular fragments, forming light gases and tar, while sta-
ble bonds contribute to char formation. During the thermochemical conversion
of the solid particle, the rates of these competing reactions determine the rela-
tive release of gas, tar, and char. Some smaller fragments may remain within the
particle and undergo crosslinking reactions.

• Secondary devolatilisation refers to subsequent gas-phase reactions of volatile
species released during the primary devolatilisation process. During this stage,
heavy tar compounds thermally crack into lighter molecules and potentially lead-
ing to pollutant formation. These reactions are strongly influenced by ambient
conditions and typically occur in high-temperature regions.

(iv) Homogeneous gas phase combustion
The volatile gases are released into the gas phase and mixed with the surrounding
oxidising atmosphere. Upon reaching a near-stoichiometric ratio, the mixture ignites,
which is characteristic for non-premixed combustion. The resulting gas-phase com-
bustion raises the temperature, which in turn heats the solid particle via convection
and/or radiation. This accelerates the devolatilisation process, which continues until
all embedded volatiles within the solid fuel particle have been released.
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(v) Heterogeneous surface reactions
Char conversion mainly starts after devolatilisation but some overlap between the two
processes may occur. As char conversion is significantly slower than devolatilisation,
it plays an important role in determining the overall coal conversion time. The highly
porous nature of the char, which is formed mainly during the devolatilisation phase,
allows the progression of char conversion within three distinct reaction regimes:

• Kinetically-controlled regime occurs under low-temperature conditions, where
char conversion only depends on the chemical reaction rates. In this regime, mass
transport processes are faster than chemical reaction time scales and therefore do
not limit the overall conversion rate.

• Pore-diffusion-controlled regime occurs under intermediate-temperature con-
ditions. As the temperature increases, the reaction rates become faster, making
pore diffusion processes more essential and partly the rate-limiting step.

• Film-diffusion-controlled regimes arise at very high-temperature conditions,
where chemical reaction rates are significantly faster than mass transport pro-
cesses. As a result, external diffusion becomes the dominant rate-limiting step in
the overall char conversion process.
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Figure 2.6: Schematic illustration of the overall volatile-containing solid fuel conversion process over time.
Adapted from [124].

2.4.2 Non-volatile solid fuels

Fossil fuels remain the predominant energy source, but their adverse environmental impacts
and finite availability have raised the urgent need for alternative energy sources. Renewable
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energy sources such as wind and solar provide clean and carbon-free energy. However, their
inconsistent supply and geographic limitations prevent reliable energy delivery to regions
with high and continuous demands. A possible approach to address this limitation lies in
implementing a carbon-free energy storage system. Yet, current storage technologies [125]
are still underdeveloped or insufficiently explored. Among the emerging technologies with
significant potential is the use of metals as emission-free energy carriers [15, 16] with the
opportunity of using existing coal-fired power plant infrastructure [14]. Figure 2.7 compares
the volumetric energy density and specific energy for various chemical energy carriers and
different states. Metal fuels are relatively abundant and show high volumetric density with
reasonable specific energy properties compared to conventional hydrocarbon fuels, making
them attractive for energy storage systems. Iron is particularly well-suited for this role due
to its natural abundance and favourable characteristics for transport and storage [15, 126].
Furthermore, coupling the iron oxidation with the reverse reduction of iron oxide, ideally
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Figure 2.7: Volumetric energy density vs. specific energy for various chemical energy carriers. Adapted
from [16].

based on renewable energy sources, enables the development of a sustainable circular zero-
carbon energy economy. This possible sustainable circular energy economy is visualised in
Fig. 2.8. Unlike conventional solid fuels such as coal or biomass, iron undergoes a non-
volatile heterogeneous combustion such that modelling approaches for carbon-based solid
fuels are not directly applicable to iron combustion. This has led to increased research ef-
forts to understand the thermo-chemical processes of iron combustion.

Thermal conversion process

Similar to volatile solid fuels, non-volatile solid fuels (e.g. iron) undergo various stages of
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Storage Release

Figure 2.8: Schematic illustration of an iron reduction-oxidation (redox) circular zero-carbon energy economy.
Adapted from [16].

thermal conversion as well. These stages are: (i) particle heating, (ii) heterogeneous particle
surface reactions (iron ignition), (iii) particle melting, (iv) (possible) surface evaporation,
(v) reactive cooling and (vi) particle solidification. The conversion stages are schematically
shown in Fig. 2.9. The remainder of this section provides a brief discussion of each stage.
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Figure 2.9: Schematic illustration of the overall non-volatile solid fuel conversion process over time. Adapted
from [124].

(i) Particle heating
The iron particle absorbs heat through convection and/or radiation from the surround-
ings. This leads to a temperature increase of the iron particle and the initiation of the
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oxidation process. Once the ignition temperature is reached, the particle will start its
ignition process, which is also referred to as thermal runaway [127].

(ii) Heterogeneous particle surface reactions (iron particle oxidation)
At elevated temperatures, the iron particle interacts with the oxygen in the surround-
ing, and initiates the oxidation process. The oxidation process is either kinetically-
controlled or diffusion-controlled:

• Kinetically-controlled regime appears at low particle temperatures, where the
oxidation process solely depends on the chemical reaction rates. Here, diffusion
transport processes to the particle are much faster and do not influence the overall
oxidation process. Leading to the chemical reaction rates becoming the rate-
limiting step.

• Diffusion-controlled regime occurs at very high temperatures. The time scale
of the chemical reaction rates of the oxidation process is much faster compared
to the mass diffusion time scale. The rate-limiting step is the external diffusion
of oxygen from the environment to the particle surface, which controls the overall
oxidation process.

Particle ignition leads to a rapid increase in particle temperature and subsequently
heats up the surrounding environment through convection and/or radiation. Different
from coal or biomass, no volatile gases are released into the gas phase, therefore, ignition
does not take place in the gas phase, but on the particle surface. The increase of the
gas phase temperature only depends on the heat transfer from the particle to the gas
phase.

(iii) Particle melting
When the particle reaches its melting point, a phase transition occurs. The solid state
transforms into a liquid state. This phase change process changes the thermophysical
properties of the iron/iron oxide particle. The melting points of iron and iron oxides
are summarised in Tab. 2.1.

Table 2.1: Melting and boiling points of iron and iron oxides. Fe2O3 does not melt at normal pressure
because it dissociates before reaching a liquid state [128]

.

Tmelt in K Tboil in K
Fe 1809 [129] 3134 [129]

FeO 1650 [129] 3396a [128]
Fe3O4 1869 [128] 2603a [128]
Fe2O3 - -

a Dissociation point.
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(iv) Particle surface evaporation
Oxidation processes can continue after transforming the particle from solid to liquid
state, leading to a further increase in particle temperature. The boiling temperature
(see Tab. 2.1) of the molten iron particle may be reached, leading to evaporation
processes of iron and iron oxides. Released gaseous iron and iron oxide vapour can
nucleate, coagulate and/or condense, which results in the formation of nanoparticles.

(v) Reactive cooling
After the primary oxidation process is completed, the particle starts to cool down.
However, recent studies [130] have investigated the reactive cooling process during this
period. During the reactive cooling process, the molten iron oxide continues to react.
Although it releases heat, it is insufficient to counteract the external thermal losses,
leading to a reduced cooling rate compared with non-reactive cooling.

(vi) Particle solidification
The particle continues to cool down until it reaches its melting point. At the melt-
ing point, a solidification process takes place, where the remaining molten iron oxide
transforms into the solid phase.

Non-volatile solid fuels, e.g. iron, offer significant potential for the future energy transition.
While their conversion processes indicate similarities with those of volatile-containing solid
fuels, notable differences exist. The modelling approaches used to capture these differences
will be discussed in detail in the following chapter.
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3 Modelling of turbulent reactive
multiphase flows (gas/solid)

This chapter presents the modelling approaches and strategies corresponding to the theoreti-
cal framework of turbulent reactive multiphase flows discussed in Chapter 2. It is structured
into four main sections. The first Sec. 3.1 introduces the modelling of turbulent flows,
including the relevant modifications to the governing equations. This is followed by an ex-
planation of the modelling strategies for the solid phase (Sec. 3.2), addressing both volatile
and non-volatile solid fuels, along with the coupling mechanisms between the gas and solid
phases. The third Sec. 3.3 describes the approach used to model radiative heat transfer.
Finally, the chapter concludes with the modelling of homogeneous gas-phase reactions, which
is particularly relevant for volatile-containing solid fuels in Sec. 3.4.

3.1 Turbulence modelling

The set of governing equations to solve turbulent reactive multiphase flows has been al-
ready presented in Sec. 2.1.2. The governing equations cannot be solved analytically in
most practical cases and, therefore, require the application of numerical methods. Several
numerical approaches have been developed and established in the past. The three major
approaches are the Finite Difference Method (FDM), Finite Element Method (FEM), and
Finite Volume Method (FVM). Each of these methods offers advantages and limitations. In
the context of this thesis, the FVM is used to solve the governing equations. This approach
involves dividing the entire computational domain into a finite number of control volumes
(discretisation) and solving the governing equations for each of these finite volumes. A more
detailed explanation of the FVM is provided in Section 4.2. Based on the selected turbulence
modelling approach, the discretisation grid is determined by the required cell size, denoted as
∆ for each control volume (∆3). As already discussed in Sec. 2.3, turbulence is inherently a
multiscale phenomenon, characterised by a wide range of eddy sizes. The Kolmogorov length
scales η are particularly important, representing the smallest turbulent structures. To fully
resolve all turbulent scales within a flow, the grid size has to be sufficiently small, which
is characterised by the Kolmogorov length scale, i.e. ∆ ≤ 2.1η [131]. When this condition
is satisfied, no additional turbulence modelling assumptions are necessary and the flow can
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be computed using the DNS approach, which resolves all relevant turbulent length scales.
However, in many practical applications, the Kolmogorov scales can become very small due
to the high Reynolds numbers, resulting in very fine grids and, therefore, excessively high
computational demands. As such, DNS is often not feasible for engineering-scale problems.
This limitation has motivated the development of turbulence modelling strategies that use
coarser grids while still capturing the effect of turbulence. Three principal approaches have
been established, with each differing in the extent to which turbulent length scales, thus
turbulent kinetic energy, are resolved or modelled. These are:

• Direct Numerical Simulation (DNS), which resolves all turbulent scales

• Large Eddy Simulation (LES), which resolves only the largest scales and

• Reynolds-Averaged Navier-Stokes (RANS), which models all turbulent fluctuations by
solving only for time-averaged quantities.

A schematic overview of these modelling strategies and their treatment of the turbulent
energy spectrum is presented in Figure 3.1.
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Figure 3.1: Schematic illustration of the modelling approaches of DNS, LES and RANS.

3.1.1 Direct numerical simulation (DNS)

DNS offers the most accurate approach by resolving all turbulent scales without relying on
turbulence models. Consequently, the governing equations for mass, momentum, enthalpy
and species are solved in their original form as given in Eqs. (2.6) – (2.9). The equations
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are presented again here, for a clearer comparison with alternative turbulence modelling
approaches:

∂ρ

∂t
+ ∂(ρui)

∂xi
= Ṡρ,p
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∂xj

= − ∂p
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In this thesis, the Prandtl and Schmidt number are chosen to be Pr = Sc = 0.7. The source
terms for interphase transfers between the gas and solid phases (Ṡρ,p, Ṡu,p, Ṡhs,p, ṠYk,p) will
be addressed in Sec. 3.2.1.2, radiation (Ṡrad) in Sec. 3.3 and chemical source terms (ω̇hs ,
ω̇k) in Sec. 3.4. As already stated before, a DNS is only valid if the spatial and temporal
resolution requirements of turbulence are satisfied. These are [113,115,131]

• the computational domain must be sufficiently large to capture the energy-containing
scales (lint)

• the grid resolution must be fine enough to resolve the smallest scales (η) and

• the computational time step must be small enough to accurately represent the turbulent
motion at the smallest scales (tη).

If all conditions are simultaneously fulfilled, the computational cost for a DNS can be esti-
mated with the Reynolds number based on the integral scale with Reint = (uintlint)/ν [131].
To ensure that the spatial resolution is of sufficient quality for a DNS, the domain with
a typical size of L∆ with N∆ of cells of cell size ∆ needs to be large enough to solve the
energy-containing scales as L∆ = N∆ · ∆ ≥ lint. in each direction. Assuming that the cell
size is fine enough to resolve the Kolmogorov length scale (∆ ≤ η) it will result in the total
number of required grid points for a three-dimensional case as

N∆3 =
(

lint
η

)3
=
(

k3/2

ϵ

ϵ1/4

ν3/4

)3

=
(

k1/2k3/2

νϵ

)9/4

∼ Reint
9/4 (3.1)

To satisfy the temporal requirements, the computational time step ∆t needs to correspond
to the Kolmogorov time scale and the total simulation time T∆t needs to be long enough to
capture the integral time scale or even multiples of it. Therefore the minimum number of
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required time steps can be estimated as

N∆t ≥ T∆t

∆t
= tint

tη
= k

ϵ

ϵ1/2

ν1/2 =
(

k1/2k3/2

νϵ

)1/2

∼ Reint
1/2 (3.2)

The minimum total computational effort can now be estimated as [131]

ttotal = N∆3 ·N∆t = Reint
9/4 ·Reint

1/2 ∼ Reint
11/4 (3.3)

The estimation reveals that DNS is not feasible for practical applications or engineering-scale
problems which typically involve high Reynolds numbers (Reint ≈ 10,000 [131]). However,
the strength of DNS lies in the representation of turbulent flows without using turbulence
models. Therefore, it is an excellent tool for fundamental research. Consequently, it is an
essential reference for validating and improving applied models in LES and RANS, which can
be used to solve large-scale and practical applications. Despite the high computational cost,
DNS provides reliable data and contributes to a better understanding of turbulent flows.

3.1.2 Large eddy simulation (LES)

Large Eddy Simulation (LES) resolves the larger turbulent length scales, while the smaller
scales are modelled. This approach is based on the principle that most turbulent kinetic
energy is contained in the large eddies, whereas the small eddies carry comparatively little
energy, as illustrated in Fig. 2.4. Since large eddies are highly anisotropic and significantly
influence the flow field, it is important to resolve them. In contrast, small eddies are nearly
isotropic, have less impact on the overall flow and reveal universal characteristics, making
them more suitable for modelling. Since LES models the small scales, the computational grid
no longer needs to resolve the Kolmogorov scales. This allows for a coarser mesh with fewer
grid cells, making LES significantly more efficient than DNS and better suited for practical
applications and large-scale simulations. To separate turbulent structures into large and
small scales, a filtering operation is applied. In the context of LES, any arbitrary quantity
ϕ can be decomposed into a resolved component ϕ and unresolved (sub-grid) component ϕ′

as
ϕ = ϕ+ϕ′. (3.4)

The general form of a filter operation is given as

ϕ(xi, t) =
∫∫∫

G(xi −x∗
i ,∆filt)ϕ(x∗

i , t)dx∗
i (3.5)

which involves the filter function G and the filter width ∆filt. Filtering can be performed
in either spectral or physical space [113, 115, 131], with physical-space filtering being more
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relevant for CFD applications. It is commonly assumed that ∆filt = ∆. Applying the filter
operation from Eq. (3.4) to the governing equations introduces additional unclosed terms.
As an example, this can be demonstrated by applying the filtering to the convective term in
the momentum equation (Eq. (2.7), second term LHS) [115]

ρuiuj = ρui uj +ρu′
iu

′
j +uiρ′u′

j +ujρ′u′
i +ρ′u′

iu
′
j . (3.6)

To simplify the problem and reduce the number of unclosed terms, a density-weighted filter-
ing method, also known as Favre filter, can be applied with

ϕ̃ = ρϕ

ρ
(3.7)

along with the corresponding Favre decomposition as

ϕ = ϕ̃+ϕ′′ (3.8)

where < ˜ > and <′′> indicate the resolved and unresolved (sub-grid) Favre components,
respectively. When Favre-filtering is applied to the convective term in the momentum equa-
tion

ρuiuj = ρũiui = ρũiũj +ρu′′
i u′′

j , (3.9)

it results in a formulation with fewer unclosed terms. Applying the Favre-filtering to, where
applicable, the full set of governing equations in Eqs. (2.6) – (2.9) results in
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∂xj

= ∂

∂xj

(
µ

Sc
∂Ỹk
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+ ω̇k + ṠYk,p. (3.13)

In the governing equations, it is assumed that the fluctuation terms in the diffusion/viscous
terms after Favre-filtering can be neglected in the momentum equation
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with τij,1 ≫ (τij,2 + τij,3) as
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τij,2

+µ′
(

∂u′′
j

∂xi
+ ∂u′′

i

∂xj
− 2

3
∂u′′

m

∂xm
δij

)
︸ ︷︷ ︸

τij,3

,

(3.15)
in the sensible enthalpy equation

µ

Pr
∂hs

∂xj
≈ µ

Pr
∂h̃s

∂xj
with µ

Pr
∂h̃s

∂xj
≫
(

µ

Pr
∂h′′

s

∂xj
+ µ′

Pr
∂h′′

s

∂xj

)
(3.16)

and in the chemical species equation

µ

Sc
∂Yk

∂xj
≈ µ

Sc
∂Ỹk

∂xj
with µ

Sc
∂Ỹk

∂xj
≫
(

µ

Sc
∂Y ′′

k

∂xj
+ µ′

Sc
∂Y ′′

k

∂xj

)
. (3.17)

The unclosed terms of ρu′′
i u′′

j , ρh′′
su′′

j and ρY ′′
k u′′

j in Eqs. (3.11) - (3.13) remain and must be
modelled accordingly. The sub-grid scale (SGS) stress tensor (ρu′′

i u′′
j ) is typically described

in analogy to the laminar stress tensor as

−ρu′′
i u′′

j = µt

(
∂ũj

∂xi
+ ∂ũi

∂xj
− 2

3
∂ũm

∂xm
δij

)
(3.18)

with µt the turbulent dynamic viscosity. A gradient-based approach [113] is typically applied
to approximate the turbulent fluxes of energy and species

−ρh′′
su′′

j = µt

Prt

∂h̃s

∂xj
(3.19)

−ρY ′′
k u′′

j = µt

Sct

∂Ỹk

∂xj
(3.20)

where Prt and Sct denote the turbulent Prandtl and Schmidt numbers, respectively. The
final unclosed term associated with turbulent flow is the turbulent viscosity µt which is
generally modelled using established turbulence modelling approaches. One of the most
commonly used sub-grid scale turbulence models is the Smagorinsky model [132]. It is based
on the Boussinesq approximation and considers an equilibrium between the production and
dissipation of turbulent kinetic energy while also assuming the isotropic behaviour of the
sub-grid scales. The Smagorinsky model employed in Sec. 5.2 adopts a slightly modified
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formulation compared to the original version as

µt = Ckρ∆
√

kt with kt =
Ck∆2

√
2S̃ijS̃ij

2

Ce
. (3.21)

Here, Ck = 1.048 and Ce = 0.01 are model constants, kt the sub-grid turbulent kinetic energy
and S̃ij the Favre-filtered strain rate. The Favre-filtered strain rate is calculated as

S̃ij = 1
2

(
∂ũj

∂xi
+ ∂ũi

∂xj

)
. (3.22)

By combining Eq. (3.21) with (3.22), the following expression is obtained

µt = Ck

√
Ck

Ce
ρ∆2

√
2S̃ijS̃ij . (3.23)

This expression is similar to the original Smagorinsky formulation (µt = ρ(CT ∆)2
√

2S̃ijS̃ij).
The main advantages of the model lie in its simplicity, robustness, and widespread appli-
cability. However, this simplicity comes at the cost that the model tends to overpredict
turbulent viscosity in near-wall regions due to the strongly anisotropic behaviour [113,115].
Furthermore, the model constants are strongly dependent on the specific flow configuration,
but the default model constants mentioned above are used in Sec. 5.2.

3.1.3 Reynolds-Averaged-Navier-Stokes (RANS)

For completeness, the RANS approach is briefly explained in this section. RANS approaches
aim to describe the statistical behaviour of turbulence by solving time-averaged forms of the
governing equations. The advantage of RANS is its ability to operate with relatively coarse
computational grids, resulting in significantly lower computational costs. However, because
the approach depends on time-averaging, it only provides information on the mean, not the
instantaneous flow field. Moreover, the accuracy of the simulation results highly depends on
the applied turbulence models, as all turbulent scales are modelled rather than resolved, as
illustrated in Fig. 3.1, and the governing equations contain no unsteady terms. A Reynolds
decomposition is applied to derive the time-averaged form of the governing equations, which
decomposes any arbitrary quantity ϕ into a time-mean ϕ and fluctuating ϕ′ component, as
shown here

ϕ = ϕ+ϕ′. (3.24)

Similar to LES, a Favre averaging process in Eq. (3.7) is applied to reduced the number of
unclosed terms. The full set of governing equations with Favre(-RANS)-averaging is given
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as
∂ρ

∂t
+ ∂(ρũi)

∂xi
= Ṡρ,p (3.25)

∂(ρũi)
∂t

+ ∂(ρũiũj)
∂xj

= − ∂p

∂xi
+ ∂

∂xj

[
(µ+µt)

(
∂ũj

∂xi
+ ∂ũi

∂xj
− 2

3
∂ũm

∂xm
δij

)]
+ρgi + Ṡu,p (3.26)

∂(ρh̃s)
∂t

+ ∂(ρh̃sũj)
∂xj

= ∂

∂xj

[(
µ

Pr + µt

Prt

)
∂h̃s

∂xj

]
+ Ṡrad. + ω̇hs + Ṡhs,p (3.27)

∂(ρỸk)
∂t

+ ∂(ρỸkũj)
∂xj

= ∂

∂xj

[(
µ

Sc + µt

Sct

)
∂Ỹk

∂xj

]
+ ω̇k + ṠYk,p. (3.28)

It can be seen that the RANS equations share the same form as the LES equations, with the
primary difference that < > and <′> represent time averages in RANS, whereas they refer
to filtered quantities in LES. In Eqs. (3.25) to (3.28) the unsteady terms are retained and
can be used to capture low-frequency unsteady motions (URANS). However, in RANS, the
turbulent viscosity µt needs to be modelled as well. The most common models in RANS are
algebraic models (e.g. uniform-turbulent-viscosity model [131], mixing-length model [133]),
one-equation models (e.g. k-model [134, 135], Spalart-Allmaras model [136]), two-equation
models (e.g. k-ε model [137], k-ω model [138]) and Reynolds stress model (RSM) [139].

3.2 Solid phase modelling

This section provides a detailed discussion of the modelling approaches for the solid phase.
Since the gas and solid phases are considered separate (albeit coupled) systems, it is necessary
to solve a set of governing equations for mass, momentum and energy for the solid phase
as well. These conservation equations are applied to each individual particle within the
computational domain, and thus, increasing the particle number may significantly raise the
computational cost. The governing equations for the solid phase can generally be formulated
as follows

dmp

dt
= −

(
dmp,dry

dt
+ dmp,vol

dt
+ dmp,het

dt

)
(3.29)

dup

dt
= ug −up

τp
+
(

1.0− ρg

ρp

)
g (3.30)

dTp

dt
= 1

τcon
(Tg −Tp)+ εpApσ

mpcp,p
(θ4

r −T 4
p )+ Q̇dry

mpcp,p
+ Q̇vol

mpcp,p
+ Q̇het

mpcp,p
(3.31)

with subscript < g > and < p > indicating gas and particle properties, respectively. Variables
shown in bold correspond to vectors. The particle mass can change due to the drying process
(mp,dry), release of volatile gases (mp,vol) and heterogeneous surface oxidation processes
(mp,het). εp is the particle emissivity, Ap = 0.25πd2

p the particle projected area, dp the particle
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diameter, σ the Stefan-Boltzmann constant, θr the gas phase radiation temperature (see Sec.
3.3), cp,p the particle specific heat capacity and Q̇dry, Q̇vol and Q̇het the heats of drying,
devolatilisation and char conversion/heterogeneous reaction, respectively. τp is the particle
relaxation time, which is calculated according to the Schiller-Naumann correlation [140] as

τp =
ρpd2

p

18µf

1
(1+0.15Re2/3

p )
with Rep = ρg|ug −up| dp

µg
. (3.32)

Here, Rep the particle Reynolds number. Subscript < f > denotes film properties and is
explained in Sec. 4.4. The convective heat transfer time scale τcon follows [141]

τcon = 1
6

Pr
Nu

cp,p

cp,f

ρpd2
p

µf
with Nu = 2+0.552Re1/2

p Pr1/3 (3.33)

where Nu is the Nusselt number.
In CFD simulations of multiphase gas-solid systems, it is important to accurately describe

the interactions between the gas and solid phase. Several coupling approaches are available,
with the fully-resolved (FR) being the most detailed method that does not require explicit
coupling, but it is associated with high computational demands, which limit its use to single
particles or small particle groups. As an alternative, the two-way coupled Euler-Lagrange
(EL) approach offers a balance between computational efficiency and accuracy for dispersed
two-phase flows.

3.2.1 Modelling methods

3.2.1.1 Fully-resolved modelling (FR)

In FR simulations, all relevant gradients of the flow field including the particle boundary
layers are resolved. The exchange of mass, momentum and energy between the gas phase
and solid particles is realised through boundary conditions at the interface between both
phases, therefore the interphase source terms in Eqs. (2.6)-(2.9) are set to zero

Ṡρ,p = Ṡu,p = Ṡhs,p = ṠYk,p = 0. (3.34)

Since the solution is entirely determined by the imposed boundary conditions, it is essential
to define them accurately. The mass changed by drying, devolatilisation and char conversion
or surface oxidation has been realised with a Robin boundary condition [142] as

dmp,k

dt
=
(

Yk,dry
dmp,dry

dt
+Yk,vol

dmp,vol
dt

+Yk,het
dmp,het

dt

)
−ρg,sAsDg,s

∂Yk

∂n
. (3.35)
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Here, the subscript < k > and < s > refers to the species associated with the particle process
(dry, vol and het) and to the properties at particle surface, respectively. As = πd2

p is the
particle surface area and Dg,s the gas phase diffusivity at the particle surface. The heat
transfer between gas and particle is described by a equal heat flux (gradient) approach

kg
∂T

∂r

∣∣∣∣∣
gas phase

= kp
∂T

∂r

∣∣∣∣∣
solid phase

(3.36)

with k is the heat conductivity and r the radial coordinate. For further details on the FR
simulation methodology, the reader is referred to Sec. 5.1.

3.2.1.2 Dispersed phase: Euler-Lagrange modelling (EL)

In this method, the gas phase surrounding the particles is treated as a continuum in the
Eulerian framework, while the particles themselves are modelled as point-particles in the
Lagrangian framework. The particle boundary layers are completely modelled in this ap-
proach. Interaction between the two phases is achieved through a two-way coupling, in which
the particle obtains information from the gas phase (mass, momentum, energy and species
composition), undergoes its conversion process and subsequently returns its influence (e.g.
released mass or energy) to the gas phase. Due to the discretisation of the computational
domain, the particle typically retrieves the gas phase information from the local Eulerian
cell, in which it is located. Conversely, the influence of the particle on the gas phase is
realised through source terms in the Eulerian governing equations, see Eqs. (2.6) – (2.9),
applied within the same Eulerian cell. The source terms are calculated as

Ṡρ,p = − 1
∆3

Np∑
p=1

dmp

dt
(3.37)

Ṡu,p = − 1
∆3

Np∑
p=1

(dmpup)
dt

(3.38)

Ṡhs,p = − 1
∆3

Np∑
p=1

[
mpcp,p

τcon
(Tg −Tp) +

∑(
Yk,dry

dmp,dryhs,k,dry
dt

)
+
∑(

Yk,vol
dmp,volhs,k,vol

dt

)

+
∑(

Yk,het
dmp,heths,k,het

dt

)]
(3.39)

ṠYk,p = − 1
∆3

Np∑
p=1

(
Yk,dry

dmp,dry
dt

+Yk,vol
dmp,vol

dt
+Yk,het

dmp,het
dt

)
(3.40)
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with Np the total number of particles in the Eulerian cell and ∆3 the volume of the Eulerian
cell.

For the EL approach to be reliable, the particle diameter must be significantly smaller
than the Eulerian grid size, i.e. dp/∆ ≪ 1. In practice, a minimum ratio of ∆/dp ≈ 5 − 10
is recommended to keep the point-particle assumption valid [143, 144]. This condition is
generally feasible in LES, but it may pose a fundamental issue in the context of DNS. When
the EL approach is applied within the DNS context, it is commonly referred to as carrier-
phase DNS (CP-DNS). In CP-DNS, the grid must be sufficiently fine to resolve all relevant
turbulent scales, i.e. ∆ ≤ η. At the same time, the point-particle assumption requires dp ≪ ∆
to model the particle boundary layer. This leads to the following condition that defines the
grid resolution of CP-DNS

dp ≪ ∆ < η. (3.41)

This definition gives both, the lower and upper limits of the grid resolution. It ensures that
turbulent structures are accurately resolved while preserving the validity of the point-particle
assumption.

In some cases, the particle diameter dp may be in a similar range as the Kolmogorov length
scale η. This can be the case for pulverised biomass particles, which range from micrometres
to millimetres in size. Under such conditions, Eq. (3.41) is no longer valid and can result
in excessive coupling effects between the gas and solid phase, leading to unphysical results
and numerical instabilities. To address this issue, coarse-graining (CG) methods have been
developed. CG approaches mainly aim to mitigate localisation effects by distributing the
particle source terms to multiple Eulerian cells and accounting for a fluid volume larger than
the local cell.

Furthermore, in the EL approach, solid fuel particles are typically assumed to be thermally-
thin, meaning that the temperature within the particle is uniform. This assumption can be
related to the particle Biot number, which is defined as

Bi = hLp

kp,cond
with Lp = volume

surface area = dp

6 . (3.42)

Here, h is the convective heat transfer coefficient and Lp is the characteristic length of the
particle, defined as the ratio of the particle volume to the particle surface area. The Biot
number describes the ratio of internal thermal conduction resistance to external convective
resistance at the particle surface. If Bi ≤ 0.1, the particle can be considered as thermally
thin, which justifies the uniform internal temperature assumption. However, if Bi > 0.1,
a temperature gradient is present within the particle, relating it to the thermally-thick
regime. Due to the relatively large particle diameters of pulverised biomass compared with
coal, biomass is often classified in the thermally-thick regime, requiring the resolution of
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intra-particle temperature gradients. To account for this, a thermally thick biomass particle
sub-model is employed in Sec. 5.1, which solves a one-dimensional heat conduction equation
within the particle. This model follows the interface-based approach, wherein the particle
is discretised into multiple layers, each with its own temperature. Conversion processes are
modelled to occur at the interface between two neighbouring layers. Additional details on
the CG methods and thermally-thick particle modelling can be found in Sec. 5.1.

3.2.2 Volatile-containing solid fuels: Coal and Biomass

This section begins with an overview of the properties of coal and biomass, followed by the
modelling of the conversion processes of volatile-containing fuels, as previously discussed in
theory in Sec. 2.4.1.

3.2.2.1 Coal and Biomass properties

In this study, Rhenish lignite was selected as a representative coal, while torrefied wood was
used to represent biomass. This selection aligns with experimental data used for validating
the numerical setup. A brief discussion of their compositions and thermophysical properties
is provided below:

Coal

The proximate, ultimate and corrected proximate (Q-factor) analysis of Rhenish lignite are
given in Table. 3.1, which was given by the experiments in [145]. In the absence of an

Table 3.1: Proximate, ultimate and corrected proximate (Q-factor) analysis of coal (Rhenish lignite) in the
experiment [145].

Proximate Analysis Ultimate Analysis Proximate Analysis after Q-factor
in wt. % - as received in wt. % - as received correction in wt. % - dry
Moisture 9.13 Carbon 58.21 Ash 5.52
Ash 5.52 Hydrogen 4.00 Volatile Matter 55.3
Volatile Matter 44.99 Nitrogen 0.83 Fixed Carbon 39.18
Fixed Carbon 40.36 Sulfur 0.37

Oxygen 21.94

experimentally determined Q-factor, it has been estimated utilising the Pyrolysis Kinetics
Pre-processor (PKP) [17]. PKP applies the experimentally or numerically extracted heating
rates to the detailed CRECK-S-C model [146] to estimate the total volatile yield. This
approach yields a Q-factor of Q = 1.229. The volatile composition is based on the data
from [74], with the modification that the fractions of H2S and NH3 are added to the ash
content. The assumed volatile composition is presented in Tab. 3.2. Furthermore an initial
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Table 3.2: Assumed volatile composition for Rhenish lignite.
Species k CH4 C2H4 C6H6 CO CO2 H2 H2O
Yp,k 0.086 0.039 0.152 0.252 0.282 0.010 0.179

coal density of ρp = 1200 kg/m3 is assumed. The particle heat capacity is dynamically
evaluated according to [147] [148] as

cp,p = Yp,VMcp,VM +Yp,FCcp,FC +Yp,ashcp,ash (3.43)

where Yp,VM, Yp,FC and Yp,ash are the particle mass fractions of volatile matter, fixed carbon
(FC) and ash with their corresponding heat capacities cp,VM, cp,FC and cp,ash, respectively.
The heat capacities are calculated as

cp,VM = Ru

6.83 kg
kmol

[
F1

(
380
Tp

)
+2F1

(
1800
Tp

)]
(3.44)

cp,FC = Ru

12 kg
kmol

[
F1

(
380
Tp

)
+2F1

(
1800
Tp

)]
(3.45)

cp,ash = 539.9+0.596Tp (3.46)

with the function F1 calculated as

F1(x) = ex(
ex−1

x

)2 . (3.47)

Biomass

The biomass used in this thesis is torrefied wood, as used in the experimental investigations

Table 3.3: Proximate and ultimate analysis of torrefied biomass based on the experiments [149,150].
Proximate Analysis Ultimate Analysis
in wt. % - dry in wt. % - dry
Moisture < 0.1 Carbon 53.20
Ash 0.2 Hydrogen 6.00
Volatile Matter 81.9 Nitrogen < 0.20
Fixed Carbon 19.9 Sulfur < 0.02

Oxygen 40.38

[149, 150]. The proximate and ultimate analyses are presented in Tab. 3.3. Following
[107], the composition of the released light gases is assumed as shown in Tab. 3.4. Tar is
represented by C6H8O, with thermophysical properties adopted from benzene [151]. The
thermal properties of the biomass are listed in detail in Tab. 3.5.
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Table 3.4: Assumed volatile composition for torrefied wood.
Species k H2 CO CO2 H2O CH4
Yp,k 0.100 0.363 0.192 0.228 0.117

Table 3.5: Thermophysical properties of torrefied wood: Initial density ρ, thermal conductivity kcond and
specific heat capacity cp.

Biomass composition Value Ref.
Initial solid density in kg/m3

Wet wood ρ1,init = 931.069
(assume Ymoist = 0.001 with cp,moist = 1000 J/(kg K))

Dry wood ρ2,init = 931 [149]
Char ρ3,init = 700 [152]
Ash ρ4,init = 2000 [152]
Solid thermal conductivity in W/(m K)
Wet wood kcond,1 = ρ2

1000 · (0.1941+0.4064 ·Ymoist)+0.01864 [153]
Dry wood kcond,2 = 0.00249+0.000145 ·ρ1 +0.000184 · (T2 −273.15) [154]
Char kcond,3 = 1.47+0.0011 ·T3 [155]
Ash kcond,4 = 1.03 [152]
Solid specific heat capacity in J/(kg K)
Wet wood cp,1 = cp,2 · (1−Ymoist ·100)+418550 ·Ymoist +α [153]

α = 1000 · (0.02355 ·T1 − 1.32Ymoist·100
1−Ymoist·100 −6.191) · Ymoist·100

1−Ymoist·100
Dry wood cp,2 = 2300−1150 · exp(−0.0055 · (T2 −273.15)) [156]
Char cp,3 = 1430+0.355 ·T3 −7.3210 ·107 ·T 2

3 [157]
Ash cp,4 = 754+0.586 · (T4 −273.15) [152]

3.2.2.2 Drying process

As previously mentioned in Sec. 2.4.1, coal typically appears in the lower left region of the
Van Krevelen diagram in Fig. 2.5, indicating its low H and O content and correspondingly
high C content. This implies a low moisture content and combined with prior drying, makes
it reasonable to neglect the drying process for coal. In contrast, biomass naturally contains a
high initial moisture content (upper right region in the Van Krevelen diagram) and generally
consists of larger particle sizes than coal. As a result, a drying model is typically employed
when modelling biomass. In this work, a simplified drying model [158] is applied, which
determines the drying rate based on the heat transferred to the particle as follows

dmp,dry
dt

= hAs(Tg −Tp)
∆Hvap

· F (Tp)
Ymoist

with F (Tp) = 1
760 ·10

8.07131−1730.63
Tp−39.724 (3.48)

where Ymoist is the mass fraction of moisture content (i.e. H2O) within the particle, ∆Hvap

the latent heat of water evaporation and F (Tp) a function to capture mass transfer effects
based on the Antoine expression for the vapour pressure of water.
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3.2.2.3 Devolatilisation process

The devolatilisation process of solid fuel particles (see Sec. 2.4.1) is commonly described by a
two-competing rates kinetic model [159] for coal and a two-stage parallel kinetic model [160]
for biomass. During the devolatilisation process, it is assumed that the particle diameter
remains constant, while the particle density varies in response to the changing particle mass
as

ρp = 6 mp

πd3
p,const

. (3.49)

Furthermore, a blowing correction [39,86,161] is applied to account for the effect of devolatil-
isation as

Bcorr = Pr
2πdpµg

dmp,vol
dt

(3.50)

which modifies the particle relaxation time and Nusselt number as

τ∗
p = τp(1+Bcorr) and Nu∗ = Nu · e0.6Bcorr . (3.51)

Two-competing rates kinetic model

This kinetic model accounts for two reactions that compete at different temperature ranges,
as shown in Fig. 3.2. It is designed to replicate the primary and secondary devolatilisation
stages, as discussed in Sec. 2.4.1, with one reaction dominating at lower temperatures and the
other at higher temperatures. Light volatile compounds are released at lower temperatures,
while heavier volatiles are released at higher temperatures. A limitation of this model is that
the total volatile content must be specified in advance and is not dynamically determined
during the conversion process.

Coal

Volatiles1

Volatiles2

k1

k2

Figure 3.2: Schematic illustration of the two-competing rates kinetic model. Adapted from [159].

The instantaneous mass of released volatile gases is calculated as

dmp,vol
dt

= kvol(mp,VM,0 −mp,VM) (3.52)

where mp,VM,0 is the initially available volatile matter within the particle, mp,VM the current
volatile mass and kvol the devolatilisation rate. The latter is described by a two competing
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rates Arrhenius-type expression as

kvol = α1A1e− E1
RuTp +α2A2e− E2

RuTp . (3.53)

Here, the splitting constants are defined as α1 = 1.5186 and α2 = 0.5608, with the pre-
exponential factors A1 = 2.5498 · 1010 1/s and A2 = 5.0 · 1010 1/s and the activation energies
E1 = 1.3789 ·108 J/kmol and E2 = 2.9627 ·109 J/kmol. These splitting constants and kinetic
parameters were determined through a fitting procedure using PKP and the proximate and
ultimate analysis data for Rhenish lignite, as listed in Tab. 3.1.

Two-stage parallel kinetic model

Unlike the two-competing rates kinetic model, the two-stage parallel kinetic model deter-
mines the release of volatile matter dynamically throughout the conversion process based on
the heating rates experienced by the particle. This approach provides a more realistic repre-
sentation of the physical processes involved, particularly for biomass, by accounting for the
progressive degradation of the solid fuel. In the primary stage, the fuel particle decomposes
into the three fractions of light gas, tar and char through three competing pathways. The
tar further breaks down into light gas and char in the secondary stage. The concept of the
two-stage parallel kinetic model is illustrated in Fig. 3.3.

Dry wood

Light gas Light gas

Tar Tar

Char Char

kvol,1

kvol,3
kvol,5

kvol,2

kvol,4

Figure 3.3: Schematic illustration of the two-stage parallel kinetic model. Adapted from [107].

Assuming that tar is a gaseous species, the total release rate of volatile matter can be
expressed as

dmp,vol
dt

= dmp,tar
dt

+ dmp,gas
dt

. (3.54)

The formation and consumption rates of tar and light gases are given by

dmp,tar
dt

= kvol,2mp − (kvol,4 +kvol,5)mp,tar (3.55)

dmp,gas
dt

= kvol,1mp +kvol,4mp,tar. (3.56)
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The char formation rate is described as

dmp,char
dt

= kvol,3mp +kvol,5mp,tar. (3.57)

During the devolatilisation process, the total particle mass decreases due to the release of
gaseous species (i.e. light gas and tar) while char remains within or on the surface of the
particle. Consequently, the overall change in particle mass is

dmp

dt
= −(kvol,1 +kvol,2 +kvol,3)mp +kvol,3mp +kvol,5mp,tar. (3.58)

3.2.2.4 Char burn-out process

After a certain amount of the volatile gases has been released, heterogeneous surface reac-
tions, referred to as char conversion, begin to start. The remaining carbon within the particle
reacts with the oxidiser, initiating surface reactions. As previously outlined in Sec. 2.4.1, char
conversion can proceed under different limiting regimes: kinetically limited, pore-diffusion
limited or external-diffusion limited. To capture the effects of all three regimes, an intrin-
sic reaction rate model is employed in this work, following the approach described in [162]
and using the model variant proposed in [86]. The model assumes that char is composed
entirely of carbon and only CO is formed during the char conversion process, described by
the reaction

C(s) + 1
2O2 −→ CO. (3.59)

It is assumed that during the char conversion process, the particle density remains constant,
whereas the particle diameter decreases due to the reduction in particle mass as

dp =
(

mp

ρp,const

6
π

)1/3
. (3.60)

The total rate of char conversion or the rate at which gaseous products are released from
char (char off-gases) is expressed as

dmhet
dt

= Xg,O2pgπd2
p

RoxRchar
Rox +Rchar

[
= AsρgRuTg

Yg,O2

MO2

RoxRchar
Rox +Rchar

]
(3.61)

with Rox is the bulk molecular mass diffusion rate of oxygen, Rchar the char reaction rate,
MO2 the molecular weight of oxygen and Xg,O2 and Yg,O2 the molar and mass fraction of
oxygen in the gas phase, respectively. The mass diffusion and reaction rate are given by

Rox = Cdiff
T 0.75

m

dp
and Rchar = ηeffρpSa

dp

6 ki. (3.62)
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Here, Cdiff = 5 ·10−12 s/K0.75 is the mass diffusion limited rate constant and Tm = (Tg +Tp)/2
the mean temperature between gas phase and particle. The char reaction rate equation
depends on the effectiveness factor ηeff , the specific internal surface area Sa and the intrinsic
reactivity ki. The effectiveness factor represents the pore diffusion resistance and is calculated
as

ηeff = 3
ϕ2

T

(ϕT coth(ϕT )−1) (3.63)

where the Thiele modulus ϕT describes the ratio of surface reaction rate to diffusion rate
into the particles pores as

ϕT = dp

2

(
SO2SaρpkiXg,O2pg

DeffρgYO2

)1/2= dp

2

(
SO2Saρpkipg,O2

Deffρg,O2

)1/2 (3.64)

with SO2 = 1.33 representing the required stoichiometric mass of oxygen, Deff the effective
pore diffusion coefficient and pg,O2 and ρg,O2 the gas partial pressure and gas density of
oxygen. The effective pore diffusion coefficient is expressed by

Deff = θ

τ2

( 1
DKn

+ 1
Dox

)−1
(3.65)

and considers the Knudsen DKn and oxygen Dox diffusion coefficients. θ = 0.7 is the porosity
of coal and τ =

√
2 the tortuosity of the pores. The diffusion coefficients are estimated as

DKn = CKnrpore

√√√√ Tp

MO2
with rpore = 2θ

√
τ

Saρp
and Dox = D0

(
Tm

T0

)1.75
(3.66)

where CKn = 97 kg0.5mK−0.5kmol−0.5s−1 is a Knudsen diffusion constant, rpore the mean
pore radius, D0 = 3.13 ·10−4 m2/s a binary diffusion coefficient of oxygen with nitrogen and
T0 = 1500 K a reference temperature. The internal surface area Sa is calculated as a function
of the char burnout bchar and the initial surface area Sa,0 by

Sa = (1− bchar)
√

bchar
θ

+(1− bchar)Sa0 with bchar = 1−
mp,FC

mp,FC,0
(3.67)

and the initial surface area is given by

Sa,0 = (1.5463Y 2
p,FC −2.8349Yp,FC +1.3017) ·106 (3.68)
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with Yp,FC being the fixed carbon mass fraction from the proximate analysis in Sec. 3.2.2.1.
The intrinsic reactivity is obtained from

ki = Aie
− Ei

RuTp (3.69)

where the intrinsic pre-exponential factor is Ai = 0.052 kg/(m2 s Pa) and the intrinsic acti-
vation energy is Ei = 1.615 ·108 J/kmol.

3.2.3 Non-volatile containing solid fuel: Iron

This section outlines the modelling approach used for the conversion process of non-volatile
solid fuels. As already outlined in Sec. 2.4.2, the conversion of non-volatile fuels differs
fundamentally from that of volatile-containing fuels due to the absence of volatile matter
release. In this work, the oxidation of Fe is limited to the formation of FeO. This simplifica-
tion is justified as the FeO oxidation step releases the majority of heat [163] and recent iron
combustion sub-models are based on the same assumption [23, 101, 164, 165], allowing for
better comparability with these studies. Furthermore, the presented investigations in Secs.
5.3 and 5.4 focus on the ignition and initial oxidation behaviour, in which the FeO formation
represents the primary reaction step. These established FeO sub-models effectively represent
important oxidation physics (kinetically and/or diffusion-limited regimes) and have been re-
liably validated against experimental measurements. As a result, reactive cooling effects can
be neglected since they are mainly associated with higher oxidation states. Furthermore,
while peak temperatures during iron combustion can exceed the melting points of Fe and
FeO, they typically remain below their respective boiling points and evaporation is therefore
not considered in this study. The subsequent discussion focuses on iron oxidation, melting
and solidification processes.

3.2.3.1 Oxidation process

The oxidation of iron to FeO is described by the following reaction equation

Fe+0.5O2 −→ FeO (3.70)

with the total change of particle mass due to the oxidation process as

dmp

dt
= dmp,ox

dt
= dmp,Fe

dt
+ dmp,FeO

dt
. (3.71)

49



3 Modelling of turbulent reactive multiphase flows (gas/solid)

The mass conversion rate of Fe and FeO is evaluated by using a first order single kinetic rate
model [164–166] as

dmp,Fe
dt

= −1
s

ρf Yg,O2AdkdDa∗ (3.72)

dmp,Fe
dt

= 1+ s

s
ρf Yg,O2AdkdDa∗ (3.73)

with s = 0.2865 the stoichiometric ratio of the oxidation of iron to FeO, Ar = Ad = πd2
p the

reactive and diffusive areas of the iron particle and Da∗ the normalised Damköhler number.
The latter is calculated by

Da* = Arkr

Arkr +Adkd
. (3.74)

Here, kr is the kinetic surface reaction rate and kd the diffusive transfer rate. Both are given
as

kr = k∞e− Ea
RuTp and kd = ShDf,O2

dp
. (3.75)

where k∞ = 75 · 105 m/s is the pre-exponential factor, Ea = 1.1973 · 108 J/kmol the activa-
tion energy, Df,O2 the film diffusion coefficient of oxygen and Sh = 2 + 0.552Re1/2

p Sc1/3 the
Sherwood number. Analogous to the blowing correction used in the devolatilisation process
for volatile-containing solid fuels, a correction is also applied to account for oxygen con-
sumption, commonly referred to as the Stefan flow effect. A Sherwood and Nusselt number
correction [22,167,168] is applied

Sh∗ = Shln(1+BM )
BM

and Nu∗ = Nuln(1+BT )
BT

(3.76)

with the Spalding mass transfer number calculated as

BM = Yg,O2 −Yp,O2

Yp,O2 −1 with Yp,O2 = Yg,O2
Adkd

Arkr +Adkd
(3.77)

and the Spalding heat transfer number as

BT = (1+BM )φ −1 with φ =
cp,O2

∣∣∣
Tp

cp,g

Pr
Sc (3.78)

with cp,O2

∣∣∣
Tp

is the specific heat capacity of oxygen at particle temperature.

3.2.3.2 Melting and solidification

The melting and solidification of Fe and FeO are modelled using the apparent heat capacity
method [169]. This approach implicitly captures the phase change interface by incorporating
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the latent heat by modifying the heat capacity. The heat capacity is determined as follows

cp,solid Tp < Tm,s

cp,eff = ∂ht

∂T
≈

ht,Tp+∆T2 −ht,Tp

∆T2
Tm,s ≤ Tp < Tm,s +∆T1 (3.79)

cp,liquid Tp ≥ Tm,s +∆T1

with ht the total specific enthalpy of the particle, Tm,s the melting and solidification tem-
perature, ∆T1 = 3 K defines the temperature range over which the phase change occurs and
∆T2 = 0.01 K is the temperature increment used to approximate the effective heat capacity
during the transition.

3.3 Radiation modelling

The radiative enthalpy source term in Eq. (2.8) and the Eulerian gas phase radiation tem-
perature in Eq. (3.31) can be calculated with several numerical methods. The aim of these
methods is to solve the radiative transfer equation (RTE). The RTE for a grey, absorbing,
emitting, anisotropically scattering continuous medium containing dispersed particles that
absorb, emit and scatter radiation is defined as

dI(r,s)
ds = κgIb,g +κpIb,p︸ ︷︷ ︸

gas + particle emission

− (κg +κp +σs,g +σs,p)I(r,s)︸ ︷︷ ︸
gas + particle absorption and scattering loss

+ σs,g +σs,p

4π

∫
4π

I(r, ŝ)β(s, ŝ)dΩ︸ ︷︷ ︸
gas + particle scattering addition

(3.80)

where I(r,s) is the radiation intensity at a given location indicated by the position vector r in
the direction s, Ib,g = σT 4

g

π and Ib,p = σT 4
p

π the black-body intensity of gas and particle, κ the
absorption/emission coefficient, σs the scattering coefficient, β(s, ŝ) = 1+Cs · ŝ the scattering
phase function from direction s to scattering direction ŝ with C the linear-anisotropic phase
function coefficient and Ω the solid angle. The process of radiative heat transfer is illustrated
in Fig. 3.4. More details about the modelling of radiation can be found in [170].

In this work, the discrete ordinate method (DOM) is used, which transforms the integral
terms into a set of partial differential equations. A solution is found by solving a set of
discrete directions spanning the total solid angle range of 4π. Therefore, DOM is simply
a finite differencing of the directional dependence of the RTE. The integrals over the solid
angle are approximated by numerical quadratures as

∫
4π

I(r)dΩ ≃
n∑

i=1
wiI(si) (3.81)

wi is the quadrature weight related to the directions of the angular ordinates si = ξii +
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Incident intensity: 
I

ds

Outgoing intensity: 
I + (dI/ds) ds

Gas absorption
loss: κg I

Gas emission: 
κg Ig,b

Gas and particle
scattering loss:
(σg,s +σp,s)I

Particle absorption
loss: κp I

Particle emission: 
κp Ip,b

Gas and particle
scattering addition:

Figure 3.4: Schematic illustration of radiative heat transfer. Adapted from [171].

ηij + µik and n the total number of directions. A number of n = 80 has been selected for
this work. i, j and k are unit vectors pointing into the x-, y- and z-directions. ξi, ηi and
µi are the direction cosines. To achieve the number of sets of weights and corresponding
angular ordinates, the solid angle needs to be discretised over a unit sphere. The discretised
formulation of the RTE (Eq. (3.80)) is now given by a set of n equations as

dI(r,s)
ds = κgIb,g +κpIb,p︸ ︷︷ ︸

gas + particle emission

− (κg +κp +σs,g +σs,p)I(r,si)︸ ︷︷ ︸
gas + particle absorption and scattering loss

+ σs,g +σs,p

4π

n∑
j=1

wjI(r, ŝj)β(si, ŝj)︸ ︷︷ ︸
gas + particle scattering addition

. (3.82)

Once the intensities have been determined, the incident radiation can be calculated as

G =
∫

4π
I(r,s)dΩ ≃

n∑
i=1

wiI(r,si). (3.83)

Now, the radiative source term in Eq. (2.8) can be calculated as

Ṡrad = κgG−4πκgIb,g (3.84)

and the Eulerian gas phase radiation temperature in Eq. (3.31) as

θr =
(

G

4σ

)1/4
. (3.85)
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The individual particle emissivity εp needs to be defined as a constant for coal (unburnt
particle e.g. εp,coal = 0.9) and ash (e.g. εp,ash = 0.5). The approach according to Stöllinger
et al. [86] allows the particles to linearly vary their emissivity as a function of the char
burnout b as

εp = εp,coal − (εp,coal − εp,ash)b (3.86)

with
b = (1−YVM,0)mp,0 −mp

(1−YVM,0)mp,0 − (1−YVM,0 −YFC,0)mp,0
. (3.87)

The absorption/emission and scattering contribution of all Np particles in an Eulerian cell
are calculated as

κp =
Np∑
i=1

1
∆3 Ap,iεp,i, (3.88)

σs,p =
Np∑
i=1

1
∆3 Ap,i(1− εp,i) (3.89)

The gas-phase absorption/emission coefficient κg in the equations are calculated by radiation
sub-models. The most common sub-models are the constant, grey mean and weighted-
sum-of-grey-gases (WSGGM). The WSGGM assumes a set of Ng grey gases, which are
independent of the wave numbers. The temperature can vary, but the composition of the
medium is (ideally) uniform. The total gas emissivity in the WSGGM is calculated as

εg =
Ng∑
i=0

di[1− exp(−kiPaL)]. (3.90)

Here, di represents the temperature-dependent weighting factors for grey gas i, ki the ab-
sorption coefficient of grey gas i, Pa the sum of partial pressures of absorbing gases, and L

the path length. Pa can be expressed as Pa = XtP , where Xt = XH2O + XCO2 is the total
molar fraction of the absorbing gases. When normalising the temperature with a specific
reference temperature Tref , the relative error for the calculation of the WSGGM coefficients
can be minimised. Therefore, the weighting factors are based on temperature-independent
non-dimensional polynomial coefficients ci,j as

di =
Nc∑
j=1

ci,j

(
T

Tref

)j−1
, i = 1,2, ...,Ng. (3.91)

Here, the subscript < i > represents the index of the grey gas, whereas < j > indicates the
polynomial coefficients. The weighting factor coefficients ci,j and absorption coefficient ki as
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a function of the molar ratio MR of H2O to CO2 as

MR = XH2O/XCO2 . (3.92)

are given by
ci,j = C1i,j +C2i,jMR +C3i,jMR2, (3.93)

ki = CK1i +CK2iMR +CK3iMR2. (3.94)

The coefficients C1, . . . ,C3 and CK1, . . . ,CK3 can be taken from [172]. The sum of the
weighting factors must be one, therefore a transparent gas (indicated by i = 0) with k0 = 0
is calculated with

di=0 = 1−
Ng∑
i=1

di. (3.95)

The total grey absorption/emission coefficient of the gas-phase for a single radiation trans-
port equation is calculated as

κg = − ln(1− εg)
L

. (3.96)

3.4 Combustion modelling

The following sections introduce two modelling approaches for solving homogeneous chem-
istry. First, the finite-rate chemistry approach is presented, which directly solves the homo-
geneous chemistry, followed by the simplified flamelet model.

3.4.1 Finite rate chemistry (FRC)

The finite rate chemistry (FRC) approach is a fundamental concept in the modelling of re-
acting flows, where the evolution of chemical species is governed by the local reaction rates
for each species, considering the individual mixture composition, temperature and pressure.
The FRC model typically solves the individual species transport equations, where the chem-
ical source terms are evaluated using the finite rate kinetics. The overall reaction mechanism
is represented as a set of elementary reactions in systems involving multiple chemical species
and reactions, see Eq. (2.11). The production or consumption rates of a species are calcu-
lated as the sum of its contributions from all relevant reactions, accounting for both forward
and backward reaction directions. This results in a set of coupled, non-linear ODEs. Due
to the wide range of time scales in combustion systems where fast radical reactions occur
alongside slower thermal decomposition steps, these ODEs are often stiff and require specific
ODE solvers. This FRC modelling approach allows for the simulation of important non-
equilibrium effects such as ignition delays, extinction, and pollutant formation, which are
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not captured by equilibrium-based approaches. Therefore, FRC provides a more realistic
and detailed representation of a reactive system. However, this approach can be very com-
putationally expensive if hundreds of chemical species and thousands of chemical reactions
are involved. In multiphase reactive DNS, the finite-rate chemistry approach is typically
employed. However, the combination with the required high resolution makes it extremely
computationally expensive and often impractical.

3.4.2 Flamelet/progress-variable (FPV)

The flamelet model is based on the fundamental assumption that chemical reactions and the
turbulent flow field can be treated separately. This is often justified by the fact that chemical
reactions are much faster than turbulent mixing times. As a result, a turbulent flame can
be considered a collection of multiple small, laminar flamelets, as illustrated schematically
in Fig. 3.5.

Fuel

Oxidiser Oxidiser

Stoichiometric contour

n

Oxidiser Fuel
Laminar

flame

Figure 3.5: Schematic illustration of the fundamental assumption of the flamelet approach. Adapted from
[112].

This separation allows the chemical processes to be calculated independently from the
fluid dynamics. These laminar flamelets can be precomputed and stored in a table. Each
thermochemical state within this flamelet table can be accessed via specific parameters.
Commonly tabulated quantities include temperature and species mass fractions. During the
actual numerical simulation, only the access parameters need to be solved. The correspond-
ing values (e.g. species mass fractions and temperatures) are then retrieved from the flamelet
table and can be used in the simulation. The advantage over the FRC approach lies in the
reduced number of transport equations that need to be solved. Instead of solving for each
individual chemical species, only a few transport quantities are needed, making the method
computationally efficient even for larger and complex chemical mechanisms. Typical access
parameters include the mean mixture fraction Z (characterises the mean composition of
the mixture), the normalised progress variable Cnorm (indicates the degree of chemical reac-
tion) and the mixture fraction variance Z ′′2 (captures the mixture fraction fluctuations). Z
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and Z ′′2 are statistical values of turbulence and therefore describe the effects of turbulence-
chemistry interactions. The described approach is suitable for single-phase reactive systems
with one fuel stream and one oxidiser stream. However, in configurations involving multiple
fuel streams, such as volatile-containing solid fuels or additional fuel streams, modifications
are necessary to accurately represent the flame dynamics. An example of such a system is
shown in Fig. 3.6.

Fuel particles
+

pilot fuel

Volatile gases Char off-gases

Figure 3.6: Configuration involving multiple fuel streams (volatile-containing particles + pilot fuel).

The various fuel streams include the pilot fuel, volatile gas release and char off-gas release.
To address this issue, the literature [62, 74] recommends to introduce individual mixture
fractions for each fuel stream, namely Zpil for the pilot fuel, Zvol for the volatile gases and
Zcog for the char off-gases. Additionally, the presence of multiple phases (i.e. gas and solid)
requires consideration of heat exchange between the phases to account for differences in
enthalpy level of the flamelet table. As a result, an additional transport equation for total
enthalpy has to be included.

Flamelet generation

The flamelet tables used in this work are generated with pyFLUT, developed by STFS at TU
Darmstadt which is coupled with Cantera [173], an open-source tool designed to solve prob-
lems related to chemical kinetics, thermodynamics and transport processes. Cantera is used
to solve the one-dimensional governing equations for counterflow diffusion flames, including
continuity, radial momentum, energy and species conservation. The 1D flamelet calculations
do not account for radiation, which is, however, included in the CFD simulations. The ap-
plication of one-dimensional flamelets in systems with multiple fuel streams is valid under
the assumption that interactions between these streams are weak and therefore negligible.
In this setup, the mixture fractions Zpil, Zvol, and Zcog represent the contributions of the
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pilot fuel, volatile gases and char off-gases, respectively. To efficiently tabulate the flamelet
data in the presence of multiple fuel streams, the transformation method proposed by [174]
is extended to three mixture fractions, following the approach of [70]. This transformation
gives

Z = Zpil +Zvol +Zcog (3.97)

with the following transport equations

∂(ρZpil)
∂t

+ ∂(ρZpiluj)
∂xj

= ∂

∂xj

(
µ

Sc
∂Zpil
∂xj

)
(3.98)

∂(ρZvol)
∂t

+ ∂(ρZvoluj)
∂xj

= ∂

∂xj

(
µ

Sc
∂Zvol
∂xj

)
+ ṠZvol with ṠZvol = − 1

∆3

Np∑
p=1

dmp,vol
dt

(3.99)

∂(ρZcog)
∂t

+ ∂(ρZcoguj)
∂xj

= ∂

∂xj

(
µ

Sc
∂Zcog
∂xj

)
+ ṠZcog with ṠZcog = − 1

∆3

Np∑
p=1

dmp,het
dt

(3.100)

and the two ratios

A = Zcog
Zvol +Zcog + ϵ

and B = Zvol +Zcog
Zvol +Zcog +Zpil + ϵ

(3.101)

where ϵ is a small positive value to prevent division by zero. These transformed variables
provide flexibility in representing different fuel combinations. Limiting cases for A, B, and
Z are summarised in Table 3.6. To account for heat exchange between the solid and gas

Table 3.6: Limiting values of multiple fuel stream combination in the flamelet tabulation
Values Fuel stream
A = 0 no char conversion
A = 1 no devolatilisation
B = 0 no devolatilisation and no char conversion
B = 1 no pilot stream
Z = 0 no fuel stream
Z > 0 fuel stream available

phases, flamelets at various total enthalpy levels must be generated. These levels are defined
by using a normalised enthalpy

Hnorm = Ht(A,B,Z)−Ht(A,B,Z)min

Ht(A,B,Z)max −Ht(A,B,Z)min . (3.102)

Similarly, the normalised progress variable is defined as

Cnorm = Yc(A,B,Z)−Yc(A,B,Z)min

Yc(A,B,Z)max −Yc(A,B,Z)min . (3.103)
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where Yc is the progress variable. The definition of the progress variable, along with the
corresponding reaction mechanism, is provided in Sec. 5.2. The one-dimensional governing
equations are solved in physical space assuming a unity Lewis number and are subsequently
mapped onto the A-B-Z-Hnorm-Cnorm space. Furthermore, a β-PDF integration is performed
over the mixture fraction space to consider the turbulence-chemistry interaction. The final
parameterisation of the flamelet table in the LES context is

Φ = ℑ(A,B,Z̃, Z̃ ′′2, H̃norm, C̃norm). (3.104)

This results in a six-dimensional flamelet table with dimensions 6×6×101×11×11×101.

3.4.3 Combustion modelling for non-volatile solid fuels

The studies of non-volatile solid fuels in this thesis consider pure air as the gas phase and
iron as the solid phase. As discussed in Sec. 2.4.2, iron primarily undergoes heterogeneous
reactions. Since particle surface evaporation is neglected, there is no need to account for
homogeneous gas phase chemistry, as outlined in Secs. 5.3 and 5.4.
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The theoretical background for reacting multiphase flow systems has been outlined in Chap-
ter 2, and the corresponding modelling approaches have been described in Chapter 3. Due
to the complexity, non-linearity and coupling of the governing equations and the correspond-
ing sub-models, analytical solutions are not feasible, and an iterative numerical approach
is required instead. This chapter describes the numerical methods employed to solve the
equations introduced earlier and explains how they are implemented within the OpenFOAM
framework. The chapter begins with a brief overview of OpenFOAM, followed by an intro-
duction to the FVM, which is the basis of OpenFOAM. Subsequently, the solution algorithm
used within OpenFOAM to manage reacting multiphase flows involving solid fuel particles is
presented. Finally, the numerical treatment of Lagrangian point particles is briefly discussed.

4.1 OpenFOAM

OpenFOAM, which stands for Open source Field Operation And Manipulation, is a versatile
toolbox written in the object-orientated programming language C++ and is developed for a
broad range of CFD applications. OpenFOAM employs the FVM to solve particle differential
equations on unstructured meshes composed of polyhedral cells. OpenFOAM offers a robust
code framework that allows researchers to develop customised solvers by extending and
integrating components based on the existing OpenFOAM suite.

The initial development of OpenFOAM began at Imperial College London in the late
1990s [175,176]. Since then, it has gained widespread adoption in both academia and indus-
try due to the open-source possibilities. This broad user base has contributed significantly to
developing and improving advanced numerical algorithms and libraries. Nowadays, Open-
FOAM is released under the GNU General Public License and is maintained by the three
independent operating organisations of OpenCFD Ltd. (*.com), CFD Direct Ltd. (*.org)
and Wikki Ltd (foam-extend).

For the work presented in this thesis, the cases involving coal and iron were conducted
using the OpenFOAM version by OpenCFD Ltd., a subsidiary of Keysight Technologies -
ESI Group. The results related to biomass were obtained by the version of CFD Direct Ltd.
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4.2 Finite volume method

The partial differential equations outlined in Sec. 2.1 cannot be solved directly by a comput-
ing system. Hence, numerical methods are required to convert these equations into discrete
algebraic forms over finite volumes, where each volume corresponds to a computational cell.
These algebraic equations can then be efficiently solved using numerical algorithms. Com-
mon discretisation techniques include the FDM, FEM and FVM. Among these, FVM has
become widely adopted in CFD. An overview of the FVM solution procedure is provided in
Tab. 4.1. To clarify the FVM, a one-dimensional general transport equation with a source

Table 4.1: Overview of the solution procedure in the FVM.
Step Description
I Discretise the geometric domain into non-overlapping

control volumes
II Transform partial differential equations into linear alge-

braic equations by integrating over each discrete control
volume

III Solve the system of algebraic equations to obtain values
for each control volume

term for an arbitrary scalar variable ϕ is discretised below. The discretisation procedure
follows the approach described in [115,177] and starts with

∂(ρϕ)
∂t

+ ∂(ρϕuj)
∂xj

= ∂

∂xj

(
Γϕ

∂ϕ

∂xj

)
+ Ṡϕ (4.1)

where Γϕ is a diffusion coefficient. First, the domain is divided into discrete control volumes.
In a one-dimensional grid system, specific nodal points are defined. The central node is
labelled as < C >, with its nearest neighbours to the west and east denoted as < W > and
< E >, respectively. Nodes located further away are referred to as < WW > and < EE >.
The cell faces on the west and east sides of node C are labelled as < w > and < e >. The
distances between nodes W and C and between C and E are denoted as δxw and δxe, respec-
tively. Figure 4.1, illustrates the grid layout and naming convention of the one-dimensional
system.

Convection and diffusion term [115]

For a pure convection-diffusion problem without a source term, the discretisation of Eq. (4.1)
starts with an integration over a one-dimensional control volume Vc, resulting in

∫
Vc

∂(ρϕuj)
∂xj

dV =
∫

Vc

∂

∂xj

(
Γϕ

∂ϕ

∂xj

)
dV. (4.2)
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ϕWW
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WW W C E EE

Δxc δxw δxe

xExCxW

Δyc

ϕW ϕC ϕE ϕEE

Figure 4.1: Illustration of a grid layout and notation used in a one-dimensional system. Adapted from [177].

The volume integrals are then converted into surface integrals using the divergence theorem,
yielding ∫

A
n · (ρϕuj)dA =

∫
A

n
(

Γϕ
∂ϕ

∂xj

)
dA (4.3)

where n is the outward-pointing unit normal vector to surface A. Subsequently, the surface
integrals are replaced by a summation of the fluxes over the faces of the control volume

∑
A

n · (ρϕuj)Ai =
∑
A

n
(

Γϕ
∂ϕ

∂xj

)
Ai. (4.4)

Considering the orientation of the surface vectors and assuming constant cross-sectional area
across all control volumes, the equation simplifies to

(ρϕuj)e − (ρϕuj)w =
(

Γϕ
∂ϕ

∂xj

)
e

−
(

Γϕ
∂ϕ

∂xj

)
w

. (4.5)

By defining the convective mass flux per unit area as F = ρu, the diffusion conductance as
D = Γ/δx and applying a central differencing scheme for the linear approximation of ∂ϕ/∂x

(
Γϕ

∂ϕ

∂xj

)
e

= Γe

(
ϕE −ϕC

δxe

)
and

(
Γϕ

∂ϕ

∂xj

)
w

= Γw

(
ϕC −ϕW

δxw

)
(4.6)

the Eq. (4.5) leads to the following form

Feϕe −Fwϕw = De(ϕE −ϕC)−Dw(ϕC −ϕW ). (4.7)

Similar to the diffusion term, a linear approximation can be applied for the cell face values
as

ϕe = ϕC
ϕE −ϕC

(xE −xC)(δxe

2 −xC) and ϕw = ϕW
ϕC −ϕW

(xC −xW )(xC − δxw

2 ). (4.8)
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However, for bounded scalar quantities (e.g. Yk - between 0 and 1), linear interpolation
may produce under- and/or overshoots, resulting in unphysical results and numerical insta-
bilities. To prevent such issues, total variation diminishing (TVD) schemes are commonly
employed, as they ensure an oscillation-free solution and keep the scalar within its physical
bounds. For further details on TVD schemes, the reader is referred to [115, 177]. The dis-
cretisation procedure has to be applied for each control volume, which results in a system of
algebraic equations. This system can then be solved by using a matrix solver to determine
the distribution of the transported variable ϕ in the context of convection and diffusion.

Transient term [177]

To examine the time discretisation, Eq. (4.1) is simplified for clarity as

∂(ρϕ)
∂t

+F(ϕ) = 0 (4.9)

where F(ϕ) represents the collection of all non-transient terms. In the FVM, in order to
evaluate the value at node C, all terms in the equation have to be integrated over the
corresponding control volume as

∫
Vc

∂(ρϕ)
∂t

dV +
∫

Vc

F(ϕ)dV = 0. (4.10)

Following the spatial discretisation step, the equation becomes

∂(ρCϕC)
∂t

VC +F(ϕt
C) = 0. (4.11)

where superscript < t > indicates the term at a reference time. For temporal discretisation,
the equation has to be integrated over a given time interval ∆t

∫ t+∆t/2

t−∆t/2

∂(ρCϕC)
∂t

VCdt+
∫ t+∆t/2

t−∆t/2
F(ϕt

C)dt = 0. (4.12)

By evaluating the integral, assuming that VC remains constant and rearranging the terms,
the expression yields

(ρCϕC)t+∆t/2 − (ρCϕC)t−∆t/2

∆t
VC +F(ϕt

C) = 0. (4.13)

Common approaches for approximating the terms (ρCϕC)t+∆t/2 and (ρCϕC)t−∆t/2 are the
implicit Euler method

(ρCϕC)t+∆t/2 = (ρCϕC)t and (ρCϕC)t−∆t/2 = (ρCϕC)t−∆t (4.14)
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and the explicit Euler method

(ρCϕC)t+∆t/2 = (ρCϕC)t+∆t and (ρCϕC)t−∆t/2 = (ρCϕC)t. (4.15)

Source term [177]

The discretisation of the source term in Eq. (4.1) results in
∫

Vc

SϕdV = S̄ϕ,CVC . (4.16)

In this expression, S̄ϕ,C is the average value of the source term Sϕ across the control volume
VC .

4.3 Solution algorithm in OpenFOAM

All the simulations in this thesis are performed with a transient low-Mach reactive multiphase
solver based on OpenFOAM. The low-Mach approach assumes that the density can vary
with temperature variations but remains independent of pressure. This assumption is valid
when the flow within the computational domain is expected to be at low speeds (Ma ≪
0.3), meaning pressure fluctuations are small and pressure can be considered approximately
constant in the equation of state. As a result, density variations are attributed only to
changes in temperature.

The transient solver used in OpenFOAM employs the PIMPLE pressure-velocity solution
algorithm, which combines the SIMPLE (semi-implicit method for pressure-linked equations)
and PISO (pressure implicit with splitting of operators) algorithm approaches. A detailed
description of these algorithms can be found in [115]. The concept of the PIMPLE algorithm
is to obtain a converged steady-state solution at each time step by performing iterative
corrections using an inner loop (PISO) and an outer loop (SIMPLE) method.

The integrated solver, which combines the low-Mach assumption and the PIMPLE algo-
rithm alongside Lagrangian solid fuel particle modelling, is described in Fig. 4.2.
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Figure 4.2: Flow chart of the low-Mach assumption and PIMPLE algorithm with Lagrangian solid fuel
particle modelling in OpenFOAM.

64



4 Numerical methods in OpenFOAM

4.4 Treatment of Lagrangian point-particles

Due to the assumption of Lagrangian point-particles, a specific treatment is required for their
numerical handling. This includes retrieving reference data from the surrounding gas phase,
estimating the properties of the gas film around the particles and implementing a numerical
scheme to calculate the particle velocity and position, as well as their temperature.

Interpolation of reference data from the surrounding gas phase

The Lagrangian point-particles require information from the surrounding gas phase, such
as temperature, velocity and density, to undergo conversion processes like devolatilisation
and/or heterogeneous surface reactions. Typically, two common assumptions are made for
retrieving this data, which are referred to as cell and cellPoint interpolation schemes (Open-
FOAM interpolation routines).

• cell interpolation scheme
In the cell interpolation scheme, the Lagrangian point-particle retrieves the necessary
information from the cell in which it is located, assuming that the value at the cell
centre is uniformly representative of the entire cell volume.

• cellPoint interpolation scheme
The cellPoint interpolation scheme accounts for the point-particle position within a cell
by applying an inverse distance-weighted interpolation. To begin with, the polyhedral
cell in which the particle resides is subdivided into several tetrahedra. Each tetrahedron
is constructed using the cell centre as one vertex, while the remaining three vertices
correspond to the corresponding cell corners. The specific tetrahedron containing the
particle is then identified. Then, the inverse distance between the particle position xp

and the vertices of the enclosing tetrahedron Pi are computed as

di = 1
|xp −Pi|

and dsum =
4∑

i=1
di (4.17)

with di being the inverse distance from the particle to each tetrahedral vertex. These
distances are then used to calculate weight factors as

wi = di

dsum
. (4.18)

The interpolated value of an arbitrary quantity ϕ at the particle location is then cal-
culated as

ϕref =
4∑

i=1
wiϕi (4.19)
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where ϕi represents the value of ϕ at the corresponding tetrahedral vertices. The
cellPoint interpolation scheme is typically applied for the velocity field, where a con-
tinuous field is important. It is beneficial near boundaries, e.g. walls, where particles
may interact with the wall with a high frequency.

Gas phase film properties

Due to the point-particle assumption, the particles lack a physical surface where gas phase
properties (film properties) can be directly evaluated. Therefore, these film properties have
to be approximated. A common approach is to estimate the film temperature Tf using a
linear combination of the particle temperature Tp and the surrounding gas temperature Tg

as given by the following equation

Tf = Tp +Af (Tg −Tp). (4.20)

where Af is a weighting coefficient. A widely applied method is the one-third rule (Af =
1/3), which is also used in this work. Once the film temperature has been determined, the
remaining gas film properties can be calculated.

Calculation of particle velocity and temperature

The particle velocity and temperature are calculated using Eqs. (3.30) and (3.31), respec-
tively. Both are first-order ODEs in time and can be expressed in the general form for an
arbitrary quantity ϕ as

dϕ

dt
= CA −CB ·ϕ (4.21)

with integration constants CA and CB. For the particle velocity (ϕ = up), the integration
constants are

CB = 1
τp

and CA = CB ·ug +
(

1.0− ρg

ρp

)
g (4.22)

and for the particle temperature (ϕ = Tp)

CB = 1
τcon

and CA = CB ·Tg + εpApσ

mpcp,p
(θ4

r −T 4
p )+ Q̇dry

mpcp,p
+ Q̇vol

mpcp,p
+

Q̇cog/ox
mpcp,p

. (4.23)

This type of ODE can be solved either analytically or using numerical schemes such as the
implicit Euler method:

• Analytical method
The analytical solution to Eq. (4.21) is

ϕ = C1e−CB ·(t+C2) −CA

−CB
(4.24)
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with assuming the integration constants as C1 = C2 = 1. Approximating the change of
∆ϕ over time step ∆t is given by

∆ϕ = ϕt+∆t −ϕt = (CA −CB ·ϕt)1− e−CB ·∆t

CB
(4.25)

• Implicit Euler method
Using the implicit Euler integration scheme, Eq. (4.21) becomes

ϕt+∆t −ϕt

∆t
= CA −CB ·ϕt+∆t. (4.26)

Solving the change over the time step yields

∆ϕ = ϕt+∆t −ϕt = (CA −CB ·ϕt) ∆t

1+CB ·∆t
. (4.27)

Both approaches can be used to compute the particle velocity and temperature, with the
choice only based on the stability of the numerical solution. The studies in Chapter 5 apply
the analytical method for particle temperature and the implicit Euler method for particle
velocity.

The previous Chapters and Sections have provided the necessary background for under-
standing the solid fuel particle conversion processes. The following Chapter will build on
this knowledge and apply the introduced concepts.
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The theoretical background on multiphase reactive flows with solid fuels has been presented
in Chapter 2, followed by the modelling details in Chapter 3 and its integration into the
numerical framework of OpenFOAM in Chapter 4. With this background the required
modelling tools are now available and can be applied to study the complex flow-chemistry-
particle interaction problems between solid fuel particles and a surrounding oxidising gas
atmosphere. Sections 2.4 and 3.2 have outlined the different classifications of solid particles
and the physical processes that they can undergo. On the basis of this classification, a set
of modelling approaches has been employed to address the research objectives stated at the
beginning of this thesis, repeated here for completeness:

1. Determining the applicability range of Euler-Lagrange approaches for volatile-containing
solid fuel particles in laminar flow.

2. Accurate LES modelling of the complex turbulence-chemistry-particle interaction phe-
nomena occurring in the combustion of volatile-containing solid fuels.

3. Extending the modelling framework to study the ignition and combustion of innovative
non-volatile solid fuels (metals) in the CP-DNS context.

These research objectives are addressed by four peer-reviewed research papers associated
with this thesis as outlined below. The Euler-Lagrange approach is a robust and widely
used method for numerical modelling of multiphase flows with dispersed particles. The fun-
damental assumption of the Euler-Lagrange method is that the particles are treated as point
masses, which should be much smaller than the numerical grid size. The first objective of
this work is addressed in the first paper, Luu et al., Fuel 368:31600, 2024 [178], where the
range of applicability of the standard Euler-Lagrange approach is investigated for a renew-
able solid fuel e.g. biomass. The study quantifies the validity of the standard Euler-Lagrange
approach and explores coarse-graining methods by comparing single particle Euler-Lagrange
data to corresponding simulations that fully resolve the particle boundary layer in a hot,
quiescent, and inert gas environment. After taking into account the scope of validity of
the standard Euler-Lagrange approach, a significantly more complex case with turbulence-
chemistry-particle interactions is studied in Luu et al., Proc. Combust. Inst. 39:3249-3258,
2023 [179] to fulfil the second objective. This second paper examines a laboratory-scale
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gas-assisted turbulent swirling coal flame. The turbulence-chemistry-particle interactions
are captured with a multiphase flamelet/progress variable approach in the context of LES.
A pre-calculated six-dimensional flamelet table stores a wide range of chemical states and
the values are retrieved during the simulation. The good qualitative and quantitative agree-
ment between simulation results and experimental datasets confirms the accuracy of the
modelling approach. Additionally, the work provides valuable insight into the contributions
of various fuel streams and identifies the dominant regions where they occur within the
burner. The third paper, Luu et al., Flow Turb. Combust. 112:1083-1103, 2024 [180],
extends the Euler-Lagrange approach for volatile-containing solid fuels to the oxidation of
non-volatile iron particles and provides a first-of-its-kind study of monodisperse iron particle
cloud ignition and combustion in shear-driven turbulence. The studies were carried out in
the context of CP-DNS. While it resolves all turbulence and flame scales, it uses sub-models
for momentum, heat, and mass transfer across the boundary layers between the bulk gas
phase and the Lagrangian point particles. The study provides an initial understanding of
the interaction between turbulence and the combustion of iron particle clouds. Particle be-
haviour throughout the entire process is observed, revealing several phenomena that differ
from the general trends seen with volatile-containing solid fuels. The characterisation of
the differences between the ignition and combustion of monodisperse and polydisperse iron
particle clouds is presented in the fourth paper, Luu et al., Proc. Combust. Inst. 40:105297,
2024 [181]. Here, a realistic experimental particle size distribution (PSD) is applied based on
the monodisperse case from [180]. To gain a better understanding of the ignition behaviour
for typical particle sizes, the particle ensemble in the PSD case is divided into several particle
size classes. Further investigations indicate that the particle size has a crucial effect on the
mixing process and ignition time.

The remainder of this chapter is structured chronologically such that the first publication
addresses the first research objective, the second publication addresses the second objective
and the third and fourth publications the third objective. Each publication is introduced
with a brief summary.
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5.1 Single particle conversion of woody biomass using
fully-resolved and Euler–Lagrange coarse-graining
approaches

Research highlights

The primary target of the first paper, Luu et al., Fuel 368:31600, 2024 [178], is to ad-
dress the first research objective. For this purpose, pulverised woody biomass was selected
as the solid particle type, as it has a typical diameter in the micrometre to millimetre range
after pulverisation and therefore might violate the fundamental point-particle assumption
of the Euler-Lagrange (EL) method. A thermally thick layer-based sub-model proposed
by Thunman et al. [151] and Ström et al. [158] has been integrated into a fully-resolved
(FR) and EL simulation framework to model woody biomass conversion. The particles are
divided into four layers, where the physical processes of drying, devolatilisation and char
conversion occur. The FR simulation approach [19, 20, 24, 26] resolves the mass and heat
transfer across the particle boundary layer, including all relevant gradients on the numer-
ical grid. The FR approach is validated against experimental mass loss measurements at
different temperatures from a drop tube reactor in an inert gas atmosphere conducted by
Tolvanen et al. [149, 150]. The comparison is shown in Fig. 5.1 (left), where the temporal
evolution and the final mass release from the FR simulation show a good agreement with
the experimental data. The FR and EL simulation approaches are fundamentally different.

Figure 5.1: Left: Comparison of the dry/ash-free mass loss vs. time t from biomass particles at different
temperatures between FR simulations (solid line) and experiments (square, triangle and plus) in a
drop tube reactor. Right: Comparison methodology between FR and EL simulation approaches.

Thus, a detailed comparison methodology to compare both results is proposed and applied.
The nominal heat transfer coefficient is evaluated from the FR simulation (hF R) and replaces
the modelled heat transfer coefficient (hEL) in the EL boundary layer heat balance equation,
as illustrated in Fig. 5.1 (right). With the heat flux provided by the FR simulation, the
only remaining free parameter in the EL simulation is the local gas cell temperature, where
the point-particle is located. The local gas cell temperature highly depends on the grid res-
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olution, which quantifies grid dependence and determines the applicability range of the EL
approach. The evaluation is conducted separately for pure heating and combined processes
(i.e. heating, drying and devolatilisation) of a single biomass particle in a hot, quiescent,
inert gas environment. Fig. 5.2 shows the time evolution of the particle surface temperature

Figure 5.2: Comparison of particle surface temperature Ts over time from the FR (solid line) and standard
EL, with varying numerical grid sizes, (dashed lines) simulation approaches. Right: Particle
heating, drying and devolatilisation.

for the FR approach (red solid line). The dashed lines show the predicted particle surface
temperature for the standard EL approach with varying numerical grid sizes. Decreasing
the grid size results in increasingly larger deviations between the EL and FR temperature
profiles. The cell volume intersects with the particle boundary layer for small grid sizes,
causing the cell temperature to no longer represent the gas temperature at infinity, which is
essential in the fundamental EL assumption. From the findings in Fig. 5.2, a numerical grid
size to particle diameter ratio of ∆x/dp ≥ 10 is acceptable, whereas coarse-graining (CG)
methods should be applied for smaller ratios. Fig. 5.3 illustrates the CG methods, namely
the moving average method (MAM) and the diffusion based method (DBM) in dashed lines
applied to the standard EL approach with ∆x/dp = 0.5 (grey solid line). Using the two CG

Figure 5.3: Pure particle heating: Comparison of particle surface temperature Ts vs. time from the FR (solid
line), standard EL with ∆x/dp = 0.5 (grey solid line) and CG methods applied on standard EL
with ∆x/dp = 0.5 (dashed lines). Left: Moving average method (MAM). Right: Diffusion based
method (DBM).

methods allows for recovering the FR results, even when particle sizes are significantly larger
than the grid size.
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Abstract

The conversion of woody biomass is studied by means of a layer-based model for thermally-
thick biomass particles (Thunman et al. 2002, Ström et al. 2013). The model implemen-
tation is successfully validated against experiments that study particle conversion in a drop
tube reactor. After this validation step, this work focuses on the well-known problem of grid
dependence of two-phase numerical simulations using the standard Euler-Lagrange (EL)
framework. This issue is addressed and quantified by comparing EL data that models the
particle boundary layers to corresponding simulations which fully resolve these boundary
layers (fully-resolved, FR, simulations). A comparison methodology for the conceptually
different FR and EL approaches by extracting the heat transfer coefficient from the detailed
FR simulations is proposed and confirms that the EL results are strongly grid-dependent.
This issue is overcome by applying a set of coarse-graining methods for the EL framework.
Two coarse-graining methods are evaluated, a previously suggested diffusion-based method
(DBM) and a new approach based on moving averages referred to as MAM. It is shown
that both DBM and MAM can successfully recover the detailed FR data for pure particle
heating for a case where the grid size is half the particle diameter, i.e. when the standard
EL method fails. Both coarse-graining methods also give improved results for an EL sim-
ulation that considers the more complex combined physics of particle heating, drying and
devolatilisation, given that the CG model parameters that scale the corresponding CG inter-
action volumes are sufficiently large. Based on the available FR data, recommended model
parameter ranges for DBM and MAM are provided as a function of normalised boundary
layer thickness. The novel MAM approach is shown to be significantly more efficient than
the DBM and therefore suitable for future EL simulations with multiple particles.

5.1.1 Introduction

The global energy demand is expected to increase in the next few decades as a result of
the rising world population and economic growth. Fossil fuels are the most dominant global
energy source, but the need for alternative sources increases due to the limited resources and
negative environmental impact of fossil hydrocarbons, particularly coal. Solid biomass [182]
is considered as a promising renewable alternative to coal due to the possibility of retrofitting
existing coal-fired power plants. This offers the opportunity of making use of existing supply
chains, infrastructure and proven power generation technology, while simultaneously reduc-
ing emissions by pure or co-firing of biomass [13,183–185], in particular of torrefied biomass,
due to similarities between the combustion of the latter and the one of coal [186]. However,
transitioning from coal to biomass raises substantial challenges, such as fuel preparation,
combustion stability and corrosive pollutants.
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In the context of computational modelling, major challenges are the limited model fidelity
of thermophysical sub-models specific to biomass and the relatively large diameter dp of
biomass particles in pulverised fuel applications, let alone fluidized or fixed beds. Sub-models
for coal particle conversion have shown good results in predicting experimental evidence in
the past [63, 66, 86, 179, 187–189] and can be considered as established for solid fuel particle
conversion. A first attempt to develop thermophysical sub-models for biomass was to adapt
reliable coal sub-models to biomass [40,69,190–194]. Typical predictions show reasonable re-
sults for small particle diameters but a mismatch between simulations and experiments occurs
for larger particle diameters [195]. A major reason for these discrepancies is attributed to the
fact that pulverised coal particle diameters are typically of (small) micrometre size, which
satisfies the thermally-thin particle assumption, i.e. uniform intra-particle temperatures,
that is invoked for most models. Conversely, typical pulverised biomass particle diameters
are of (large) micrometre to millimetre size, which results in non-negligible intra-particle tem-
perature gradients, i.e. thermally-thick particles, during the conversion process [196, 197].
To overcome this issue, several researchers have developed one-dimensional thermophysical
sub-models specifically for thermally-thick biomass particles. Those sub-models can gener-
ally be classified into two types [198], namely interface-based models [151,158,199–204] and
mesh-based models [205–208]. The mesh-based models solve the spatially discretised conser-
vation equations on mesh points along the radius of the particle, which requires intra-particle
discretisation that becomes costly for large particle ensembles. The underlying concept of
interface-based models is to divide the particle into a set of layers, with different particle
conversion processes like heating, drying, devolatilisation and char conversion occurring at
the interface between two neighbouring layers. Since such interface-based sub-models are
relatively easy to implement, have lower computational cost and ensure a higher model fi-
delity compared with simpler approaches, a layer-based particle conversion sub-model for
woody biomass [151,158] is used in the present work.

In the CFD modelling of multiphase gas-solid systems, the interaction between the gas
phase and the solid particles needs to be specified as illustrated in Fig. 5.4. Various coupling

Figure 5.4: Coupling between gas and solid phase in two-phase (EL) simulations.
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methods exist, but the most detailed approach to describe gas-solid interactions is the fully-
resolved (FR) particle method [18–21]. In FR simulations, the governing equations (for total
mass, momentum, energy and species) are solved in the Eulerian framework and all relevant
gradients are resolved on the computational grid, including the particle boundary layers.
In the FR approach the exchange of momentum, mass and heat between gas and solid is
considered through a set of boundary conditions at the interface between both phases, while
-different from Fig. 5.4- the governing equations do not contain any two-phase source terms.
While this approach is highly accurate, it is associated with very high computational costs
and therefore restricted to single particles and small particle groups [26–28]. Conversely, the
two-way coupled Euler-Lagrange (EL) approach provides a good trade-off between accuracy
and computational cost for dilute two-phase flows. In the EL approach, the bulk gas phase
outside the particle boundary layers is treated as a continuum and solved analogously to the
FR approach. However, the particle boundary layers are modelled and the solid particles
are treated as dispersed point-particles in the Lagrangian framework. To model the crucial
exchange processes across the particle boundary layers the point-particles need to retrieve
information on the mass, momentum, energy and composition of the surrounding gas phase.
This information is typically obtained from the local Eulerian cell (∆) in which the particles
reside. The reverse coupling from the particles to the gas phase is realised through a set of
source terms in the Eulerian governing equations, cf. Fig. 5.4. However, for a reliable EL
method contradictory requirements arise if small Eulerian cells are required to resolve the
relevant gas phase physics (e.g. small turbulent vortices), while large Lagrangian particles
are present. A typical assumption of the EL method is that the particle diameters are much
smaller than the Eulerian grid size, i.e. dp/∆ ≪ 1. For flows laden with small evaporating
fuel droplets detailed indicators for the EL resolution requirements exist [144], but due to
the larger size of biomass particles and the inherent differences between droplet evaporation
and solid particle conversion these recommendations are not directly applicable to biomass.
For biomass, the ratio dp/∆ is typically of order one or even larger, which invalidates the
standard EL approach. In this situation, exaggerated coupling effects between gas and solid
phase can occur, leading to unphysical results and simulation instabilities [102,103]. To solve
this issue, coarse-graining (CG) methods have been developed, see e.g. [37,104–110]. Sun et
al. [105] briefly summarise the existing CG methods, referred to as particle centroid method,
divided particle volume method, statistical kernel method and two-grid method. All these
methods follow a different approach but have the same aim: The distribution of the particle
source terms to more cells than just the local Eulerian cell and the consideration of a fluid
volume larger than the local cell to obtain far-field gas phase information (e.g. temperature)
to trigger the particle processes (e.g. pyrolysis). Zhang et al. [107] have demonstrated
that the interplay between the Eulerian and the Langrangian framework strongly influences
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the prediction of solid fuel particle conversion due to the non-linear coupling processes.
However, studies of EL approaches coupled to CG methods (EL-CG) in the past have shown
that dependencies of grid size vs. particle diameter are present, but in most CG methods an
unknown free parameter is required, which needs further investigation and quantification.

In the present study, we consider the conversion of single woody biomass particles using
a layer-based particle conversion sub-model with two complementary modelling approaches
for gas-solid coupling. At first, a FR laminar flow simulation is validated against experimen-
tal data to obtain well-resolved comparison data for the evaluation of the EL framework.
Subsequently, the FR data is compared to the results from the standard EL method and a
set of EL-CG approaches. The objectives of the present study are to

• validate the thermally-thick layer-based biomass sub-model for particle conversion
against recent experiments,

• propose a methodology to meaningfully compare FR and EL approaches,

• propose a simple and flexible CG method for enhanced EL-CG simulations,

• compare the high-fidelity FR data with data from the standard (grid dependent) and
coarse-graining (grid independent) EL approaches.

The remainder of the paper first introduces the modelling approach in Sec. 5.1.2, followed
by experimental validation in Sec. 5.1.3 and the description of the computational setup in
Sec. 5.1.4. Results are shown and discussed in Sec. 5.1.5, and the major conclusions are
drawn in Sec. 5.1.6.

5.1.2 Modelling

5.1.2.1 Gas phase

In the present section the governing equations of the gas phase are written in a general format
including two-phase exchange terms. In the FR approach these source terms are set to zero
and replaced by boundary conditions, while they are non-zero for EL simulations, as will be
described later. The transport equations for total mass, momentum, sensible enthalpy and
chemical species in the gas phase read

∂ρ

∂t
+ ∂

∂xi
(ρui) = Ṡρ,p, (5.1)

∂ρui

∂t
+ ∂

∂xj
(ρuiuj) = − ∂p

∂xi
+ ∂

∂xj

(
µ

[
∂uj

∂xi
+ ∂ui

∂xj
− 2

3
∂um

∂xm
δij

])
+ Ṡu,p, (5.2)

∂ρhs

∂t
+ ∂

∂xi
(ρuihs) = ∂

∂xi

(
µ

Pr
∂hs

∂xi

)
+ ω̇hs + Ṡhs,p, (5.3)
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∂ρYk

∂t
+ ∂

∂xi
(ρuiYk) = ∂

∂xi

(
µ

Sc
∂Yk

∂xi

)
+ ω̇k + Ṡk,p, (5.4)

with subscripts <i, j> indicating the coordinate directions, subscript <p> particle proper-
ties, ρ is the density, u is the velocity, hs is the sensible enthalpy, ωhs is the energy release
from homogeneous chemical reactions, Yk and ωk are the mass fraction and homogeneous
chemical reaction rates of chemical species k and t denotes time. The spatial coordinate is
expressed by x, µ is the dynamic viscosity, δ is the Kronecker delta and Pr = Sc = 0.7 are
the non-dimensional Prandtl and Schmidt numbers.

5.1.2.2 Solid phase

The thermally-thick spherical particles are described with the layer-based model originally
proposed by Thunman et al. [151] and further developed by Ström et al. [158]. The particles
are divided into four layers, namely moist/wet wood (1), dry wood (2), char (3) and ash (4),
see Fig. 5.5. The intra-particle temperature gradient is estimated assuming that each inner

Figure 5.5: Schematic of layer-based woody biomass particle sub-model [151,158].

layer (subscript <l>) has its own set of mass and temperature and each inner boundary
(subscript <b>) has its own individual temperature. At these boundaries, the physical
conversion processes of drying, devolatilisation and char conversion take place. The outer
boundary represents the particle surface (Ts = Tb,4). All temperatures are calculated through
a heat balance inside the particle, the outer surface temperature of which is additionally
affected by the gas phase. The volume and surface areas for each layer are predicted from
the mass balance, e.g. the progress of devolatilisation. The evaluation of the heat and mass
balance can be simplified to a one-dimensional problem along the radial direction of the
particle. The set of governing equations for all layers is given as

dmp

dt
=

Nl=4∑
i=1

dml,i

dt
(5.5)
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dTp

dt
= 1

mpcp,p
(−∇· q +Sl +∆Q) (5.6)

where i is the i-th layer, −∇ · q is the conductive heat transfer term, ∆Q is the heat of
conversion on the boundaries and Sl is the heat source/sink term due to released gas within
different layers (e.g. water vapor or volatiles). Equation (5.6) may take different forms
depending on the location of its evaluation [107]. For layers, −∇· q is calculated as

−∇· q = kl,iAb,i
dT

dr

∣∣∣∣∣
(b,i),(l,i)

−kl,iAb,i−1
dT

dr

∣∣∣∣∣
(b,i−1),(l,i)

(5.7)

and for boundaries it is expressed as

−∇· q = kl,i+1Ab,i
dT

dr

∣∣∣∣∣
(b,i),(l,i+1)

−kl,iAb,i
dT

dr

∣∣∣∣∣
(b,i),(l,i)

. (5.8)

Here, kl is the layer heat conductivity, Ab = 4πr2
b is the boundary surface area with radius

r. The temperature gradient along the radius is approximated for spherical particle as [158]

dT

dr

∣∣∣∣∣
m,n

≈ Tm −Tn

rm

(
rm
rn

−1
) . (5.9)

Equations (5.7) and (5.8) describe the intra-particle heat balance between layers and bound-
aries. The interphase mass and heat balance between the solid phase and the gas are
discussed later in Sec. 5.1.2.3.

A shrinkage model following [151] is applied to consider the volume change in each layer
due to mass conversion as

∆Vl,i = ∆ml,i−1
ρi−1

ηi −
∆ml,i

ρi
(5.10)

where ∆ml,i is the change of mass in each layer and ηi is the shrinkage factor.

A drying model [209] is applied at boundary 1, between layers 1 and 2. The rate of drying is
calculated from the heat flux to this boundary. The temperature of the drying front is limited
by the boiling temperature of water at atmospheric pressure. A two-stage devolatilisation
model is employed to model wood pyrolysis [160], which takes place at boundary 2 and is
considered to be heat-neutral (∆Q = 0) [197]. One-step or two-step competing rates models
commonly describe the devolatilisation process for solid fuels. The one-step model assumes a
fixed char-to-volatile yield ratio, which only applies to systems with a single heating rate. The
two-competing rates model overcomes this limitation and allows for varying char and volatile
yields under different heating conditions. Both models neglect the details of the physical
process of biomass degradation. However, as shown for example in [210], the leading order
effects in the conversion of woody biomass can reliably be described by a two-stage model.
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In the primary stage, dry wood is decomposed into the three fractions light gas, tar and char
via three competing release steps. In the secondary stage, tar further decomposes into light
gas and char. Tar is treated as a gaseous species. The Arrhenius reaction rate coefficients
of the devolatilisation model are listed in Tab. 5.1. The selected rates are validated against
experiments on woody biomass conversion in Sec. 5.1.3. Char burn-out is neglected in the
present work.

Table 5.1: Arrhenius coefficients for the two-stage devolatilisation process.
No. Reaction description A in 1/s E in kJ/mol Ref.
1 Dry wood → Light gas 1.30 × 108 140 [211]
2 Dry wood → Tar 2.00 × 108 133 [211]
3 Dry wood → Char 7.40 × 105 106.5 [212]
4 Tar → Light gas 4.28 × 106 107.5 [213]
5 Tar → Char 1.00 × 105 107.5 [160]

5.1.2.3 Gas/solid interphase

The interphase mass and heat balance differ depending on whether the FR or EL framework
is employed.

5.1.2.3.1 Gas/solid interphase for FR simulations

When employing the FR approach the particle conversion processes are treated as boundary
conditions for the gas phase and, therefore the interphase source terms in Eqs. (5.1) - (5.4)
are set to zero [19]:

Ṡρ,p = Ṡu,p = Ṡhs,p = Ṡk,p = 0. (5.11)

At the particle surface (subscript <s>) two conditions need to be fulfilled for every surface
cell layer in order to obtain consistent particle surface temperatures. These are for the
temperature value itself

Ts = Tg,s = Tb,4 (5.12)

and for the temperature gradient

kg
Tg −Ts

rg

(
rg

rs
−1

) = kl,4
Ts −Tl,4

rs

(
rs

rl,4
−1

) . (5.13)

Here, subscript <g> denotes gas phase properties at particle position.
From Eqs. (5.12) and (5.13), the mean surface temperature (T b,4) averaged over the

fully-resolved particle surface is calculated and serves as an input value for the intra-particle
temperature change in Eqs. (5.7) and (5.8). The mass released by drying and devolatilisation
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is imposed uniformly and normal to the particle surface direction with a Robin boundary
condition [142] as

dmp,k

dt
=
∑
k

(
Yk

dmp,k

dt

)
−ρg,sAsDg,s

∂Yk

∂n
(5.14)

where As = Ab,4 is the surface area of the particle and Dg,s is the gas diffusivity at particle
surface.

5.1.2.3.2 Gas/solid interphase for EL simulations

When conducting EL simulations, the particle boundary layers are not resolved, hence, cor-
relation models for mass and heat transfer are required. The source terms Ṡρ,p, Ṡu,p, Ṡhs,p and
Ṡk,p on the RHS of Eqs. (5.1)-(5.4) denote the gas/solid coupling terms and are calculated
for a single particle as

Ṡρ,p = − 1
Vc

dmp

dt
, (5.15)

Ṡu,p = − 1
Vc

d(mpup)
dt

, (5.16)

Ṡhs,p = − 1
Vc

(
mpcp,p

τcon
(Tg −Tp)

)
, (5.17)

Ṡk,p = Ymoist
1
Vc

dmp,drying
dt

+Yk,vol
1
Vc

dmp,devol
dt

(5.18)

where Vc is the volume of the local computational cell, mp is the particle mass, cp,p is the
particle specific heat capacity, T is the temperature and τcon is the convective heat transfer
time scale. Ymoist is the mass fraction of moisture (i.e. = H2O) content in the particle, Yk,vol

is the mass fraction of species k in the volatile composition, mp,drying is the mass release of
moisture and mp,devol is the mass release of volatile content in the particle. The convective
heat transfer time scale follows Ranz-Marshall [141]

τcon = 1
6

Pr
Nu

cp,p

cp,f

ρpd2
p

µf
(5.19)

with
Nu = 2+0.6Re1/2

p Pr1/3 (5.20)

Here, µ is the dynamic viscosity and Nu is the non-dimensional Nusselt number. Subscript
<f> denotes gas properties at film temperature evaluated with the 1/3-law as

Tf = Ts + 1
3(Tg −Ts). (5.21)
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The boundary layer heat balance affecting the particle surface is given as

hEL(Tg −Ts) = kl,4
Ts −Tl,4

rs

(
rs

rl,4
−1

) (5.22)

with the Euler-Lagrange heat transfer coefficient defined as

hEL = Nukf

dp
. (5.23)

5.1.2.4 Biomass properties

The biomass employed in this work is torrefied wood, used in the experimental investigations
by Tolvanen et al. [149, 150]. The proximate and ultimate analyses are given in Tab. 5.2.
Following [107], the released light gases have a presumed composition as listed in Tab. 5.3.

Table 5.2: Proximate and ultimate analyses for torrefied wood [149,150].
Ultimate (dry wt %) Proximate (dry wt %)
S < 0.02 Ash 0.2
C 53.2 Volatile matter 81.9
H 6 Fixed carbon 19.9
N < 0.2 Moisture < 0.1 wt %
O 40.38
GHV 21.07 MJ/kg
LHV 19.77 MJ/kg

Tar is represented by C6H8O with thermophysical properties taken from benzene [151]. The
thermal properties for each solid layer are shown in Tab. 5.4.

Table 5.3: Presumed light gas composition [107].
Species k H2 CO CO2 H2O CH4
Yk 0.100 0.363 0.192 0.228 0.117

5.1.2.5 Coarse-graining methods

As previously outlined in Sec. 5.1.1 EL methods, where the gas phase governing equations
(5.1)-(5.4) contain interphase exchange terms, are in need of coarse-graining schemes for
situations where the particle diameter is of the order of the Eulerian grid size or larger.
For such cases, a CG method must be employed to distribute the particle source terms to
more cells than the local Eulerian cell and to interrogate a fluid volume larger than the
local cell for far-field gas data. The vast majority of CG approaches is based on four basic
methods, namely the particle centroid method (PCM), divided particle method (DPM), two-
grid method (TGM) and statistical kernel method (SKM). The original SKM is a method
that applies statistical kernel/weight functions to map input data to an alternative space.
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Table 5.4: Thermophysical properties of the solid layers: Initial density ρ, thermal conductivity k, specific
heat capacity cp and shrinkage factor η.

Layer Value Ref.
Initial solid density in kg/m3

Wet wood ρ1,init = 931.069 (assume Ymoist = 0.001 with cp,moist = 1000 J/(kg K))
Dry wood ρ2,init = 931 [149]
Char ρ3,init = 700 [152]
Ash ρ4,init = 2000 [152]
Solid thermal conductivity in W/(m K)
Wet wood k1 = ρ2

1000 · (0.1941+0.4064 ·Ymoist)+0.01864 [153]
Dry wood k2 = 0.00249+0.000145 ·ρ1 +0.000184 · (Tl,2 −273.15) [154]
Char k3 = 1.47+0.0011 ·Tl,3 [155]
Ash k4 = 1.03 [152]
Solid specific heat capacity in J/(kg K)
Wet wood cp,1 = cp,2 · (1−Ymoist ·100)+418550 ·Ymoist +α [153]

α = 1000 · (0.02355 ·Tl,1 − 1.32Ymoist·100
1−Ymoist·100 −6.191) · Ymoist·100

1−Ymoist·100
Dry wood cp,2 = 2300−1150 · exp(−0.0055 · (Tl,2 −273.15)) [156]
Char cp,3 = 1430+0.355 ·Tl,3 −7.3210 ·107 ·T 2

l,3 [157]
Ash cp,4 = 754+0.586 · (Tl,4 −273.15) [152]
Shrinkage factor
Wet wood η1 = 0.1 [151]
Dry wood η2 = 0.39 [151]
Char η3 = 0.95 [151]

Due to their flexibility and simplicity of implementation we only focus on the PCM and
variants of the SKM in the present work, since these methods can be applied to the most
general case of unstructured grids, moving particles and parallel computing with relative
ease.

5.1.2.5.1 Particle centroid method (PCM, i.e. standard EL)

The most common and widely used method is the PCM, or standard EL approach. In the
PCM, two-phase coupling is restricted to the grid cell, where the particle centroid is located,
see Fig. 5.6 (left). All gas phase properties (Φgas) are retrieved from this local Eulerian

Figure 5.6: Visualisation of the CG methods employed in the present work, PCM (left), DBM (middle) and
MAM (right).

cell and the source terms (Ssource) are assigned to the same cell. For ratios of dp/∆ ≪ 1,
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when using reliable closures for the momentum, heat and mass transfer across the particle
boundary layers, the PCM works well. However, for cases where the ratio dp/∆ is close to
unity or larger the error becomes unacceptable and causes unphysical behaviour, which may
also lead to numerical instability.

5.1.2.5.2 Diffusion based method (DBM)

To overcome the limitations of the PCM, the diffusion based method (DBM) can be em-
ployed, see Fig. 5.6 (middle). The DBM belongs to the previously mentioned class of SKM,
as it is based on the concept of a statistical kernel function to retrieve the reference gas
field and to distribute the source terms. However, the DBM does not use an explicit kernel
function, but solves a diffusion equation instead, which is equivalent to applying a kernel
function [105]. Before the particle retrieves the far-field information from the gas phase, the
unsteady diffusion equation

∂Φgas
∂τ

= ∇2Φgas (5.24)

is solved to obtain the reference gas phase properties Φgas. Conversely, to distribute the
two-phase source terms to a larger volume, these source terms are first calculated and then
diffused to the neighbouring cells according to the unsteady diffusion equation

∂Ssource
∂τ

= ∇2Ssource. (5.25)

The diffusion equation is solved for a time period 0 ≤ τ ≤ T which is equivalent to a Gaussian
kernel function with bandwidth b =

√
4T = σ

√
2.

5.1.2.5.3 Moving average method (MAM)

In the present work, we propose a simple and flexible alternative CG approach, referred
to as moving average method (MAM). Similar to the DBM from Sec. 5.1.2.5.2, the MAM
approach can be considered as a variant of the SKM, employing a uniform kernel function,
which is equivalent to applying the number average method. The MAM uses an averaging
operation for retrieving Φgas for the particle and for applying Ssource to the gas phase, see
Fig 5.6 (right). For the averaging operation, various geometrical shapes can be considered.
In the present work, we choose a cubic distribution volume with edge length ∆xMAM . In
the first step of MAM, the particle position is tracked and taken to be the centroid of the
cubic distribution volume. Subsequently the gas phase properties are averaged according to

Φgas = 1
Ncells

Ncells∑
n=1

Φn, (5.26)
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with the gas phase properties Φn of each Eulerian cell inside the cubic volume and the total
number of cells within the cube Ncells. Conversely, the source terms from the underlying
Eulerian grid are first summed up to a total source term for the entire cube Ssource and then
equally distributed to all cells within the cube

Sn = Ssource
Ncells

, (5.27)

where Sn is the source term for each Eulerian cell within the cube. In a general EL-CG
framework where particles are transported by a carrier flow, the location of the each moving
particle (i.e. the centroid of the averaging volume) can be updated at every time step such
that the averaging volume moves along with the particle, hence the term moving average
method. Finally, we remark that the functionality and performance of MAM is independent
of any given mesh structure. The novel MAM approach constructs a look-up table of each
cell’s neighbours at the start of the simulation that remains unchanged and is efficiently read
over the course of the simulation, to define the averaging volumes for MAM.

5.1.3 Validation

As a crucial validation of our numerical methodology, we compare our most accurate -and
computationally expensive- modelling approach for conversion of the woody biomass con-
sidered in this work to experimental data. The modelling approach with the highest fidelity
(and cost) is achieved by combining the layer-based biomass model for intra-particle conver-
sion from Sec. 5.1.2.2 with the FR closures to accurately describe the boundary layer and
far-field gas phase processes outlined in Sec. 5.1.2.3.1. The experimental data used for vali-
dation are the measurements conducted by Tolvanen et al. using a drop tube reactor (DTR)
at different temperatures with solid fuel particles in an inert atmosphere (N2) [149, 150].
The experimental campaign aimed to investigate the pyrolysis behaviour of coal, peat and
various types of woody biomass, while we focus on the woody biomass data only. The exper-
imental configuration comprises of a particle-feeding silo, a water-cooled movable injector,
a steel tube with heating elements and a particle-collecting system. From the experiments
it is known that the biomass particles are non-spherical and highly elongated. However,
the experimentalists also showed that a simplified model, based on a spherical equivalent
diameter, is able to capture the rate of mass loss [150]. Therefore, the experimentally de-
termined spherical equivalent diameter is used in this work to set up a fully spherical FR
case for comparison with the experiments (see Fig. 5.8 in Sec. 5.1.4 for more details on the
computational configuration).

Figure 5.7 shows the dry/ash-free mass loss of a torrefied biomass particle with dp = 160 µm
over time at different gas temperatures inside the DTF. The initial and boundary conditions
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Figure 5.7: Comparison of the dry/ash-free mass loss vs. time t from biomass particles with an equivalent
diameter dp = 160 µm at different temperatures between FR simulations (solid line) and experi-
ments [149,150] (square, triangle and plus) in a drop tube reactor.

have been extracted from previous experiments [149, 150, 214]. The biomass particle needs
t ≈ 0.1 s to heat up for the two high gas temperature cases (Tg = 1123/1173 K) before starting
its pyrolysis process. The conversion process takes ≈ 0.15 s until reaching the final state
with only char and ash remaining in the particle. Due to the inert gas atmosphere, char
conversion processes are suppressed, which explains that the mass loss does not reach a
final value of one. However, a higher final volatile yield than the proximate analysis is due
to the low heating rates in the chemical kinetic studies [149]. The comparison of the FR
predictions with the experimental data shows an excellent agreement both of the temporal
evolution and the final mass release for the two high temperature cases. At lower gas
temperatures (Tg = 973 K), the FR simulation predicts the conversion process to start slightly
later and the whole process takes around 0.5 s, which is two times longer than with higher
gas temperatures. A comparison with the experimental evidence shows differences in the
time range 0.1 < t < 0.3 s, where the numerical model predicts a slightly later start of the
conversion process. At late times the experimental data and FR predictions agree again
very well. The differences between the numerical and experimental data at early times for
Tg = 937 K may be attributed to the simplification of the particle shape (spherical) in the
simulation, whereas elongated particles are present in the experiments. Moreover, there is
some uncertainty in the activation energies reported in Tab. 5.1 (particularly No. 1 and 2)
that govern the mass loss profiles show in Fig. 5.7, where the fits seem to work well for higher
temperatures/heating rates, but are not ideal for the lower temperature/heating rate case
Tg = 937 K. However, further experimental and numerical analyses are required to come to
a definitive conclusion on these remaining deviations.

Overall, the predictions from the FR simulation approach using the layer-based biomass
sub-model for intra-particle conversion show a good agreement with the experimental evi-
dence. The FR approach correctly predicts the dependence of the mass loss rate and final
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particle conversion ratio on the ambient gas temperature in the DTF. Therefore, the detailed
FR data is taken as a reference for the subsequent evaluation of the EL approach and EL-CG
methods.

5.1.4 Computational configuration

5.1.4.1 Computational setup

With our main focus on comparing detailed FR simulation data to results from the standard
EL method and EL-CG methods for large particles, two basic computational setups for FR
and EL simulations are considered. The three-dimensional computational domains and grid
designs for both approaches are shown in Fig. 5.8. To obtain a well-defined setup for the FR

Figure 5.8: Computational setup for single biomass particle conversion in the context of FR (left) and EL
(right) simulations.

vs. EL comparison the gas phase is initialised as a quiescent medium with Tg,init = 1500 K
and YN2,init = 1. Due to the inert gas environment, no homogeneous reactions occur such
that ω̇hs = ω̇k in Eqs. (5.3) and (5.4) are zero. A single biomass particle is located in the
centre of the domain with dp,init = 118 µm and Tp,init = 350 K.

The computational domain for the FR setup has a size of Lx = Ly = Lz = 40 ·dp and consists
of 113,280 cells, the size of which varies from 6.5 ≤ ∆xF R ≤ 113 µm, with the smallest cells
located at the particle surface and increasing cell sizes with increasing distance from the
particle to fully resolve the particle boundary layer. The mesh is considered fixed and does
not change during the simulations.
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For the EL simulations, the domain has either 1,331 (standard EL approach) or 274,625
(EL-CG methods) cells which are uniform and cubic. The domain size varies for the various
investigated cases as Lx = Ly = Lz = j ·dp ·n with j = {0.5,1,2,4,6,8,10,20} and the domain
is discretised in x-, y-, z-direction with n grid cells, which corresponds to ∆xEL = j · dp µm.
For the standard EL approach n = 11, whereas n = 65 for the EL-CG methods. It is noted
that, for increased computational efficiency, the domain size of the EL domain with the finest
resolution is smaller than the size of the FR reference domain. However, the relevant physics
are captured within the bounds of the smallest EL domain already, such that the boundary
conditions do not unduly affect the predictions.

All the simulations are performed with a low-Mach second-order finite volume multiphase
solver based on the OpenFOAM library. The transport equations of the gas phase are solved
with a constant time-step of ∆tg = 5 · 10−7 s, while the biomass particle sub-model considers
sub-steps of size ∆tp = 1 · 10−7 s.

5.1.4.2 Comparison methodology to study grid independence - FR/EL

Since the FR and EL modelling frameworks are fundamentally different, a detailed compar-
ison methodology to compare results from the two approaches is required. This comparison
methodology also serves to demonstrate the grid dependence of the standard EL and EL-CG
methods. The steps of the comparison methodology are given as follows:

1. A FR reference case is solved for a specific time interval.

2. As reflected by Eq. (5.13) in FR simulations the gas-solid coupling directly occurs at
the (resolved) particle surface, from which a nominal heat transfer coefficient can be
calculated.

3. Detailed information on the gas phase thermophysical properties (i.e. kg), particle
surface temperature (Ts), temperature of the first cell layer around the particle (Tc),
initial gas temperature (Tg,init), surface area of the particle (As) and the distance
between the particle surface and the centroid of the first gas cell layer are retrieved
from the FR simulation.

4. The nominal FR heat transfer coefficient hFR is evaluated at every time-step as

hFR = Q

As · (Tg,init −Ts)
with Q = kgAs

dT

dn
(5.28)

and stored in a table.

5. The boundary layer heat balance in the EL approach is given in Eq. (5.22), where (the
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modelled) hEL is now replaced by the nominal value from the FR simulation hFR:

hF R(t)(Tg −Ts) = kl,4
Ts −Tl,4

rs

(
rs

rl,4
−1

) (5.29)

6. At every time-step, hFR is retrieved from the previously generated table and used for
Eq. (5.29).

7. With the heat flux provided by the FR simulation, the only remaining unknown param-
eter is Tg, which is the local gas cell temperature where the particle centroid resides.

The local gas cell temperature highly depends on the grid resolution, which allows for the
evaluation of grid (in-)dependence of the EL approach. A schematic representation of the
comparison methodology is shown in Fig. 5.9.

Figure 5.9: Schematic representation of the comparison method between the FR and EL simulation ap-
proaches.

5.1.5 Results and discussion

After validating the layer-based sub-model for woody biomass conversion within the detailed
FR simulation framework against the experimental evidence in Sec. 5.1.3 and providing a
detailed comparison strategy between FR and EL data in Sec. 5.1.4.2 we can now evaluate
the performance and grid (in-)dependence of the standard EL approach (EL-PCM) and the
two alternative EL-CG approaches (namely EL-DBM and EL-MAM, see Secs 5.1.2.5.2 and
5.1.2.5.3). The evaluation is carried out separately for pure heating of the biomass particle
in Sec. 5.1.5.1 and for combined heating, drying and devolatilisation in Sec. 5.1.5.2.
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5.1.5.1 Pure heating

Figure 5.10 shows the time evolution of the particle surface temperature over time for the
FR setup, as indicated by the red solid line. The dashed lines show the predicted particle
surface temperature over time for the standard EL approach (EL-PCM) with varying grid
sizes.

Figure 5.10: Pure particle heating: Comparison of particle surface temperature Ts vs. time from the FR
(solid line) and standard EL (dashed lines) simulation approaches, where the EL grid size has
been varied.

Considering the FR data, the particle surface temperature strongly increases from the
beginning of the simulation until t = 0.2 ms due to the injection of the initially cold particle
(Tp = 350 K) into the high temperature environment (Tg = 1500 K). At the end of the
simulation, the particle surface temperature approaches the gas phase temperature which
has not decreased significantly due to the limited effect of the small particle cooling the
comparatively large gas volume.

The heat transfer coefficient hFR extracted from the FR case is now used as an input for
the (standard) EL cases shown in Fig. 5.10, with the EL heat transfer governed by Eq. (5.29).
The EL cases have been set up to fully reflect the physics of the FR case. As a validation
benchmark a reference EL case with ∆x = ∞ is shown by the blue solid line. This case
reflects that the EL approach works for an infinitely large cell where the FR and EL results
fully match. Furthermore, it also indicates that the methodology described in Sec. 5.1.4.2 is
correct. The reference EL case ∆x = ∞ is approximated by reducing the two-way coupled
EL approach to one-way coupling, which results in an unaffected gas phase (Tg = const.).

Reducing the grid size leads to increasingly larger deviations of the EL temperature profile
from the FR temperature. This is due to the fact that for small grid sizes the cell volume
intersects with the particle boundary layer, such that the cell temperature does no longer
reflect the (undisturbed) gas temperature at infinity that is required for heat transfer in
the EL framework. For a large grid size, the effect of the particle heating up the local
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cell is comparatively small such that Tg = 1500K ≈ const., whereas with smaller grid size
Tg < 1500 K directly affects the particle surface heat flux. The most extreme case studied
here ∆x = 0.5 ·dp (i.e. a particle spans across two cells) has -within the considered simulation
time- a final relative temperature error of ≈ 8% for a simple heating problem. This raises
the need of using coarse-graining methods for large particles.

In Fig. 5.11, the temperature profile of the standard EL case with ∆x = 0.5 · dp is used
as the base setup to apply the diffusion-based CG method (CG-DBM). The bandwidth

Figure 5.11: Pure particle heating: Comparison of particle surface temperature Ts vs. time from the FR (red
solid line), standard EL (blue solid line) and EL-DBM (dashed lines) simulation approaches.
The EL grid size is kept constant, while the bandwidth bDBM used for DBM has been varied.

bDBM used for the DBM has been varied across the range shown in the legend of Fig. 5.11,
with increasing bandwidth widths leading to longer diffusion times and, hence, gas-solid
interaction volumes that are considerably larger than the local Eulerian cell. Using the
relation b = σ

√
2, the DBM considers Eulerian cells within the range 3 ·dp (b = 8.5 ·10−5) to

10 ·dp (b = 27 ·10−5), while b = ∞ is equivalent to the one-way coupling approach.

A similar behaviour can be found for the moving average CG method in Fig. 5.12. For
the MAM different cube sizes have been set, i.e. ∆xMAM = i · dp with i = 1,2,3,5. From
Fig. 5.12 it is observed that ∆xMAM = 1 ·dp (i.e. increasing the gas-solid interaction volume
to have the width of the particle diameter, while the grid size is smaller than the latter)
already shows a significant improvement compared to the non-CG EL data ∆x = 0.5 · dp.
Here, ∆x = ∞ is equivalent to one-way coupling. Increasing the cube size for the MAM
leads to further improvements of the EL-MAM predictions, where for ∆xMAM = 5 · dp the
FR reference result is (almost) recovered. Overall, the application of the two coarse-graining
methods EL-DBM and EL-MAM allows for recovering the detailed FR reference data, despite
considering particle sizes considerably larger than the grid size.
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Figure 5.12: Pure particle heating: Comparison of particle surface temperature Ts vs. time from the FR (red
solid line), standard EL (blue solid line) and EL-MAM (dashed lines) simulation approaches.
The EL grid size is kept constant, while the cube size ∆xMAM used for MAM has been varied.

5.1.5.2 Heating, drying and devolatilisation

After demonstrating that the CG-DBM and CG-MAM EL approaches are capable of re-
covering the detailed FR data for pure particle heating, we turn our attention to the more
general case of heating, drying and devolatilisation of a biomass particle. Figure 5.13 presents
particle surface temperatures vs. time in a similar format as in the previous Sec. 5.1.5.1. The

Figure 5.13: Particle heating, drying and devolatilisation: Comparison of particle surface temperature Ts vs.
time from the FR (solid line) and standard EL (dashed lines) simulation approaches, where the
EL grid size has been varied.

surface temperature profile of the FR case differs from the pure heating case because of the
additional heat exchange due to the release of water vapour and volatile gases from the par-
ticle. The gases are released at particle surface temperature in the direction normal to the
particle surface. Furthermore, the absorbed energy is used for the evaporation of moisture in
the inner-most particle layer, that is included in the gases released from the particle surface
and it also heats up the growing char layer.
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The profiles predicted by the FR and (standard) EL approaches are identical for the
benchmark case with ∆x = ∞, again validating the comparison approach. Similar to the
previous case of pure heating, refining the EL grid by decreasing the grid size also leads to
increasingly larger deviations from the FR result for the present case of heating, drying and
pyrolysis. Comparing the surface temperature at t = 80 ms between the cases ∆x = ∞ and
∆x = 0.5 ·dp results in ≈ 50.5% relative error.

In analogy to Sec. 5.1.5.1 the standard EL case with ∆x = 0.5 · dp is now taken as a
reference and compared with results from the EL-DBM (Fig. 5.14) and EL-MAM (Fig. 5.15)
approaches. As can be observed, both CG methods lead to significant improvements of the

Figure 5.14: Particle heating, drying and devolatilisation: Comparison of particle surface temperature Ts vs.
time from the FR (red solid line), standard EL (blue solid line) and EL-DBM (dashed lines)
simulation approaches. The EL grid size is kept constant, while the bandwidth bDBM used for
DBM has been varied.

EL surface temperature predictions. This is achieved by either increasing the bandwidth of
the DBM or increasing the edge length of the cube in MAM, both of which have a similar
effect of considering a larger gas-solid interaction volume for CG.

With very large ∆xMAM or bDBM, the FR data can faithfully be reproduced due to Tg →
const., which is equivalent to the ∆x = ∞ case in Fig. 5.13. Since it can be hypothesised
that the required size of the CG interaction volume may be correlated with the thickness of
the thermal boundary layer δt around the particle, next Sec. 5.1.5.3 studies the relationship
between δt and suitable interaction volume sizes.

5.1.5.3 Boundary layer thickness and its relation to CG interaction volume

To establish correlations of boundary layer thickness δt and CG interaction volume, we
extract δt from the FR data as the distance from the particle surface where Tg = 0.99T∞ for
pure particle heating and Tg = 0.99Tg,max for particle heating, drying and devolatilisation.
Correspondingly, the times when the (absolute) differences between the particle surface
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Figure 5.15: Particle heating, drying and devolatilisation: Comparison of particle surface temperature Ts vs.
time from the FR (red solid line), standard EL (blue solid line) and EL-MAM (dashed lines)
simulation approaches. The EL grid size is kept constant, while the cube size ∆xMAM used for
MAM has been varied.

temperatures from FR and CG deviate by a threshold of 50 K are recorded for given values
of the model parameters ∆xMAM and bDBM from the cases shown in Figs 5.11, 5.12, 5.14 and
5.15. Using this data, time ranges of validity of the tested parameter values can be evaluated.
For example in Fig. 5.15 ∆xMAM > 5 · dp is only valid for 0 ≤ t < 48.6 ms, before a deviation
greater than 50 K from the FR data occurs. Making use of the FR data on boundary
layer thickness as a function of time (δt = f(t)), these validated CG model parameters can
be mapped to given intervals of boundary layer thickness. Finally, the following general
expressions for ∆xMAM and bDBM as functions of normalised boundary layer thickness δt/dp

can be found using regression

bDBM ≈ 18.679 ·10−5(δt/dp)0.113 (5.30)
∆xMAM/dp ≈ 2.802(δt/dp)0.146. (5.31)

Equivalently, for the combined physics of particle heating, drying and devolatilisation, the
recommended CG parameter values can be reduced to

bDBM ≈ 8.472 ·10−5 ·1.083(δt/dp) (5.32)
∆xMAM/dp ≈ 0.992 ·1.117(δt/dp). (5.33)

In the above expressions, the thickness of the thermal boundary layer was extracted from
the FR data, which is generally not available in (inherently under-resolved) EL simulations.
Therefore, in practical EL-CG simulations the boundary layer thickness must first be es-
timated, either based on the heat flux for quiescent environments or with the aid of the
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Nusselt number for convective cases [215]

qs = (dp +2δt)k(Ts −Tg)
δtdp

or Nu = dp +2δt

δt
, (5.34)

before the above-derived expressions for the CG model parameters can be employed.

5.1.5.4 Computational time using EL-CG methods

Apart from accuracy, an important aspect of employing EL-CG methods is the increased
computational time associated with employing the coarse-graining approach. Using the CPU
time for the general case of particle heating, drying and devolatilisation in the standard EL
framework (EL-PCM) as a reference, the normalised CPU time for the CG methods is PCM
= 1.0, DBM = 58.62 and MAM = 1.1514. These numbers reveal that the MAM is slightly
more expensive than the PCM, whereas DBM is almost 60 times more costly. This is due
to the fact that the solid-gas interaction volume in MAM is limited to the MAM cube
(or alternative shape), whereas for the DBM, by default, diffusion is applied to the entire
computational domain. At the beginning of the simulation, the MAM identifies the cell
neighbourhood relations, finds the neighbouring cells of each control volume inside ∆xMAM

and stores them in a table. During the simulation, these neighbours are simply retrieved from
the table without further search steps for increased efficiency. Moreover, MAM is computed
in the two principal steps of averaging and redistributing the average to the underlying grid
cells only, whereas the DBM may involve the computation of a large number of diffusion
time steps for large bandwidths. While the efficiency of the DBM could also be increased by
choosing an appropriate diffusion range, such improvements have not been attempted here
and solely the CPU time for the standard DBM is reported.

5.1.6 Conclusions

In the present work, a layer-based sub-model for woody biomass conversion [151, 158] is
coupled to both FR and EL simulation frameworks for solid particle conversion studies.
A single cold biomass particle is located in a hot, quiescent, inert gas environment. The
inert gas consists of nitrogen to suppress volatile combustion and char oxidation, and the
heating, drying and devolatilisation of the particle is studied. The detailed FR setup is
successfully validated against experimental data on torrefied woody biomass conversion in
a drop tube reactor. Subsequently the layer-based sub-model is solved in the standard EL
framework, showing that the EL approach is capable of reproducing the FR data for infinitely
large grid sizes, while the standard EL method fails for highly refined computational grids
where the grid size is close to or smaller than the particle size. To resolve this issue, a
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previously suggested diffusion based method is employed for coarse-graining. Moreover, a
new simple and efficient CG approach based on moving averages referred to as CG-MAM is
proposed. The two CG methods recover the detailed FR data for both pure particle heating
and heating, drying and devolatilisation if the CG model parameters that scale the CG
interaction volumes are sufficiently large. Using the available FR data, recommended model
parameter ranges are provided as a function of normalised boundary layer thickness. CG-
MAM is shown to give similar results as CG-DBM, but at a much reduced computational
cost, which makes it suitable for future simulations with multiple Lagrangian particles. We
note that the cases investigated in the present work do not include chemical reactions or
particle-particle interaction effects that occur in reacting dense particle clouds. Including
chemical reactions and particle-particle effects requires detailed analyses of computationally-
expensive FR simulations of particle groups in chemically reacting flow for a relevant range
of conditions. Such FR simulations, see e.g. [27,28], and their intricate relationship with CG
methods for EL approaches (that would need to account for a range of thermal boundary layer
thicknesses, and relative flame-particle and particle-particle distances to only name some
principal parameters) are beyond the scope of the present study, but should be considered
by the research community in future work.
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5.2 Flame characterisation of gas-assisted pulverised
coal combustion using FPV-LES

Research highlights

The second paper, Luu et al., Proc. Combust. Inst. 39:3249-3258, 2023 [179] investi-
gates the turbulence-chemistry-particle interaction by applying a FPV-LES modelling ap-
proach [62, 98, 216] to study a swirl-stabilised turbulent piloted coal flame in a laboratory-
scale combustion chamber [145, 217, 218]. The combustion chamber consists of three inlet
streams, namely the primary, secondary and tertiary flow. A rich mixture of methane-air
and coal is injected through the primary flow. Additional air is provided via the secondary
and tertiary flow for complete combustion. Products and burnt-out coal particles can leave
the combustion chamber at the bottom through an annular orifice. The experimental ge-
ometry is illustrated in Fig. 5.16 (left). Small solid coal particles have been used as tracers
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Figure 5.16: Left: Experimental geometry and inlet/outlet streams of the burner and combustion chamber.
Right: Selected data from the six-dimensional flamelet table with temperature vs. Z for various
enthalpy levels Hnorm.

by PIV to determine the gas velocity [145]. The gas temperature is measured by vibra-
tional O2-CARS and tomographic absorption spectroscopy (TAS) [218]. The coal particles
are described within the standard Euler-Lagrange approach. During the simulation, the
filtered transport equations of mass, momentum and FPV control variables are solved, and
the values of species mass fraction, enthalpy and progress variable source term are retrieved
from the pre-calculated six-dimensional flamelet look-up table. A six-dimensional flamelet
table is required to accurately model the complex turbulence-chemistry-particle interactions
in the present gas-assisted coal flame within the multiphase FPV-LES framework. This ta-
ble stores the various possible chemical states for retrieval during the simulation. The six
dimensions of the table are a result of the occurrence of various fuel streams, which originate
from coal volatiles, char off-gases and methane (three dimensions), the turbulence-chemistry
interaction of the mixture (one dimension), the heat exchange between gas and solid phase
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(one dimension) and the reaction progress variable (one dimension). A selected section of
the flamelet table is shown in Fig. 5.16 (right) for different input parameters. At first, the
simulation results are validated against experimental data of mean and RMS gas velocities,
see Fig. 5.17 (top row), and mean gas temperature, see Fig. 5.17 (bottom row) at different
downstream positions. From Fig. 5.17, a good agreement of the predicted mean and RMS
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Figure 5.17: Top row: Comparison of the mean (left-half) and RMS (right-half) axial and radial gas velocity
profiles between experiment and simulation. Bottom row: Comparison of the mean gas phase
temperature profiles between experiment and simulation.

velocities and the mean gas temperature between experiments and simulations is obtained.
After successfully validating the complex FPV-LES modelling approach, the combustion

Figure 5.18: Time-averaged contours in the central x-z plane of the combustion chamber. Left: Axial gas
velocity uz and gas temperature T . Right: Flamelet input parameters A and B.

dynamics within the chamber are analysed in terms of axial gas velocity, gas and particle
temperature and particle size distribution in Fig. 5.18 (left), providing valuable insights into
the phenomena occurring inside the combustion chamber. Furthermore, the contributions
of the distinct fuel streams are identified through the flamelet input parameters in Fig. 5.18
(right), allowing for the characterisation of regions where the different fuel streams dominate.
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Abstract

A multiphase flamelet/progress variable (FPV) model for the large eddy simulation (LES)
of gas-assisted pulverised coal combustion (PCC) is developed. The target of the simulation
is the Darmstadt turbulent gas-assisted swirling solid fuel combustion chamber. The coal
particles are treated as Lagrangian point particles, the position, momentum and energy of
which are tracked. The gas phase is described by the low-Mach Navier-Stokes equations
alongside the Eulerian transport equations of the governing variables for the FPV model.
The set of chemical states of the PCC flame is pre-tabulated in a six-dimensional flamelet
table and determined by the mixing of the primary fuel stream, volatiles and char off-gases
with the oxidising air, the progress of chemical reactions, the interphase heat transfer, as
well as sub-grid scale variations. A presumed β-PDF approach for the total mixture fraction
is applied to capture sub-grid scale effects. The discrete ordinate method (DOM) with
the weighted sum of grey gases model (WSGGM) is employed to model radiation. The
FPV-LES results are validated against the experimental evidence and a good agreement
of the predicted mean and RMS velocities, as well as the mean gas temperature between
experiments and simulations is obtained. The contributions of the pilot, volatile and char
off-gas fuel streams to the coal flame are analysed. It is found that most regions of the
furnace are dominated by either pilot or volatile combustion, while char conversion only
occurs in the far downstream and outer furnace regions. The pilot gas dominates the near-
wall region inside the quarl, whereas the volatile gas mainly released from small particles
dominates a first volatile combustion zone in the interior of the internal recirculation zone.
Larger particles heat up more slowly and release their volatile content further downstream,
leading to a secondary volatile combustion zone.

5.2.1 Introduction

Pulverised coal combustion (PCC) is still a major source of primary energy and among
the most widespread technologies for generating electrical baseload power. Therefore, the
emission of pollutants and greenhouse gases from PCC continues to drive major research
efforts to gain deeper insight in its underlying chemical and physical processes with the aim
of mitigating pollution and climate change. The four major thermo-physical stages of PCC
are heat-up and drying of the particles in a hot environment by convection and radiation,
devolatilisation of the light gases initially embedded inside the particles, homogeneous gas
combustion and heterogeneous char conversion. These processes primarily occur in consec-
utive order, but overlaps may exist and require appropriate modelling.

Direct numerical simulation (DNS) studies have been conducted for fully-resolved single
particles [20,27] and small particle clusters [26,27]. Two recent examples extended the stud-
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ies to large particle clouds by means of carrier-phase DNS [39, 42]. Nevertheless, the DNS
of industrially-relevant applications remains unfeasible at present, due to the large-scale
geometries, the wide range of turbulent scales, the enormous number of solid fuel parti-
cles, complex interphase coupling processes and the costly homogeneous and heterogeneous
chemistry in PCC. A reasonable trade-off between computational cost and accuracy is the
large eddy simulation (LES) approach for the gas phase coupled with Lagrangian tracking
of the fuel particles, which has been applied in several recent studies on laboratory-scale
and semi-industrial coal burners [66, 68, 72, 73]. An established combustion modelling ap-
proach with limited cost is the tabulated flamelet model that has been widely employed for
single phase combustion in the past. An improvement of the flamelet model is provided
by the flamelet/progress variable (FPV) approach [98], which is advantageous for capturing
the flame dynamics. Watanabe et al. [62] devised FPV for solid fuel combustion with the
introduction of two mixture fractions for the mixing of the volatiles and char off-gases with
air, with later applications by Rieth et al. [100] and Wen et al. [216] to solid fuel flames in
a turbulent mixing layer. The applicability of FPV-LES to laboratory and semi-industrial
scale PCC burners has been demonstrated e.g. by Watanabe et al. [99] and Rieth et al. [66].
For gas-assisted PCC, as considered in the present study, Wen et al. [70] reported that a
third mixture fraction is needed to characterise the gaseous pilot fuel. Knappstein et al. [68]
and Nicolai et al. [72] avoided the third mixture fraction by assuming the volatile composi-
tion to correspond to the one of the pilot fuel. However, to consider a more typical volatile
composition, a third mixture fraction is inevitable. Wen et al. [74] demonstrated first rea-
sonable FPV-LES results for gas-assisted coal combustion using three mixture fractions.

The gas-assisted coal flame considered in the present study is the turbulent swirl flame
experimentally studied at TU Darmstadt. Previous numerical predictions of this combustion
chamber were reported in [68,72,74] and based on the earlier operating conditions of Becker
et al. [219]. Recently, updated operating conditions and new measurements have been re-
ported by Schneider et al. [145], Meißner et al. [217] and Emmert et al. [218], providing
an extensive experimental database for the simulations in this work. The objectives of the
present study are

• To accurately model the combustion in swirling gas-assisted coal flames

• To validate the predictions against state-of-the-art measurements

• To characterise the contributions of the pilot, volatile and char off-gas streams to the
flame

and our progress towards these aims is discussed in the following sections.
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5.2.2 Modelling approach

5.2.2.1 Gas phase

The gas phase is described by the filtered transport equations of total mass, momentum and
the FPV control variables. The control variables are the reaction progress variable YC, total
enthalpy H (sens. + chem.) and three mixture fractions Zα, where α denotes the fuel streams
originating from the coal volatiles (α = vol) and char off-gases (α = cog). Moreover, in the
context of gas-assisted coal flames, a third mixture fraction (α = pil) is required to describe
the mixing of the pilot fuel with air. The sub-grid viscosity is closed by the Smagorinsky
approach [132]. The assumption Le = 1 is invoked and the turbulent mass/heat diffusivities
are obtained from turbulent Schmidt/Prandtl numbers set to 0.7 [72]. The reaction progress
variable is defined as YC = YCO +YCO2 +YH2O +YH2 [220–222] The progress variable source
term is retrieved from the flamelet look-up table. Thermal radiation is considered as a
source term in the enthalpy transport equation. Radiative heat transfer is modelled by
the discrete ordinate method (DOM) using 80 directions, where the absorption/emission
coefficients are calculated with the weighted-sum-of-grey-gases model (WSGGM) and the
coefficients from [223]. Isotropic scattering by the particles is considered to be dominant,
while gas phase scattering is neglected. The gas phase is coupled to the Lagrangian particles
via interphase transfer terms [39].

5.2.2.2 Solid phase

The solid particles are described within the Lagrangian framework. Their interaction with
the gas phase is characterised by the transfer of mass from devolatilisation and char conver-
sion, momentum from drag, gravity and sub-grid dispersion, and energy through convective
and radiative heat transfer, as well as the heats of devolatilisation and char conversion. The
solid phase governing equations read

dmp

dt
= −(ṁp,devol + ṁp,char) (5.35)

dup

dt
= ũ−up

τp
+
(

1.0− ρ̄

ρp

)
g+ dup,sgs

dt
(5.36)

dTp

dt
= 6Nu · cpµ̄

Pr · cp,pρpd2
p
(T −Tp)+ εpApσ

mpcp,p
(Θ4

r −T 4
p )+ Q̇devol

mpcp,p
+ Q̇char

mpcp,p
, (5.37)

where ρp, dp, cp,p, Ap are the density, diameter, heat capacity, and projected area of the
particle, with otherwise standard nomenclature. The particle response time is calculated as
τp = ρpd2

p

18µ̄ (1+0.15Re
2/3
p )−1. The particle Reynolds number is calculated as Rep = ρ̄|ũ−up|dp

µ̄

and the Nusselt number as Nu= 2 + 0.552Re1/2
p Pr1/3. The term dup,sgs

dt refers to sub-grid
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particle dispersion according to the model by Bini and Jones [224]. The particle emissivity εp

linearly reduces from 0.9 to 0.5 during char burnout [39]. The Eulerian radiation temperature
Θr is retrieved from the DOM [86, 189]. Devolatilisation is described by a competing two-
step model with coefficients fitted to the Rhenish lignite coal [145] from the experiments.
Darmstadt’s Pyrolysis Kinetics Preprocessor (PKP) is employed for fitting, with a multi-
step heterogeneous mechanism of PoliMi [146] for a range of heating rates extracted from the
simulations of Nicolai et al. [72]. It is assumed that char entirely consists of carbon such that
the char off-gases are solely composed of CO and N2. During devolatilisation, the particle
diameter is assumed to remain constant and the density of the particle reduces, whereas
constant density and shrinking particle diameter are assumed during char conversion. To
consider the effect of devolatilisation in the momentum and energy equations of the particle,
a blowing correction is applied. The particle heat capacity, two-step devolatilisation model,
char conversion and blowing correction model are similar to [39].

5.2.2.3 Combustion modelling

The chemistry tables are generated with the flamelet solver pyFLUT coupled with Cantera
[173] to solve the 1D governing equations of continuity, radial momentum, energy, and species
for counterflow diffusion flames. Similar to Wen et al. [70] we employ a three mixture fraction
system based on the total mixture fraction Z

Z = Zpil +Zvol +Zcog (5.38)

and two mixing ratios [225]

A = Zcog
Zvol +Zcog + ϵ

, B = Zvol +Zcog
Zvol +Zcog +Zpil + ϵ

(5.39)

where ϵ represents a small positive number. To consider heat exchange between the gas and
solid phase, flamelet tables with various enthalpy levels are generated, accounting for the min-
imum and maximum enthalpy of the fuel and oxidiser. A normalisation method is employed
to the total enthalpy and reaction progress variable to simplify flamelet tabulation [226],
leading to normalised quantities Hnorm and Cnorm ranging from zero to one. Turbulence-
chemistry interactions are considered via integration of a β-PDF for the filtered total mixture
fraction Z̃ and its subgrid variance Z̃ ′′2, with the latter obtained algebraically [227]. Ho-
mogeneous chemistry is described by the CRECK52 mechanism consisting of 52 species and
452 reactions [27]. The flamelet table is parameterised via Φ = ℑ(A,B,Z̃, Z̃ ′′2, H̃norm, C̃norm)
with dimensions 6 × 6 × 101 × 11 × 11 × 101, resulting in a total size of 25 GB. For efficient
parallel computing, a memory abstraction layer (MAL) [228] is employed.
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A selected section of the flamelet table is visualised in Fig. 5.19. The input parameters have
been selected to refer to the (pure) pilot and volatile fuel streams as an example. The stoi-
chiometric mixture fractions of the fuels in air are shown as Zpil,st = 0.055 and Zvol,st = 0.167.
For the selected values of Cnorm = 1 and Zvar = 0 Fig. 5.19 shows pure pilot and volatile fuel
combustion for three levels of normalised enthalpy Hnorm, with the latter controlling the
flamelet boundary temperature.
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Figure 5.19: Selected data from the six-dimensional flamelet table with temperature vs. Z for various en-
thalpy levels. The input parameters have been selected to refer to either pure pilot or volatile
fuel. The vertical dashed-dotted lines indicate the corresponding stoichiometric mixture frac-
tions.

5.2.3 Experimental and numerical setup

The experimental configuration is the swirling gas-assisted solid fuel combustion chamber
of TU Darmstadt [68, 74, 219]. The experimental geometry and computational domain are
shown in Fig. 5.20. The combustion chamber has a cross-section of 420×420 mm2 and a
height of 600 mm. Various fuels and oxidisers may enter the chamber via three inlet streams,
namely the primary (I), secondary (II) and tertiary flow (III), where a split into straight and
inclined inlet channels allows for a variation of swirl in the secondary flow. Here, we con-
sider coal combustion with air using the injection rates given in Tab. 5.5, which follows the
experiments [145,217,218]. Coal particles are injected in a rich mixture of methane and air,
which serves as a pilot stream to ignite the particles. The secondary flow provides swirling

Table 5.5: Volume flows and particle load of the investigated operating condition. Primary (I), secondary
(II) and tertiary inlet flow (III). Units [m3/h] for gas and [kg/h] for particles.

I Methane 2.01 II Straight Oxid. 0
I Particles 3.36 II Inclined Oxid. 11.09
I Oxidiser 12.1 III Oxidiser 24.02

air as oxidiser, while additional air is injected via the tertiary flow to support complete
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Figure 5.20: Geometry and inlet/outlet streams of the TUD burner. Left: Experiment [145], right: Compu-
tational domain.

combustion. The contribution of coal and methane to the total thermal input is 50% each,
with the stability limit lying at 40-45% methane. Products leave the chamber through an
annular orifice at the bottom of the chamber. The surrounding walls of the burner quarl and
combustion chamber consist of quartz glass for optical access. Small solid coal particles are
used as tracers to determine the gas velocity by PIV [145]. The gas temperature is measured
by vibrational O2-CARS and tomographic absorption spectroscopy (TAS) [218].

The computational mesh is generated with snappyHexMesh and contains a total of 3,843,172
hexahedral and split-hexahedral cells, ranging from ∆xi ≈ 1 mm (within the quarl) to 4 mm
(downstream). Two thin layers of cells increase the near-wall resolution. A uniform velocity
profile is assumed for the inlet patches, matching the experimental mass flow rates from
Tab. 5.5. The inlet boundary conditions for the flamelet control variables are Zpil = 0.08456,
Zvol = Zcog = YC = 0.0 and H = −376,008 J/kg (T = 314 K) for the primary stream. The
(cold) pilot mixture is ignited by temporarily adding an artificial source term for the reaction
progress variable in the quarl region, which is removed after 250 ms. At the remaining inlet
patches all Zα and YC are zero, and the enthalpy is set to reflect air at 314 K. An a priori
calculation of the two-phase flow and heat transfer upstream of the inlet patches of the sim-
ulation domain has been conducted to determine the inlet gas temperature Tg = 314 K and
particle conditions for the computational domain. A no-slip wall boundary condition is em-
ployed at the lateral boundaries and wall temperatures correspond to the experiments [217].
The radiative emissivity of the quartz walls is set to εw = 0.7. Rhenish lignite is considered,
with its proximate and ultimate analysis given in [145]. After Q-factor adjustment the initial
coal composition becomes Yash = 0.0552, YVM = 0.553 and YFC = 0.3918. The volatile com-

105



5 Analysis of solid fuel particle conversion

position corresponds to the one of Wen et al. [74], apart from removing H2S and NH3 from
the volatiles and adding their mass to the ash. The volatile composition is YCH4 = 0.086,
YC2H4 = 0.039, YC6H6 = 0.152, YCO = 0.252, YCO2 = 0.282, YH2 = 0.01 and YH2O = 0.179. The
size distribution of the injected coal particles follows ref. [68].

The simulations are performed with a low-Mach reactive multiphase solver based on
OpenFOAM-v2006. Second-order central differencing is used for spatial discretisation, while
a total variation diminishing (TVD) limiter (denoted as limitedLinear in OpenFOAM) is
employed for convection. Limiters were adopted to obtain bounded scalars and for enhanced
simulation stability. Time integration is performed with a backward differencing scheme. A
variable time-step of ∆t ≈ 5e−6s is chosen, corresponding to CFL ≈ 0.3. The simulations
are first run for single-phase reacting conditions, i.e. without coal particles. Subsequently
particles are injected and temporal statistics are started when the particle ensemble in the
upstream furnace reaches a steady state (after 2 s). Computations are run for a total phys-
ical time of 3.5 s, resulting in 265K statistical samples. A typical FPV-LES run requires
≈150,000 CPUh using 512 AMD-7742 cores on HLRS Hawk.

5.2.4 Results and discussion

5.2.4.1 Numerical validation

A first validation of the simulation results can be obtained by comparing the predicted mean
and RMS gas velocities to the experimental data in Figs. 5.21 and 5.22. At z = 0.04 m in
Fig. 5.21, i.e. just downstream of the primary and secondary inlets to the burner quarl, the
two inlet streams can clearly be identified by the negative peaks of axial velocity (which
is defined negatively in the positive downstream direction [219]). Conversely, the positive
axial velocities observed in the centre of the domain and between the two inlets indicate
the inner recirculation zone, as well as a small annular recirculation zone that leads to the
formation of the side flame (discussed later in Fig. 5.24 (a)). At z = 0.04 m the agreement
of the mean velocity predictions and experiments is good, with a slight under-prediction
of the velocity peaks in the simulation. The quality of agreement between the simulations
and the experiments remains good when moving to the downstream measurement loca-
tions z = 0.03 ... −0.09 m, with somewhat narrower profiles of the predicted mean velocity
at intermediate positions z = 0.02 and −0.01 m, and a better correspondence again further
downstream. Similarly, the predictions of the mean radial velocity profiles are very good
throughout, with mild under-predictions of the peak values at z = 0.03 ... 0.02 m. The com-
parison of the RMS profiles of the axial and radial gas velocities shows that the level of
turbulent fluctuations is generally captured well by the simulations, with minor discrepan-
cies for larger values of |x|. The predicted RMS is somewhat lower than the measured one,
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which is partially attributed to the fact that only the resolved part of the velocity RMS from
the LES is compared to the measurements. Larger discrepancies can be observed for the
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Figure 5.21: Comparison of the mean (left-half) and RMS (right-half) axial and radial gas velocity profiles
between experiment and simulation inside the quarl.
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Figure 5.22: Comparison of the mean (left-half) and RMS (right-half) axial and radial gas velocity profiles
between experiment and simulation downstream of the quarl.

RMS of the radial gas velocity at z = −0.01 and −0.05 m for |x| < 0.05 m. In these regions
volatile gases are released from small particles and a strong momentum exchange with large
particles occurs, see Fig. 5.24 (b) later, which dampens the turbulent fluctuations in the gas
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phase. The discrepancy may be explained by the fact that the comparison shows predicted
gas phase velocities vs. measured velocities obtained from using the coal particles as flow
tracers and by minor asymmetries in the PIV measurements. However, given the complexity
of the considered multiphase reacting flow, the overall agreement shown in Figs. 5.21 and
5.22 is good.

This finding is confirmed by the comparison of the mean gas temperatures from simulations
and experiments along the radial coordinate shown at different downstream positions in
Fig. 5.23. The overall agreement between the FPV-LES predictions and the experimental

−0.10 −0.05 0.00 0.05 0.10
r in m

500
1000
1500
2000
2500

T 
in

 K

z = −0.03 m
Sim.
Exp.-1
Exp.-2

−0.10 −0.05 0.00 0.05 0.10
x in m

z = −0.05 m

−0.10 −0.05 0.00 0.05 0.10
x in m

500
1000
1500
2000
2500

T 
in

 K

z = −0.07 m

−0.10 −0.05 0.00 0.05 0.10
x in m

z = −0.09 m

Figure 5.23: Comparison of the mean gas phase temperature profiles between experiment and simulation at
selected downstream positions. Regular TAS (Exp-1, blue) and TAS overlaid with fluctuation
model (Exp-2, green) [218].

evidence is good, with the predicted temperature mostly lying well inside the experimental
scatter. The only exception is the under-prediction of the gas temperature near the centreline
at z = −0.03 and −0.05 m. A fuel composition of ≈ 80% volatiles and ≈ 20% pilot fuel
can be found at these axial locations on the centreline. As the peak temperature of the
pilot flame is slightly higher than the one of the volatile flame, see Fig. 5.19, we attribute
the under-prediction of the mean temperature to a slight underestimation of the mixing
between pilot and volatiles. As the pilot fuel becomes more dominant at larger radii, the
temperature increases and matches the experiment very well, Fig. 5.23. However, considering
the uncertainties of both the simulation approach and the experiments for this complex multi-
physics problem, the joint agreement demonstrated in Figs. 5.21, 5.22 and 5.23 is overall
satisfactory and the FPV-LES methodology captures both the flow field and flame position
accurately.

108



5 Analysis of solid fuel particle conversion

5.2.4.2 Flame analysis

After validating the modelling approach, a first impression of the coal conversion process
inside the combustor can be obtained from Fig. 5.24 which shows time-averaged contours of

Figure 5.24: Time-averaged contours in the central x-z plane of the combustion chamber with a zoom into
the quarl region (with only small particles for clarity) in the top row. (a) axial velocity and
temperature of the gas, (b) pilot and volatile mixture fraction with isolines Zpil,st (white) and
Zvol,st (grey), (c) char off-gas mixture fraction and mass fraction of O2. An instantaneous
snapshot of the coal particles is overlaid, where particles are scaled by diameter and coloured
according to (a) temperature Tp, (b) devolatilisation progress Cdev and (c) char conversion
progress Ccog.

the principal flame quantities that characterise the multiphase fuel conversion process. The
mean gas phase contours are overlaid by instantaneous snapshots of the Lagrangian particles
coloured by their temperature Tp, devolatilisation Cdev and char conversion Ccog progress
in Fig. 5.24 (a), (b) and (c) respectively. Cdev and Ccog are defined to be 0/1 at the begin-
ning/end of the devolatilisation/char conversion process. In Fig. 5.24 (a), it can be observed
that in the quarl region the (unswirled) primary and (swirled) secondary flow streams merge
rapidly and form a bell-shaped inner recirculation zone mainly composed of hot combustion
products. From its injection location at z = 0, x = ±0.195 m the (unswirled) tertiary flow
stream initially stays close to the lateral walls of the combustion chamber, developing a large
external recirculation zone (green colours on the left half of Fig. 5.24 (a)). The right frame
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of Fig. 5.24 (a) shows that the highest gas temperatures are located inside the burner quarl
and along the centreline of the combustion chamber, with increasingly wider profiles of high
temperature with increasing downstream distance. Directly at the entrance of the quarl, be-
tween the primary and secondary streams, a side flame is established, as was also discussed
in an earlier study of the same combustor [68]. While larger particles (dp > 100µm) leave
the burner quarl towards the downstream region, most of the smaller particles are entrained
in the inner recirculation zone where they heat up quickly and proceed with their conversion
process. Conversely, the large particles heat up more slowly and are mainly converted in
the middle and downstream furnace. A comparison of gas temperature from Fig. 5.24 (a)
with the pilot and volatile mass fractions in Fig. 5.24 (b) shows that the flame is located in
regions of large gradients of Zpil in the upstream and of Zvol in the middle and downstream
regions. The pilot flame dominates the inner recirculation zone, the outside of which features
stoichiometric regions of Zpil (white line). The small coal particles are heated up by the pilot
flame and hot combustion products, releasing their volatiles as indicated by their high values
of Cdev. However, only a limited mass of volatiles is released in the quarl, as indicated by
the small region of Zvol,st (grey line), due to the large particles mainly escaping the inner
recirculation zone without significant levels of devolatilisation progress. The higher thermal
inertia of the large particles leads to a slower increase of Cdev and, therefore, a later release
of volatile matter, indicated by the regions with increased values of Zvol in the main furnace
from z = −0.15 ... −0.4 m. However, in regions where large particles start their conversion
process the mean values of Zvol show that the stoichiometric value is not reached, while
instantaneous snapshots of Zvol (not shown for brevity) reveal that locally around individual
coal particles, although values of Zvol > Zvol,st are reached, only small local volatile flames
are stabilised. The left side of Fig. 5.24 (c) shows the mixture fraction of the char off-gases.
No char conversion can be observed in the quarl region and regions near the centreline, as
indicated by both Zcog and Ccog. This can be explained by the absence of oxygen in these
regions, which has been fully consumed by the combustion of the pilot fuel and coal volatiles,
see right side of Fig. 5.24 (c). However, significant levels of char conversion can be observed
at the bottom of the combustion chamber. Here, particles are clustered and due to the
sufficient amount of oxygen, provided from the tertiary stream, char conversion proceeds.

The flame is now analysed in terms of the contributions of the various fuel streams to
combustion. As was observed in Fig. 5.24 (c) char conversion only occurs in the downstream
and outer regions of the furnace, whereas the inner and upstream zones are dominated by
the pilot and volatile streams. Therefore, the present paragraph focuses on the character-
istics of the pilot and volatile flame. Figure 5.25 (a) compares the mean gas temperature
from the coal flame (multiphase, right half) to an auxiliary simulation of a pilot-only flame
without coal particles (single phase, left half). Lower temperatures can be observed in the
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Figure 5.25: Time-averaged gas quantities in the central x-z plane. a) Temperature contours of the pilot-only
flame (single phase, left half) and piloted coal flame (multiphase, right half), (b) flamelet input
parameters A and B (multiphase).

internal recirculation zone of the coal flame when compared to the pilot-only flame, which
is attributed to the coal particles and volatile gases absorbing heat from the surrounding
gas phase. Different visual flame lengths can be seen in Fig. 5.25 (a), where the pilot-only
flame reaches z = −0.25 m and the coal flame z = −0.4 m. The peak temperature for both
flames is similar, which is reasonable due to the tabulated temperatures shown in Fig. 5.19.
A clear differentiation of the contributions of the pilot and volatile fuel to the coal flame can
be obtained from the flamelet input parameters A and B, the temporal means of which are
shown in Fig. 5.25 (b). In the absence of char conversion in the upper furnace A and B from
Eq. (5.39) can be used to uniquely identify a pilot-only flame by A = B = 0, whereas A = 0,
B = 1 indicates are pure volatile flame. A flame from mixed pilot and volatile fuel is obtained
for A = 0 and 0 < B < 1. In Fig. 5.25 (b), the mixing ratio A attains values of zero in the
upstream and central part of the furnace, confirming the presence of pilot and/or volatile fuel
and the absence of char conversion in these regions. The mixing ratio B illustrates two major
flame zones where A is zero, with the blue regions for B indicating the pilot as the main fuel
source, whereas red colours for B refer to volatile fuel. The pilot fuel dominates the outside
of the internal swirl-stabilised recirculation zone and the external recirculation zone. The
volatile fuel dominates the interior of the internal recirculation zone up to z = −0.05 m and
a secondary downstream volatile combustion zone spanning from z = −0.1 ... −0.6 m with in-
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creasingly wider profiles with increasing downstream distance. Hence, in the mean, volatile
combustion proceeds in a small upstream region inside the quarl where mainly fuel from the
smallest particles is consumed, and in a secondary volatile combustion zone in the centre
of the downstream furnace, where the volatile fuel from the larger particles is burnt. This
is confirmed in Fig. 5.26 which shows a scatter plot of the particle devolatilisation progress
Cdev vs. the downstream z-coordinate coloured by the particle diameter. It can be observed

Figure 5.26: Scatterplot of particle devolatilisation progress Cdev vs. z-coordinate coloured by the particle
diameter.

that the majority of small particles completes its devolatilisation progress in the upstream
recirculation region, whereas most large particles only reach Cdev = 1 in the downstream
furnace, resulting in the two separated zones of volatile combustion.

5.2.5 Conclusions

In the present work a comprehensive model for the turbulent combustion of piloted pulverised
solid fuels, namely a six-dimensional multiphase FPV-LES approach, is proposed and val-
idated. The modelling approach is applied to predict a swirl-stabilised piloted coal flame
in the TU Darmstadt solid fuel combustion chamber. The simulation results are validated
against the experimental evidence and radial profiles of the mean and RMS gas velocities, as
well as the mean gas temperature show a good accordance between experiments and simula-
tions. When analysing the contributions of the pilot, volatile and char off-gas fuel streams to
the coal flame, it is found that the pilot gas mainly dominates the area near the wall inside
the quarl and the external recirculation zone. Two separate zones of volatile combustion
are identified. A small upstream region in the interior of the inner recirculation zone that
is mainly fuelled by recirculating small particles and a secondary volatile flame region in
the centre of the downstream furnace that is dominated by the larger coal particles. Char
conversion is negligible where pilot and volatile fuel dominates, but char combustion occurs
near the bottom of the combustion chamber and at larger radii.
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5.3 Carrier-Phase DNS of Ignition and Combustion of
Iron Particles in a Turbulent Mixing Layer

Research highlights

The Euler-Lagrange approach has been successfully validated and applied for volatile-con-
taining solid fuel particles (i.e. coal and biomass) in the first and second research paper
associated with the present research objectives. In the third paper, Luu et al., Flow Turb.
Combst. 112:1083-1103, 2024 [180], the third research objective is addressed. Here, the
Euler-Lagrange framework is extended from volatile-containing solid fuels to the oxidation
of non-volatile metal particle clouds. In this context, an iron oxidation sub-model [164,165]
has been implemented in the Euler-Lagrange framework of OpenFOAM and CP-DNS of
monodisperse reacting iron particle clouds in a turbulent mixing layer has been studied. The
study provides a first-of-its-kind study of iron particles in shear-driven turbulence. At first,
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Figure 5.27: Comparison of particle temperature Tp vs. time t for laser-ignited single iron particles. Present
work (OF), ref. [165] (Ref.–Sim.) and refs [23,229] (Ref.–Exp.).

the implementation of the iron oxidation sub-model has been successfully validated against
experimental data from a laser-ignited reactive single iron particle [23,229] in Fig. 5.27. The
comparison in Fig. 5.27 shows good alignment between the reference simulation and experi-
mental measurements. Additionally, various particle diameters and environmental conditions
were tested, demonstrating the robustness and reliability of the results. After the validation,
the interaction between turbulence, ignition and combustion of iron particle clouds in the
CP-DNS framework is investigated. A first visual impression of the temporal evolution of
the mixing layer can be seen in Fig. 5.28. The initially separate streams develop and create
a mixing region between them. This mixing process carries particles from the cooler upper
stream to the hotter lower stream. As these particles interact with the hot stream, they heat
up and oxidise once they reach the critical ignition temperature. A significant increase in gas
temperature is observed only in areas with a high concentration of iron particles. The par-
ticle behaviour throughout the entire process is observed and visualised in scatterplots. The
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Figure 5.28: Snapshots of gas temperature T in the x-y plane at Lz/2. The particles are coloured by their
oxidation progress Cox.

Figure 5.29: Scatterplots of particle temperature Tp vs. oxidation progress Cox coloured by the normalised
Damköhler number Da∗.

scatterplots in Fig. 5.29 indicate that the particles experience different combustion regimes.
By analysing the particle colour, which represents the normalised Damköhler number, it is
shown that for temperatures Tp < 1125 K and oxygen concentrations Cox < 0.2, all particles
are in the kinetically limited regime (Da∗ → 0). In the intermediate temperature range of
1125 < Tp < 1500 K, a transition from kinetic to diffusion-limited (Da∗ → 1) can be observed.
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Abstract

Three-dimensional carrier-phase direct numerical simulations (CP-DNS) of reacting iron
particle dust clouds in a turbulent mixing layer are conducted. The simulation approach
considers the Eulerian transport equations for the reacting gas phase and resolves all scales
of turbulence, whereas the particle boundary layers are modelled employing the Lagrangian
point-particle framework for the dispersed phase. The CP-DNS employs an existing sub-
model for iron particle combustion that considers the oxidation of iron to FeO and that
accounts for both diffusion- and kinetically-limited combustion. At first, the particle sub-
model is validated against experimental results for single iron particle combustion considering
various particle diameters and ambient oxygen concentrations. Subsequently, the CP-DNS
approach is employed to predict iron particle cloud ignition and combustion in a turbulent
mixing layer. The upper stream of the mixing layer is initialised with cold particles in air,
while the lower stream consists of hot air flowing in the opposite direction. Simulation
results show that turbulent mixing induces heating, ignition and combustion of the iron
particles. Significant increases in gas temperature and oxygen consumption occur mainly in
regions where clusters of iron particles are formed. Over the course of the oxidation, the
particles are subjected to different rate-limiting processes. While initially particle oxidation
is kinetically-limited it becomes diffusion-limited for higher particle temperatures and peak
particle temperatures are observed near the fully-oxidised particle state. Comparing the
present non-volatile iron dust flames to general trends in volatile-containing solid fuel flames,
non-vanishing particles at late simulation times and a stronger limiting effect of the local
oxygen concentration on particle conversion is found for the present iron dust flames in
shear-driven turbulence.

5.3.1 Introduction

Due to industrial growth in both developing and developed countries, as well as the increasing
world population, the global energy demand is expected to rise over the next few decades.
Energy from fossil fuels is still dominant, but their negative environmental impact and
limited resources have raised the need for alternative energy sources. Renewable energy
sources from wind and solar are clean (carbon-free) but due to the geographical locations
of wind farms and volatility from solar plants, regions with high energy demand cannot
be supplied continuously. A possible approach to solve this issue is the use of carbon-free
energy storage systems. Nowadays, energy storage technologies are still underdeveloped and
partially unexplored. A promising emission-free technology for future energy systems is the
oxidation of iron [15,16] and the potential of using existing coal power plant infrastructures
[14]. Iron has a high potential for serving as a carbon-free energy carrier due to its high
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energy density and abundance combined with its excellent transport and storage properties
[15, 126]. When combining iron oxidation with the reverse iron oxide reduction process,
based on renewable energy sources, a sustainable circular zero-carbon energy economy can
be developed [126, 230]. Due to its non-volatile heterogeneous combustion property [231]
iron combustion differs significantly from coal and biomass conversion such that existing
modelling strategies for carbon-based solid fuels cannot directly be used. This lack of reliable
modelling approaches drives significant research efforts to examine the underlying chemical
and physical processes, and to develop new models.

Goroshin et al. [232] developed a simple analytical model for single metal particles to
capture heating, ignition and diffusive burnout in both the fuel-lean and fuel-rich limits.
Extension of the analytical model for binary mixtures of reacting fuels has been conducted
by Goroshin et al. [233] and Palecka et al. [234]. Independently, Sidorov and Shevchuk [235]
developed a similar analytical model. Goroshin et al. [236], Tang et al. [237] and Lam et
al. [238] developed numerical models to investigate the discrete combustion regime that may
occur for solid metal fuels. Soo et al. [166] proposed a kinetically- and diffusion-limited model
for iron that was later extended by Hazenberg and van Oijen [164], considering the major
oxidation step of Fe to FeO. Recently, Thijs et al. [22] and Mich et al. [165] extended this
model by deriving improved heat and mass transfer correlations from fully-resolved particle
simulations [22] and studying polydispersity effects on single particle combustion in the
Euler-Lagrange framework [165]. Mi et al. [127] proposed an alternative iron combustion
model that describes the growth of iron oxide layers consisting of FeO and Fe3O4 by a
parabolic rate law. Over the last couple of years, the step from single particle investigations
[128, 229, 239–244] to the study of metal particle clouds in laminar flows has received a
substantial boost both numerically and experimentally. The experimental investigations
mainly focus on the stabilisation and quantification of laminar burning velocities and on
identifying different combustion regimes [245–253]. Numerical studies are based on single
particle model developments and examine various physical aspects such as discreteness [236–
238,254], flame structure and laminar burning velocities [101,164,233,234,255].

The transition from laminar to turbulent iron cloud combustion introduces additional
challenges. From previous research on solid fuel combustion with volatiles, it is known that
a strong coupling between turbulent mixing, homogeneous chemistry and solid fuel kinetics
exists. However, the non-volatile nature of iron requires us to re-examine this interplay for
iron cloud flames. Direct numerical simulations (DNS) are essential to investigate these pro-
cesses in detail. While fully-resolved DNS, that resolves all particle boundary layers, is only
possible for single particles [22] and small particle groups, the carrier-phase direct numerical
simulation (CP-DNS) approach provides a good trade-off between accuracy and efficiency
for particle cloud combustion. CP-DNS resolves all scales of turbulence and the flame, but
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employs sub-models for the momentum, heat and mass transfer across the boundary layers
between the bulk gas phase and the Lagrangian point particles. Recent CP-DNS of solid
fuel particle cloud combustion with volatile gases from coal or biomass were conducted by
several researchers [34–36, 39, 41–45]. Hemamalini et al. [256] considered reacting iron par-
ticle clouds in a double shear layer configuration by CP-DNS and provided a qualitative
impression of early-time iron cloud combustion. Here, we conduct CP-DNS of a reacting
iron particle cloud in a turbulent mixing layer by using the First Order Surface Kinetics
(FOSK) iron combustion sub-model proposed by Mich et al. [165]. Our objectives are to

• provide a first-of-its-kind study of iron particle cloud ignition and combustion in shear-
driven turbulence using existing iron combustion sub-models,

• investigate the non-volatile combustion behaviour of iron particle clouds and qualita-
tively compare it to volatile-containing solid fuel flames,

• provide a CP-DNS database for further model development of iron particle cloud
flames.

The remainder of the paper describes the modelling approach in Sec. 5.3.2, shows validation
results for the iron combustion sub-model in Sec. 5.3.3 and introduces the computational
configuration in Sec. 5.3.4. The CP-DNS results are presented and discussed in Sec. 5.3.5,
followed by conclusions in Sec. 5.3.6.

5.3.2 Modelling

5.3.2.1 Gas phase

In the context of CP-DNS, the gas phase is described by the governing equations of mass
(Eq. 5.40), momentum (Eq. 5.41), energy (Eq. 5.42) and chemical species (Eq. 5.43) [39]

∂ρ

∂t
+ ∂

∂xi
(ρui) = Ṡρ,p, (5.40)

∂ρui

∂t
+ ∂

∂xj
(ρuiuj) = − ∂p

∂xi
+ ∂

∂xj

(
µ

[
∂uj

∂xi
+ ∂ui

∂xj
− 2

3
∂um

∂xm
δij

])
+ Ṡu,p, (5.41)

∂ρhs

∂t
+ ∂

∂xi
(ρuihs) = ∂

∂xi

(
µ

Pr
∂hs

∂xi

)
+ Ṡhs,p + Ṡrad, (5.42)

∂ρYk

∂t
+ ∂

∂xi
(ρuiYk) = ∂

∂xi

(
µ

Sc
∂Yk

∂xi

)
+ ω̇k + Ṡk,p (5.43)

with density ρ, time t, spatial coordinate x, coordinate directions i,j, velocity u, Kronecker
delta δij and pressure p. The symbol µ denotes dynamic viscosity, hs sensible enthalpy, Yk
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mass fraction of species k and Pr = Sc = 0.7 are the non-dimensional Prandtl and Schmidt
numbers. Ṡrad denotes the radiative source term. Radiative heat transfer is modelled by
the discrete ordinate method (DOM) using 80 directions. However, assuming a mixture of
O2 and N2 (pure air) the gas is nearly transparent in the infrared wavelength and does not
absorb or emit major parts of the radiation (εgas ≈ 0.001). The further RHS source terms
Ṡρ,p, Ṡu,p, Ṡhs,p and Ṡk,p denote the exchange of mass, momentum and energy between
the gas phase and the iron particles, and ω̇k is the homogeneous chemical reaction rate
of species k. Assuming purely non-volatile iron conversion, the iron oxide formed during
oxidation entirely remains on the particle in solid form and no homogeneous reactions occur
such that ω̇k = 0. However, the mass transfer terms Ṡρ,p and Ṡk,p for k = O2 are non-zero,
since oxygen is consumed from the gas phase. The non-zero source terms are calculated as

Ṡρ,p = ṠO2,p = − 1
∆3

Np∑
p=1

dmp

dt
, (5.44)

Ṡu,p = − 1
∆3

Np∑
p=1

d(mpup)
dt

, (5.45)

Ṡhs,p = − 1
∆3

Np∑
p=1

(
mpcp,p

τcon
(Tg −Tp)+ dmp

dt
hs,O2|Tp

)
(5.46)

with the particle mass mp, particle temperature Tp, gas phase temperature Tg at the particle
position, convective heat transfer time scale τcon, particle specific heat capacity cp,p and the
sensible enthalpy of consumed oxygen during the oxidation process at particle temperature
hs,O2|Tp . Equations (5.44)-(5.46) specify the semi-discretised source terms from Np iron
particles within every gas phase cell with edge length ∆ and Eq. (5.45) excludes external
forces, e.g. gravity.

5.3.2.2 Solid phase

The particles are described in the Lagrangian framework and their interaction with the
carrier-phase is defined by the transfer of momentum, energy and oxygen mass. The particles
are initialised as pure iron. During the oxidation process FeO is produced according to

Fe+0.5O2 → FeO. (5.47)

Although higher oxidation states of iron (Fe3O4 and Fe2O3) exist, we limit ourselves to the
sole production of FeO. This is because a recent set of iron combustion sub-models is based
on the same assumption [23, 101, 164, 165] such that limiting ourselves to FeO results in a
better comparability of our data to these recent references. These existing FeO sub-models
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represent the most important oxidation physics (kinetic and/or diffusion limitation) and have
been successfully validated against experimental data. Despite the proven existence of higher
oxidation states, there are currently no reliable sub-models that can represent the entire
physics of their production for the present conditions. Moreover, with our current focus on
ignition, particle residence times in the mixing layer remain short, such that substantial iron
oxidation to the final state Fe2O3 does not occur. During the simultaneous presence of both
Fe and FeO, their thermophysical properties (ρ, cp and hs) need to be defined. In this work,
the densities are calculated in analogy to [165]. The remaining thermophysical properties are
taken from the NIST database [129] and described by the Shomate equations. The particle
specific heat capacity is expressed as cp,p = YFecp,Fe +YFeOcp,FeO. Melting and solidification
of both iron and iron oxide are considered by the apparent heat capacity method [23]. The
mass conversion rate of Fe to FeO is predicted using the FOSK model by Mich et al. [165]

dmp,Fe
dt

= −1
s

ρf YO2AdkdDa∗, (5.48)

dmp,FeO
dt

= 1+ s

s
ρf YO2AdkdDa∗. (5.49)

Here,
Da∗ = Arkr

Arkr +Adkd
(5.50)

is the normalised Damköhler number, Ar = Ad = πd2
p the reactive and diffusive areas of the

particle, kr = k∞e−Ea/RuTp the kinetic surface reaction rate and kd = ShDO2,f

dp
the diffusive

transfer rate. Sh = 2+0.552Re1/2
p Sc1/3 denotes the Sherwood number, Rep = ρf |ug −up| dp

µf

the particle Reynolds number and s the stoichiometric ratio of the oxidation of iron to iron
oxide. Subscript f denotes film properties evaluated using the 1/3-law Tf = Tp + 1

3(Tg −Tp).
The remaining coefficients in the model are based on [165] and further model details can be
found therein.

Only drag force is considered to act on the particles. While it has been found that gravity
may have an impact on laboratory scale iron particle flames [253], it is neglected for the
present canonical mixing layer configuration. Uniform temperature is assumed within the
particles (Bi ≈ 0.001−0.01 [127]) which is governed by convective heat transfer with the gas
phase, radiation, heat of oxidation and the consumption of oxygen from the gas phase. With
these assumptions, the solid phase governing equations read

dmp

dt
= dmp,Fe

dt
+ dmp,FeO

dt
, (5.51)

dup

dt
= ug −up

τp
, (5.52)
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dTp

dt
= 1

τcon
(Tg −Tp)+ εpApσ

mpcp,p
(Θ4

r −T 4
p )+ Q̇FeO

mpcp,p
+ Q̇O2

mpcp,p
(5.53)

where ug is the gas velocity at the particle position, up the particle velocity and τp the
particle relaxation time that reads

τp =
ρpd2

p

18µf

1
(1+0.15Re2/3

p )
. (5.54)

εp = 0.9 [257] is the particle emissivity, σ the Stefan-Boltzmann constant, Θr the gas phase
radiation temperature computed by DOM, Q̇FeO = dmp,FeO

dt ∆hc,FeO the heat release due to Fe
oxidation, ∆hc,FeO the formation enthalpy of FeO based on Eq. (5.47), and Q̇O2 the energy
transfer due to oxygen consumption at particle temperature. The convective heat transfer
time scale follows Ranz-Marshall [141]

τcon = 1
6

Pr
Nu

cp,p

cp,f

ρpd2
p

µf
(5.55)

with
Nu = 2+0.552Re1/2

p Pr1/3 (5.56)

A Sherwood and Nusselt number correction is applied to account for Stefan flow [22,167,168]

Sh∗ = Shln(1+BM )
BM

, (5.57)

Nu∗ = Nuln(1+BT )
BT

(5.58)

such that Sh∗ replaces Sh in the expression for kd and Nu∗ is used instead of Nu in Eq.
(5.55). The Spalding mass transfer number BM is calculated as

BM = YO2,g −YO2,p

YO2,p −1 with YO2,p = YO2,g
Adkd

Arkr +Adkd
(5.59)

and the Spalding heat transfer number BT as

BT = (1+BM )φ −1 with φ =
cp,O2 |Tp

cp,g

Pr
Sc (5.60)

where cp,O2|Tp is the specific heat capacity of oxygen at particle temperature and cp,g the
specific heat capacity of the gas phase.
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5.3.3 Validation

The sub-model for iron combustion is validated by comparing results from it for a laser-
heated iron particle configuration to numerical predictions from [165] and experimental data
published in [23, 229]. The configuration is the laser-heated reactive single iron particle for
various oxygen environmental conditions and varying particle diameters by Ning et al. [229].
Figure 5.30 shows the time evolution of particle temperature for a laser-ignited iron particle
with dp ≈ 54 µm in air at Tair = 300 K. The initial particle temperature is Tp = 1500 K due
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Figure 5.30: Comparison of particle temperature Tp vs. time t for laser-ignited single iron particles with dp =
54 µm in air at Tair = 300 K. Present work (OF), ref. [165] (Ref.–Sim.) and refs [23,229] (Ref.–
Exp.) with mean (dark grey line) and standard deviation (gray shading) from the measurements.

to heating by the laser. The laser initiates the heterogeneous reaction, which leads to a
steady increase of the particle temperature until t = 23 ms. The particle reaches a peak
temperature of ≈ 2400 K that levels off to ≈ 1400 K at t = 40 ms due to the full consumption
of Fe. The time evolution profile exhibits three plateaus of constant particle temperature
which are induced by the melting and solidification phenomena inside the iron particle. The
first (1.2 < t < 1.6 ms) and third plateau (30.5 < t < 36 ms) at Tp = 1650 K correspond to the
melting and solidification temperature of FeO, while the second plateau (3.5 < t < 6.8 ms) at
Tp = 1810 K represents the melting temperature of Fe. The first plateau (melting of FeO) is
comparatively short, as only a small fraction of FeO has formed during the initial stages of the
oxidation process. After the peak particle temperature has been reached at 23 ms the particle
only consists of FeO and hence, there is no solidification plateau for Fe at 1810 K, but only
the one for FeO at 1650 K during the time period 30.5 < t < 36 ms. Comparing the results
between the two different codes [165] and the experimental data from [23, 229] in Fig. 5.30,
consistent numerical predictions are observed which both lie within the experimental scatter.

Figure 5.31 shows a comparison of times to peak particle temperature tpeak (e.g. 23 ms in
Fig. 5.30) as a function of particle diameter and gas oxygen concentration for single laser-
heated iron particles. Increasing the particle diameter leads to extended time periods to
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Figure 5.31: Comparison of times to peak particle temperature tpeak vs. particle diameter dp for various
gas oxygen concentrations for laser-ignited single iron particles at Tgas = 300 K. Present work
(OF), [165] (Ref.–Sim.) and [229] (Ref.–Exp.) with mean and standard deviation from the
measurements.

reach the peak particle temperature as expected. Also in line with expectations, increasing
the gas oxygen concentrations yields a reduction of tpeak, e.g. by a factor of around two when
increasing XO2 from 21% to 36%. This reflects the (oxygen) diffusion-limited character of
the heterogeneous reaction process of iron that is attained for the high particle temperatures
of the laser-ignited particle experiments. The predictions by the present particle model
implementation are fully aligned with the reference implementation from [165] and both
simulations agree very well with the measurements from [229]. As illustrated in Figs. 5.30
and 5.31 the present implementation of the FOSK iron combustion sub-model is valid for a
wide range of particle and environmental conditions and can therefore be used as a reliable
sub-model for individual particles in the Lagrangian particle cloud within the subsequent
CP-DNS of the mixing layer.

5.3.4 Computational configuration

A turbulent reacting mixing layer is studied, similar to the work by Rieth et al. [39] on
coal particle cloud combustion. However, different from the setup in [39] and following the
work by O’Brien et al. [258] the present configuration is based on the initial definition and
time evolution of the momentum thickness δθ, which allows for the evaluation of a self-
similar region of the shear-induced turbulence. The setup consists of two opposed streams,
initialised as air at elevated temperature (YO2 = 0.233, YN2 = 0.767 and T = 550 K) and iron
particles in the upper stream (US), and hot air at T = 1650 K in the lower stream (LS). The
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velocity of the two streams is chosen to be equal, but directed in the opposite x-direction
with ∆ux = 30m/s, see Fig. 5.32. Following [258], a hyperbolic tangent profile is used to
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Figure 5.32: Initial and boundary conditions of the reacting mixing layer with iron particles.

initialise the streamwise velocity field

ux = ∆ux

2 tanh
(

y −Ly/2
2δθ,0

)
(5.61)

(while uy = uz = 0), where δθ,0 is the initial momentum thickness corresponding to Reynolds
number

Reθ,0 = ∆uxδθ,0
(νUS +νLS)/2 = 44.018 (5.62)

where νUS and νLS are the initial viscosities of the upper and lower stream, respectively.
The three-dimensional computational domain has geometrical dimensions Lx = 320 × δθ,0,
Ly = 240×δθ,0 and Lz = 80×δθ,0. The setup consists of a total of 84,934,656 cubic Eulerian
cells with a constant size of ∆ = 100 µm. A total of 4,900,000 spherical iron particles with an
initial diameter of dp,init = 10 µm, Tp,init = 550 K and YFe,init = 1 are randomly distributed in
the upper stream. The particle diameter chosen for the simulations is close to the nominal
surface mean size (12.7 µm) of the experimental PSD from [253]. Note that these iron
particles are produced via atomisation and the particle size is adjustable. In the context
of the considered power plant oxidation-reduction process typical iron particle sizes are
in the range 10-20 µm and therefore comparable to (the low end) of PSDs for pulverised
volatile-containing solid fuels [14], while their size is expected not to change significantly after
multiple oxidation-reduction cycles [259]. Future simulations will use the full PSD from [253]
to explore the effects of particle size on ignition and combustion. The number of particles
has been set to obtain ϕ = 1 in the upper stream, based on the oxidation of Fe to FeO i.e.
Eq. (5.47). Particle velocities are initialised with the bulk gas velocity of the upper stream.
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To speed up the growth of the mixing layer, isotropic velocity perturbations of u′u′ = v′v′ =
w′w′ = 0.01(∆ux)2 with a length scale of 0.01 ·Lx are generated with the methods by Klein
et al. [260] and Kempf et al. [261]. These instabilities are initially superimposed on the bulk
velocity field at y/Ly = 0.5 with a height of 4 · δθ0 and exponentially decrease to zero along
the y-axis. The boundary conditions (BC) for pressure and momentum are periodic in x-
and z-direction, whereas a zero-gradient BC for momentum and ambient pressure is assumed
in y-direction. To ensure sufficient resolution of the CP-DNS, the Kolmogorov length scale
is estimated. Following Rieth et al. [39] we define spatial averages for an arbitrary quantity
Φ by averaging across the homogeneous x- and z-directions, i.e.

⟨Φ⟩(y, t) = 1
LxLz

∫ Lx

0

∫ Lz

0
Φ(x,y,z, t)dxdz. (5.63)

Then, the local velocity fluctuation can be obtained as u′ = u−⟨u⟩. The average dissipation
is given as ⟨ϵ⟩ = ⟨τij

∂u′
i

∂xj
⟩, with the viscous stress tensor τij . Using the average dissipation

rate and spatially-averaged kinematic fluid viscosity, the Kolmogorov length scale can be
calculated as

⟨η⟩ =
(

⟨ν⟩3

⟨ϵ⟩

)1/4
. (5.64)

After the initial time steps of the simulation the minimum Kolmogorov length scale that can
be estimated from Eq. (5.64) is always larger than the computational grid size (η > ∆ =
100µm) such that all turbulent scales are resolved, as detailed further below.

Following the evaluation in [258], Fig. 5.33 shows the time evolution of the momentum
thickness δθ in the present mixing layer. The momentum thickness grows with time with
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Figure 5.33: Time evolution of momentum thickness δθ of the mixing layer. Vertical red lines delineate the
time period of self-similarity.

different ascending slopes which divide it into three different regions. The first region (I)
represents the initialisation period where the initial perturbations are replaced by the de-
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velopment of the shear-driven turbulence. In the second region (II) a quasi-linear growth
of δθ is observed, which indicates fully-developed self-similar turbulence. The final region
(III) shows a reduction of the slope which implies external processes increasingly acting on
the flow field, i.e. boundary effects. Using Eq. (5.64) a minimum Kolmogorov length scale
of 213 µm is found during the self-similar period. For the applied CP-DNS approach to be
valid, the ideal grid size ∆ideal should follow dp ≪ ∆ideal < η, such that all turbulent scales
are resolved, while the Lagrangian particles can still be considered as point-particles. With
dp = 10µm, ∆ = 100µm and ηmin = 213µm the present configuration achieves a reasonable
trade-off during the self-similar period. The subsequent analysis will mainly focus on the
self-similar region (4 < t < 9 ms) where no boundary effects have yet affected the development
of the inner shear layer. However, results from earlier and later times are also presented for
a more complete documentation of the overall particle oxidation process.

The simulations are conducted using a finite volume solver based on OpenFOAM-v2012,
with a typical computational cost of ≈165,225 CPUh on 1024 × Intel Xeon Platinum 8358
cores. Within the framework of the International Conference on Numerical Combustion
ICNC (see Abdelsamie et al. [262]) Zirwes et al. have shown that -despite OpenFOAM’s
second order numerical accuracy- detailed simulations of highly-transient chemically react-
ing flows can be achieved that demonstrate very good HPC scaling capabilities and provide
results in excellent agreement with high-order combustion codes [263]. A necessary require-
ment for excellent results from OpenFOAM is typically the use of a higher grid resolution
than the corresponding high-order code for the same case, since the latter code will converge
faster. Under this condition, depending on the mesh type, OpenFOAM has been demon-
strated to provide "quasi-DNS" data for both chemically non-reacting [264] and reacting
single phase flows [265]. Here we use an in-house reacting multiphase solver extension of
OpenFOAM that has previously been employed for detailed CP-DNS analyses of volatile-
containing solid fuel combustion [42–44]. With CP-DNS, a considerable level of additional
models and numerical methods are added to the classical DNS framework, which are -among
others- models for the heat, mass and momentum transfer across the particle boundary lay-
ers, particle tracking techniques, particle-source in cell methods etc. To still achieve reliable
CP-DNS predictions, great care has to be taken with respect to the relative size of the La-
grangian particle diameter dp, Eulerian grid resolution ∆ and turbulent Kolmogorov scale
η, leading to the criterion dp ≪ ∆ideal < η given above.

5.3.5 Results and discussion

After validating the iron combustion sub-model, the CP-DNS framework is used to predict
the mixing layer with reacting iron particles. A visual impression of its temporal evolution
can be obtained from Fig. 5.34 which shows snapshots of the gas temperature (top row) and
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Figure 5.34: Snapshots of gas temperature (top row) and mass fraction of O2 (bottom row) in the x-y plane
at Lz/2. The particles are coloured by their oxidation progress Cox.

oxygen mass fraction in the gas phase (bottom row) at selected times in the x-y plane at
Lz/2. The particles are coloured by their oxidation progress Cox defined as the extent of iron
consumption Cox = mFe,0−mFe

mFe,0
with mFe,0 and mFe denoting the initial and current iron mass

inside the particle at time t. Inspecting Fig. 5.34, it can be seen that the initially separate
streams develop and generate a mixing region between them. Due to this mixing process
the particles are entrained from the upper to the lower stream, as indicated at t = 2 ms.
When these particles interact with the lower stream they heat up. During this initial stage
of heat-up the particles are still in the kinetically-limited regime and their oxidation progress
is close to zero.

At t = 4 ms the turbulent mixing process has progressed and significantly more particles
have been entrained into the lower stream for oxidation. Particles with longer residence
times in the lower stream have reached the critical ignition temperature and ignite, as can
be observed from the formation of localised hot pockets, while the local oxygen concentration
reduces simultaneously. The regions of local hot pockets show the development of individual
distinctive high temperature zones with highly reactive particles residing inside. However,
an interesting observation is that larger pockets of substantial gas temperature increase are
mostly limited to regions where particle clusters are located.

At t = 7 ms a large number of iron particles has been entrained into the lower stream,
which has led to the formation of a continuous flame zone with high temperatures and full
oxygen depletion. This flame zone is aligned with particle clusters in which particles typically
have a similar state of oxidation. The majority of particles in the lower stream is now fully
oxidised (indicated by white colour), showing that their oxidation process from Fe to FeO
is fully completed. However, in the centre of the mixing layer filament-like, black-coloured
particle streaks can be observed, the oxidation state of which is still zero (Cox = 0). Here,
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particle clusters have been entrained into regions with locally zero oxygen concentration,
such that these particles cannot oxidise immediately. These observations differ from the
well-known phenomena in volatile-containing solid fuel flames, from e.g. coal [39] (Fig. 3)
and biomass [40] (Fig. 3). In high-temperature regions devoid of oxygen, volatile-containing
solid fuels still continue their devolatilisation process, whereas (non-volatile) iron particles
only heat up without any further material release or oxidation progress.

For the last reported time step t = 14 ms, more particles are clustered, hence, more simul-
taneous particle oxidation occurs and therefore, a strong increase of gas phase temperature
and oxygen consumption can be observed. A continuous flame front has been established
and is constantly fed by fresh particles entering from the upper stream. Nevertheless, this
time step is located outside of the self-similar region, see Fig. 5.33, and boundary effects may
have begun to influence the results. Further snapshots at later times (omitted for brevity)
show that the entrainment and oxidation progress continues until the end of the simulation.

Figure 5.35 (top row) shows the total mass of FeO produced and O2 consumed by iron
oxidation in the entire computational domain vs. time. A significant increase of the mass of
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Figure 5.35: Total mass of produced FeO and consumed O2 in the entire domain (top row) and total number
of fully oxidised particles Np (bottom row) vs. time.

produced iron oxide can be observed from t = 2 ms onwards, after which there is a near-linear
mass increase of FeO up to around 1.25 x 10−6 kg at t = 14 ms. The mass of oxygen in the
gas phase decreases simultaneously, reaching its lowest value at the end of the simulation.
Figure 5.35 (bottom row) shows the total number of particles that is fully oxidised (Cox = 1)
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as a function of time. It can be observed that Np increases simultaneously as the mass of
FeO, subsequently reaches a near-linear profile and at t = 14 ms around 763,000 (≈ 15.6%)
particles have been fully oxidised within the bounds of the CP-DNS simulation time.

Figure 5.36 shows scatterplots of the particle oxidation progress Cox vs. the normalised
y/Ly coordinate for all particles at different times. The particles are coloured by the gas
temperature surrounding them. At t = 1 ms, a small set of particles at positions close to

Figure 5.36: Scatterplot of particle oxidation progress Cox vs. normalised cross-stream coordinate y coloured
by the gas temperature surrounding the particle at different times.

y/Ly = 0.5 has been heated up by the lower stream and begins to oxidise. As time progresses
to t = 2 ms, more particles are entrained into the lower stream, heat up and oxidise, such that
a significant number of them has already reached the state of full oxidation Cox = 1. This
process continues up to the end of the simulation, with further broadening of the oxidation
region across the y-axis and an increasing number of particles reaching full oxidation. At
4 ms it can be observed that particles in the lower half of the domain are surrounded by
higher gas temperatures, whereas their surrounding gas is significantly colder in the upper
half. At y/Ly ≈ 0.6 a set of particles has already reached full oxidation, despite being
surrounded by relatively cold gas (black particles with Cox → 1). This corresponds to rare
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events where particles have already experienced a hot gas environment for oxidation in the
lower stream and have subsequently be re-entrained upwards into to cold gas of the upper
stream, see Fig. 5.34 at early times. For the time range 7 ≤ t ≤ 14 ms it can be observed that
particles with a small oxidation progress are surrounded by cold gas, while the intermediate
range of oxidation progress 0 < Cox < 1 is mostly correlated with high values of surrounding
gas temperature (yellow) and only a small fraction of particles is subjected to intermediate
temperatures (purple). Particles that are fully oxidised (Cox = 1) can be observed across
the entire range of y/Ly of the lower stream and up to about half of the upper stream at
t = 14 ms. These particles are either surrounded by the background gas temperature of the
lower stream (orange), are subjected to the hot gases of the main oxidation region (yellow)
for intermediate values of y/Ly, or surrounded by the low gas temperatures of the upper
stream (purple-black), where -again- the latter correspond to rare re-entrainment events of
oxidised particles into the upper stream. The fraction of fully reacted particles re-entrained
into the cold gas is less than 5% for the inspected time range. These particles transfer heat
to the cold gas, but due to their small fraction, no significant effect on the gas phase can be
observed, see gas temperature in Fig. 5. We note that for volatile-containing solid fuels that
undergo char conversion (small) particles would be fully consumed at (very) late times of
the simulation, whereas this cannot happen for iron particle combustion where, apart from
few particles having left the computational domain through the y-boundaries, no significant
particle loss has occurred at the end of the simulation.

Figure 5.37 presents scatterplots of particle temperature vs. oxidation progress Cox over
the course of the simulation, where particles are coloured according to their normalised
Damköhler number Da∗ (Eq. 5.50). Fully oxidised particles are coloured in black since
their mass conversion rate of Fe to FeO is zero and the evaluation of Da∗ becomes obsolete.
In line with Fig. 5.36 at t = 1 ms a first set of particles has started to partially oxidise.
Corresponding to the second plateau in Fig. 5.30, a constant maximum particle temperature
across the range 0.2 ≤ Cox ≤ 0.25 delineates the melting process of Fe at Tp = 1810 K. At t =
2 ms some particles have already reached Cox = 1, where the highest particle temperatures
are attained. Considering the reactants solid iron at the initial temperature of the upper
stream (T = 550 K) and gaseous air at the temperature of the lower stream (T = 1650 K),
while assuming the products of iron oxidation to be liquid FeO and gaseous nitrogen only,
an adiabatic flame temperature of more than 3100 K is obtained, in line with the peak
temperatures observed in Fig. 5.37. At Cox = 1 (black particles) particle oxidation has
completely finished such that particles cool down again to a level determined by their local
gas environment. For the time range 4 ≤ t ≤ 7 ms the particle scatter becomes substantially
thicker due to many particles attaining a broad range of oxidation states and temperatures.
These particles are mainly located in the main flame region in the centre of the mixing layer,
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Figure 5.37: Scatterplot of particle temperature Tp vs. oxidation progress Cox coloured by the normalised
Damköhler number Da∗ at different times. Black colour indicates a fully oxidised state.

see Fig. 5.36. At t = 14 ms, the temperature range for particles with elevated oxidation
progress (Cox > 0.3) is 1750 ≤ Tp ≤ 2900 K, which corresponds to the set of particles in the
main reaction zone in Fig. 5.34. Focusing on the colour of the particles, i.e. the normalised
Damköhler number, it can be observed that for Tp < 1125 K and Cox < 0.2, all particles are in
the kinetically-limited regime (Da∗ → 0) as expected. For 1125 < Tp < 1500 K, the transition
from kinetic to diffusion limitation (Da∗ → 1) occurs. This is because particle temperatures
are so high such that the conversion rate is now solely limited by the availability of oxygen.

In the previous figures the (strong) impact of turbulence on iron particle ignition and
combustion in the mixing layer has been demonstrated. For a quantitative evaluation of
turbulence effects on the transition from kinetic to diffusion limitation of particle conversion
Fig. 5.38 shows the time to reach this transition (Da∗ = 0.5) for different particle Nusselt
numbers in varying oxygen environments. The data shown in Fig. 5.38 are generated by
conducting separate simulations of single iron particle conversion in various oxygen envi-
ronments using the same models and implementation from Sec. 5.3.2. The conditions are
chosen to mimic entrainment events from the mixing layer with initially cold particles at
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Figure 5.38: Time to normalised Damköhler at transition point tDa∗=0.5 vs. particle Nusselt number Nup

for various gas oxygen environments for a single iron particle at Tp = 550 K in Tgas = 1650 K.

Tp = 550 K entering the lower stream at Tgas = 1650 K. The range of particle Nusselt num-
bers has been extracted from the mixing layer during the self-similar period (t = 4 − 9 ms).
Here, Nup = 2 indicates a particle that perfectly follows the flow field (zero slip velocity), see
Eq. (5.56), whereas for Nup = 3, a slip velocity between the particle and gas is present that
is enhanced by turbulent mixing. In Fig. 5.38 a decrease of oxygen in the environment leads
to an increase of transition time because of the direct dependence of the FeO formation rate
on oxygen concentration, see Eq. (5.49). Increasing the particle Nusselt number, equivalent
to increasing the degree of turbulence, leads to a ≈ 25−30 % faster process of oxidation.

In summary, our results show some similarities, but also distinct differences between non-
volatile iron and volatile-containing solid fuel flames in the present shear-driven turbulence,
namely remaining oxide particles at late times and a stronger dependence of particle con-
version on the local availability of oxygen for iron combustion.

5.3.6 Conclusions

CP-DNS of iron particle cloud ignition and combustion in a turbulent mixing layer is con-
ducted using existing sub-models for iron particle combustion [165]. The iron combustion
sub-model is successfully validated against single-particle reference data and capable of recov-
ering measured particle temperatures, melting and solidification phenomena. Subsequently,
the model is used for CP-DNS of iron particle cloud ignition and combustion in shear-driven
turbulence. Simulation results show that particles are entrained into the hot lower stream,
where ignition occurs and the heat release from particle oxidation increases the gas tempera-
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ture far above the background temperature. While the local oxidation of individual particles
has a limited effect on gas temperature, the major heat transfer to the gas phase originates
from particle clusters. The global analysis of FeO mass production and O2 consumption
from oxidation across the entire domain shows that FeO is continuously produced, while
molecular oxygen is consumed, leading to localised regions fully depleted of oxygen at late
times. The analysis of the normalised Damköhler number, describing the transition from
kinetically-limited to diffusion-limited iron combustion, shows that kinetic limitation applies
for particle temperatures and particle oxidation progress of less than 1125K and 20 %, re-
spectively. For higher particle temperatures the oxidation rate is diffusion-limited and peak
particle temperatures are observed near the fully-oxidised particle state. The major differ-
ences between the present non-volatile iron flames and volatile-containing solid fuel flames
are non-vanishing particles at late simulation times and a stronger limiting effect of the local
oxygen concentration on the overall conversion process in iron dust flames. Future work
will remove the present assumption of mono-sized iron particles and explore the effects of
polydispersity on iron particle cloud ignition and combustion.
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5.4 Carrier-phase DNS study of particle size
distribution effects on iron particle ignition in a
turbulent mixing layer

Research highlights

The fourth paper, Luu et al., Proc. Combust. Inst. 40:105297, 2024 [181], builds on
the third paper by applying a realistic experimental particle size distribution to the previous
monodisperse case from Luu et al., Flow Turb. Combst. 112:1083-1103, 2024 [180]. It
continues the investigation of the third research objective. This study highlights distinct
differences in the ignition behaviour of the monodisperse (MD) and polydisperse (PD) iron
particle clouds under turbulent conditions. A first observation is presented in Fig. 5.39,
where a snapshot for the MD case (left) and PD case (right) is shown at the same physical
time (4 ms). It is clear that a significant increase in gas temperature can be observed in the
MD case, whereas no such increase is seen in the PD case. To investigate the reason for this

Figure 5.39: Time evolution of gas temperature and particles coloured by their oxidation progress Cox in the
x-y plane at Lz/2. Left: Monodisperse. Right: Polydisperse.

behaviour, the entire particle ensemble is divided into three particle size classes according
to Tab. 5.6 and the characteristics of each class are analysed individually. The particle

Table 5.6: Definition of the introduced particle size classes.
Name Definition in µm
Class1 5 < dp ≤ 10
Class2 10 < dp ≤ 15
Class3 15 < dp ≤ 35

classes are examined according to their local position, oxidation progress Cox, surrounding
gas oxygen mass fraction YO2 , local solid-gas equivalence ratio Φ and normalised Voronoi
volume v/vmean (a measure of particle clustering). A major result of this study is shown in
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Fig. 5.40. A comparison of oxidation state (particle colour) and equivalence ratio (ordinate)

Figure 5.40: Scatterplot of the equivalence ratio surrounding the particles Φ vs. normalised Voronoi volume
v/vmean at different times.

across particle size classes shows that large Class3 particles indicate a trend of Cox → 1
with Φ → 0, while small Class1 particles display no clear trend, with many fully-oxidised
particles even at high equivalence ratios. This is due to quick entrainment and early ignition
of small particles, which consume oxygen before being entrained into regions with unreacted
particles. In contrast, larger particles ignite much later due to delayed entrainment, higher
thermal inertia and the prior oxygen consumption by the smaller particles but release the
majority of heat. As a result, bulk ignition in the PD case occurs more unevenly. It is
delayed compared to the MD case due to the wide range of individual particle ignition times
and weak clustering effects.
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Abstract

The ignition and combustion of iron particles in a turbulent mixing layer is studied by
means of three-dimensional carrier-phase direct numerical simulations (CP-DNS). A par-
ticular focus is set on particle size distribution (PSD) effects on the ignition behaviour by
comparing CP-DNS results from using a realistic experimental PSD to DNS data based on
a monodisperse (MD) particle cloud with the same equivalence ratio. The CP-DNS solves
the Eulerian transport equations of the reacting gas phase and resolves all turbulent scales,
while the particle boundary layers are modelled in the Lagrangian point-particle framework.
A previously validated sub-model for the oxidation of iron to Wüstite (FeO) that accounts
for both diffusion- and kinetically-limited combustion is employed. The mixing layer is ini-
tialised with an upper stream of air carrying cold iron particles and an opposed lower stream
of hot air. Simulation results show distinct differences in the ignition behaviour between
the MD and PSD cases. The ignition of the PSD case is delayed compared to the MD case
and does not show any significant particle clustering prior to ignition. Further investiga-
tions indicate that the particle size has a crucial effect on the mixing process and ignition
time. Small particles start their oxidation process early and already consume some of the
available oxygen, while not crucially affecting the gas temperature due to their limited iron
mass contribution. Conversely, a slower entrainment into the lower stream combined with
higher thermal inertia and the prior oxygen depletion by the small particles leads to a de-
layed oxidation of the larger particles. As a net result, the PSD case shows a wide spread
of individual particle ignition delay times and overall delayed bulk ignition compared to the
MD case, where the majority of the particles ignites over a shorter period of time.

5.4.1 Introduction

In the next few decades, the global energy demand is expected to rise due to the global
industrial growth and increasing world population. Fossil fuels still dominate the energy
supply, but their non-renewable nature and negative environmental effects raise the need
for alternative sources. Wind and solar energy are renewable and carbon-free, but their
limited geographical distribution and high volatility make it difficult to supply regions with
high energy demand continuously. A possible solution is the development of new emission-
free energy storage technologies. A promising approach is the metal oxidation/reduction
cycle based on iron [16, 126]. The potential of iron as a carbon-free energy carrier is due
to its high energy density and abundance combined with its excellent transport and storage
properties [15]. When suitably combining iron oxidation and oxide reduction a sustainable
circular zero-carbon energy economy can be achieved [126]. The most significant difference
between iron oxidation and classical solid fuel conversion (e.g. coal) is the non-volatile
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heterogeneous combustion behaviour of iron [231], such that existing modelling strategies for
carbon-based solid fuels cannot be used without modification. The current lack of a deeper
understanding and reliable models for the relevant physics drive major research efforts to
improve our fundamental knowledge on iron flames.

Goroshin et al. [232] proposed a simple analytical model for the heating, ignition and
diffusive burnout of single metal particles. Soo et al. [166] developed a kinetically- and
diffusion-limited iron combustion model with the major oxidation step of Fe to FeO that
was later extended by Hazenberg and van Oijen [164], Thijs et al. [22] and Mich et al. [165].
In [22], improved heat and mass transfer correlations from fully-resolved particle simulations
were derived and in [165] polydispersity effects on Euler-Lagrange simulations were studied.
Mi et al. [127] proposed an alternative sub-model that describes the growth of FeO and
Fe3O4 layers by a parabolic rate law. In the past few years, experimental studies on single
iron particles [229, 243, 244] and iron particle clouds [245, 250, 253] in laminar flows have
been conducted. Concurrent numerical modelling research has examined various physical
aspects such as discreteness [29, 237, 238], flame structure and laminar burning velocities
[101,164,255].

The transition from laminar to turbulent iron dust flames introduces further challenges.
It is known from previous research on volatile-driven solid fuel combustion that turbulent
mixing, homogeneous chemistry and solid fuel kinetics are strongly coupled. However, the
corresponding coupling processes for non-volatile iron dust flames will likely be different.
To investigate these processes in detail, direct numerical simulations (DNS) are essential.
Fully-resolved DNS directly simulates the full turbulence spectrum and resolves all particle
boundary layers, but due to its high computational cost, it is restricted to single particles
[22] and small particle groups [29]. For particle clouds, the carrier-phase DNS (CP-DNS)
approach provides a good balance between accuracy and efficiency. CP-DNS resolves all
turbulent scales and the flame front, but uses sub-models for the transfer of momentum,
heat and mass across the particle boundary layers. CP-DNS of volatile-driven solid fuel
combustion from coal or biomass have been conducted by several researchers [34,39,42,45].
A first impression of early-time iron cloud combustion in a double mixing layer examined by
CP-DNS has been given by Hemamalini et al. [256]. In our previous work [180] we studied
the ignition and combustion of a monodisperse iron particle cloud in a turbulent shear layer
by means of CP-DNS using the (FOSK) iron sub-model proposed by Mich et al. [165]. Here,
we extend our previous work by considering a realistic particle size distribution (PSD) to
re-examine the underlying ignition mechanism. The objectives of this paper are to

• examine iron particle cloud ignition in shear-driven turbulence using an experimentally
determined PSD,

• characterise the differences between the ignition of simplified monodisperse particle
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clouds and clouds with a realistic PSD.

5.4.2 Modelling approach

5.4.2.1 Gas phase

The gas phase is governed by the conservation equations for mass, momentum, enthalpy
and chemical species. The Le = 1 assumption is invoked and the mass/heat diffusivities are
obtained from Sc = Pr = 0.7. Radiative heat transfer is described by the discrete ordinates
method (DOM). Isotropic particle scattering is considered, while the pure air carrier gas does
not absorb or emit radiation (εgas ≈ 0.001). Strictly assuming non-volatile iron conversion,
the oxides formed by combustion remain on the particles and homogeneous chemistry is
ignored. Gas-solid coupling is achieved via interphase source terms

Ṡρ,p = ṠO2,p = − 1
∆3

Np∑
p=1

dmp

dt
, (5.65)

Ṡu,p = − 1
∆3

Np∑
p=1

d(mpup)
dt

, (5.66)

Ṡhs,p = − 1
∆3

Np∑
p=1

(
mpcp,p

τcon
(Tg −Tp) +dmp

dt
hs,O2 |Tp

)
(5.67)

with the particle mass mp, particle (gas) temperature Tp (Tg), convective heat transfer time
scale τcon, particle specific heat capacity cp,p, sensible enthalpy of consumed oxygen during
oxidation at particle temperature hs,O2|Tp , and the number of particles per cell Np with edge
length ∆.

5.4.2.2 Solid phase

The Lagrangian particles are initialised as pure iron. During the oxidation FeO is produced
via Fe+0.5O2 → FeO and the thermophysical properties (ρ, cp and hs) of Fe and FeO are
required. The densities are calculated analogously to [165] and the further thermophysical
properties are retrieved from [129] using the Shomate equations. The particle specific heats
are obtained from cp,p = YFecp,Fe + YFeOcp,FeO, with melting and solidification modelled by
the apparent heat capacity method [23]. The iron mass conversion rate is determined from
the FOSK model by Mich et al. [165]

dmp,Fe
dt

= −1
s

ρf YO2AdkdDa∗, (5.68)

142



5 Analysis of solid fuel particle conversion

dmp,FeO
dt

= 1+ s

s
ρf YO2AdkdDa∗, (5.69)

where,
Da∗ = Arkr

Arkr +Adkd
(5.70)

is the normalised Damköhler number, Ar = Ad = πd2
p the reactive and diffusive areas of

the particle (assumed identical), kr = k∞e−Ea/RuTp the rate of kinetic surface reactions and
kd = ShDO2,f

dp
the diffusive transfer rate. Sh = 2+ 0.552Re1/2

p Sc1/3 is the Sherwood number,
Rep = ρf |ug −up| dp

µf
the particle Reynolds number and s the mass stoichiometric ratio of the

oxidation to iron oxide. Subscript < f > refers to properties at film temperature. Further
model coefficients are based on [165], with corresponding model details reported therein.

Only drag force is assumed to act on the particles. Given that the Biot number Bi ≈
0.001 − 0.01 [127], uniform particle temperatures are assumed and governed by convective
heat exchange, radiation, heat of combustion and oxygen consumption from the gas phase.
Hence, the solid phase governing equations are

dmp

dt
= dmp,Fe

dt
+ dmp,FeO

dt
, (5.71)

dup

dt
= ug −up

τp
, (5.72)

dTp

dt
= 1

τcon
(Tg −Tp)+ εpApσ

mpcp,p
(Θ4

r −T 4
p )+ Q̇FeO

mpcp,p
+ Q̇O2

mpcp,p
(5.73)

with the gas velocity at particle position ug, the particle velocity up and the particle re-
laxation time τp = ρpd2

p

18µf
(1 + 0.15Re2/3

p )−1. Ap = 1
4πd2

p is the projected area of the particle,
εp = 0.9 [257] the particle emissivity, σ the Stefan-Boltzmann constant, Θr the gas phase
radiation temperature from DOM, Q̇FeO = dmp,FeO

dt ∆hc,FeO the heat released by Fe oxida-
tion, ∆hc,FeO the formation enthalpy of FeO, and Q̇O2 the energy transfer due to oxygen
consumption at Tp. Convective heat transfer follows Ranz-Marshall [141]

τcon = 1
6

Pr
Nu

cp,p

cp,f

ρpd2
p

µf
(5.74)

with Nu = 2 + 0.552Re1/2
p Pr1/3. Sherwood and Nusselt numbers corrected for Stefan flow

[167] are considered

Sh∗ = Shln(1+BM )
BM

, Nu∗ = Nuln(1+BT )
BT

(5.75)
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such that Sh∗ and Nu∗ replace Sh and Nu in the previous equations. BM is calculated as

BM = YO2,g −YO2,p

YO2,p −1 , (5.76)

YO2,p = YO2,g
Adkd

Arkr +Adkd
(5.77)

and BT via
BT = (1+BM )φ, φ =

cp,O2|Tp

cp,g

Pr
Sc (5.78)

where cp,O2|Tp is the specific heat of oxygen at particle temperature and cp,g the gas specific
heat. The iron sub-model considers melting and solidification of Fe and FeO. Therefore, the
peak temperature can be higher than the melting point of Fe and FeO, but is typically far
below boiling point. Under these conditions the vapour pressure of iron is low and the non-
volatile assumption for iron particle combustion remains valid. This also implies negligible
nanoparticle formation and deposition effects which do not affect the PSD. As a result of
considering melting and solidification, the different densities of Fe (solid or liquid) and FeO
(solid or liquid) are all considered in the model, in proportion to the instantaneous mass
fractions of Fe and FeO within the particle [165]. Accordingly, the instantaneous properties
of each particle reflect the relative contributions of Fe and FeO and their effect on the PSD.
The present sub-model for iron particle oxidation has been validated against laser-heated
particle combustion experiments published in [23, 229] and predictions from [165] in our
previous work [180].

5.4.3 Computational configuration

A turbulent reacting mixing layer similar to Rieth et al. [39], but based on the evolution
of the momentum thickness δθ to determine the self-similar regime of the shear-induced
turbulence [258] is studied. The upper stream (US) of mixing layer is initialised as air at
T = 550 K carrying iron particles, while the lower stream (LS) is hot air at T = 1650 K.
The velocity of the two streams is equal but they flow in the opposite x-direction with
∆ux = 30m/s, see Fig. 5.41. A hyperbolic tangent profile is used to initialise ux

ux = ∆ux

2 tanh
(

y −Ly/2
2δθ,0

)
, (5.79)

with the initial momentum thickness δθ,0 corresponding to Reynolds number

Reθ,0 = ∆uxδθ,0
(νUS +νLS)/2 = 44.018 (5.80)
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Figure 5.41: Initial and boundary conditions of the mixing layer.

with νUS (νLS) the initial viscosities of the upper (lower) stream. The computational domain
has dimensions Lx = 320 × δθ,0, Ly = 240 × δθ,0 and Lz = 80 × δθ,0 and consists of a total of
85M cubic cells with a constant size of ∆ = 100 µm. Spherical iron particles are initialised
with the velocity and temperature of their carrying (upper) stream and their number is
chosen to initially have ϕ = 1 in this stream. To evaluate the effect of the PSD on particle
ignition, DNS data from the previously studied monodispersed case with a uniform initial
dp = 10 µm [180] is compared to the present case with 2,175,000 particles initialised with
the experimental PSD of Fedoryk et al. [253] (5 µm < dp < 35 µm). The size of every La-
grangian particle is tracked individually and dynamically adapts to the considered physics,
e.g. increasing particle size due to oxide deposition. To speed up the computations, isotropic
velocity perturbations u′u′ = v′v′ = w′w′ = 0.01(∆ux)2 with a size of 0.01 ·Lx generated ac-
cording to Klein and Kempf et al. [260, 261] are initially superimposed on the bulk velocity
in the main shear region. The pressure and momentum boundary conditions are periodic
in x- and z-direction, while a zero-gradient momentum boundary and ambient pressure is
assumed in y-direction.

Following [39], the Kolmogorov length scale is estimated by computing spatial averages
<.> across the homogeneous x/z-directions. Then, local velocity fluctuations can be calcu-
lated as u′ = u − ⟨u⟩ and the average dissipation becomes ⟨ϵ⟩ = ⟨τij

∂u′
i

∂xj
⟩, with the viscous

stress tensor τij . Finally, the Kolmogorov length scale is estimated as ⟨η⟩ =
(

⟨ν⟩3

⟨ϵ⟩

)1/4
. Fol-

lowing [258], Fig. 5.42 shows the time evolution of the momentum thickness δθ in the present
mixing layer, which grows in time with changing slopes that delineate three distinct re-
gions [180]. While region I (initialisation period) and III (boundary effects) are of little inter-
est here, the quasi-linear growth of δθ in region II implies a time period of self-similar turbu-
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Figure 5.42: Time evolution of momentum thickness δθ. Vertical red lines delineate the period of self-
similarity.

lence for 4 < t < 9 ms. A minimum Kolmogorov length scale of 123 µm is estimated for region
II. For a valid CP-DNS, the ideal grid size ∆ideal should follow dp ≪ ∆ideal < 2.1η [131] dur-
ing the evaluation period, such that all turbulent scales are resolved, while the particles can
still be considered as Lagrangian point-particles. With dp,mean = 12.7µm, dp,max = 35µm,
∆ = 100µm and ηmin = 123µm the present configuration achieves a reasonable trade-off
between all relevant scales.

The simulations are conducted with a low-Mach second order finite volume multiphase
solver based on OpenFOAM that has previously been employed for detailed CP-DNS anal-
yses of volatile-driven solid fuel combustion [42–44]. A typical CP-DNS simulation costs ≈
360,000 CPUh on 8192 × AMD-7742 cores.

5.4.4 Results and discussion

Figure 5.43 gives a visual impression of the temporal evolution of the mixing layer. It shows
the gas temperature and particle ensemble in the x-y plane at Lz/2, comparing the monodis-
perse (MD) particle cloud with dp = 10 µm from [180] to the present CP-DNS data based
on the experimental PSD from [253] with dp,mean = 12.7 µm (bottom row). The particles are
coloured by their oxidation progress defined as the extent of Fe consumption Cox = mFe,0−mFe

mFe,0

with mFe,0 and mFe denoting the initial and instantaneous iron mass inside the particle.
After t = 4 ms the initially separated streams (Fig. 5.41) have developed into a turbulent

mixing layer, which leads to the entrainment of cold particles from the upper stream into
the hot lower stream, where they heat up and begin their oxidation to FeO, see Fig. 5.43
(left). A noteable difference between the MD and PSD cases can be observed, where the
MD case already shows regions with significantly elevated gas temperatures indicating heat
transfer from ignited particles to the gas at t = 4 ms, whereas no such increase of Tg can be
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MD:

PSD:

Figure 5.43: Time evolution of gas temperature and particles coloured by their oxidation progress Cox in the
x-y plane at Lz/2. Top: Monodisperse (MD) particle cloud with dp = 10 µm [180]. Bottom:
Particle size distribution (PSD) from experiments [253]. For the PSD case particles are sized
proportionally to their instantaneous diameter (but not to scale).

seen for the PSD case. Both cases already feature partially- (grey) and fully-oxidised (white)
particles at this stage, however, the number of fully-oxidised particles is higher for the MD
case.

At t = 7 ms the MD case shows a large number of particles with significant oxidation
progress in the lower stream, which has led to the formation of a continuous flame region
(red). This flame region is associated with particle streaks that imply considerable particle
clustering. However, there are also clusters with black-coloured particles indicating that at
this stage some particles are hampered from their further oxidation by a localised lack of
-previously consumed- oxygen (not shown for brevity). In contrast, the PSD case at t = 7 ms
shows only a small number of fully-oxidised (white) particles and considerably less regions of
elevated gas temperatures compared to MD. In these regions, predominantly small particles
have Cox = 1 (white), while larger particles show less oxidation progress (black...grey). The
PSD case also features localised areas of elevated particle number densities, but no strong
clustering effects as for the MD case can be observed. At t = 9 ms, the continuous flame
region of the MD case has grown further and is constantly fed by fresh particles from the
upper stream, while the majority of particles in the lower stream is now fully oxidised. The
PSD case shows that the local regions of elevated gas temperature have grown and more
particles feature Cox = 1, but at this stage there is no continuous flame region comparable to
the MD case. Summarising Fig. 5.43, there are strong differences in the ignition behaviour
between the MD and the PSD case, with the MD case showing considerable particle cluster-
ing and earlier ignition, while particles are more uniformly distributed and ignition occurs
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later for the PSD case. These findings are corroborated by Fig. 5.44, which shows the
spatially-averaged gas temperature (top) and O2 mass fraction (bottom) vs. the normalised
y-coordinate as a function of time. Comparing the MD (dashed lines) and PSD (continuous

Figure 5.44: Spatially-averaged gas temperature (top) and O2 mass fraction (bottom) as a function of y/Ly

and time. MD (dashed lines) and PSD (continuous lines).

lines) cases, it is observed that at t = 4 ms (blue) the spatial average of gas temperature shows
a localised peak at y/Ly = 0.5 for MD, while the corresponding PSD curve has no such peak,
implying mostly non-reactive mixing between the two streams. At t = 7 ms (green) a local
peak also appears for the PSD case, however, the corresponding MD peak is already much
higher and even exceeds the lower stream temperature (1650K). The spatially-averaged pro-
files of YO2 in Fig. 5.44 (bottom) characterise the mean O2 consumption and confirm the
previous impression of earlier ignition and combustion for the MD case, as the MD profiles
always indicate more O2 depletion than for the PSD case at corresponding times.

Figure 5.45 shows number- and mass-based averages of particle oxidation progress vs. time,
where only particles that have at least 5% oxidation progress are considered, to exclude the
majority of fully unreacted particles far in the upper stream at early times, see e.g. Fig. 5.43
at t = 4 ms. It can be seen that the number-based average oxidation progress (black) of the
PSD case is always higher than for MD, implying that at any given time a larger fraction of
particles has ignited when considering the PSD. This initially also holds for the mass-averages
(blue), but this trend is inverted at t = 5 ms, when the mass-averaged Cox of the MD case
exceeds the one of the PSD case. However, irrespective of the averaging method, at early
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Figure 5.45: Number- and mass-based average of oxidation progress Cox vs. time

times the PSD case shows a larger average particle oxidation state than the MD case, which
seems in apparent contrast to the earlier ignition for MD found in Figs 5.43 and 5.44. To
further investigate the ignition behaviour of typical particle sizes, the particle ensemble of the
PSD case is subdivided into a set of particle size classes for data analysis. Different variants
of particle size classes have been applied in post-processing, but only a limited influence of
these variants has been found. As a result, the particles are grouped in accordance with their
most characteristic trends, where every particle is allowed to adhere to the physics related
to its individual temporal evolution and all particles follow the same assumptions. The final
sub-division splits the entire particle ensemble into three particle size classes, according to
Tab. 5.7 and the (mass-)averaged oxidation progress of each class is shown in Fig. 5.46.

Table 5.7: Definition of the particle size classes.
Name Definition in µm
Class1 5 < dp ≤ 10
Class2 10 < dp ≤ 15
Class3 15 < dp ≤ 35

It can be seen that the high average particle conversion progress of the PSD case at early
times in Fig. 5.45 is attributed to the small particle sizes only. In particular, the smallest
size Class1 is subject to the combined effect of strong entrainment into the lower stream
(lowest Stokes number) and comparatively fast heat-up (largest surface-area-to-volume ratio
for small particles) leading to a faster oxidation process, whereas larger particles have a
slow entrainment and heat-up, and therefore lower average Cox throughout the simulation.
However, despite the earlier conversion of the smallest particles for the PSD case, the mass
of iron fuel mFe and associated heat release is rather limited for Class1, such that their
impact on the gas temperature remains low. Moreover, the larger surface-to-volume ratio
and ability to follow turbulent fluctuations promptly also leads to a faster dissipation of the
heat released by the oxidation of the small particles. In contrast, the larger particles require
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Figure 5.46: Mass-averaged oxidation progress for different size classes of the PSD case (particles with Cox >
0.05 only).

significantly more time to heat up and ignite, such that their slow conversion and delayed
heat release postpones bulk ignition. As a net consequence, the uniform particle size of
the MD case leads to a more simultaneous heat-up, ignition and solid-to-gas heat transfer,
and therefore earlier bulk ignition compared to the investigated PSD case. The latter case
shows earlier ignition of individual small particles with little specific heat release, but a much
delayed conversion of the larger particles and therefore a globally delayed bulk ignition, as
found in Figs 5.43 and 5.44.

Figure 5.47 shows scatterplots of particle oxidation progress Cox vs. the normalised y/Ly

coordinate for particles in the PSD with Cox > 0.05 at different times. Particles are coloured
by their surrounding gas oxygen mass fraction YO2 . It is observed that the smallest Class1
particles undergo oxidation without any major limitations due the initial abundance of avail-
able oxygen (mostly red...yellow scatter), whereas the largest Class3 particles see increasingly
lacking oxygen at late simulation times. This is particularly true for the central region of the
mixing layer where the smallest particles lead to early oxygen depletion, while all particle
sizes can still find enough oxygen when entrained into the upper and particularly the far
lower stream (yellow particles for y/Ly → 0).

Figure 5.48 shows scatterplots of the (oxygen-based) equivalence ratio Φ [165] vs. nor-
malised Voronoi volume coloured by particle oxidation progress Cox for the PSD case. The
Voronoi volume is a commonly used indicator for particle clustering, with small Voronoi
volumes indicating small particle distances, i.e. strong particle clustering. Voronoi volumes
of all particles are computed [266] and normalised by the mean Voronoi volume in the entire
domain. At all times shown in Fig. 5.48, all particle size classes exhibit a fraction of particles
with Φ → 0 and Cox → 1, i.e. fully oxidised particles in a very lean oxygen environment.
This would not occur in gas combustion, where very lean mixtures cannot ignite, while het-
erogeneous iron combustion allows for locally stoichiometric conditions (prior to the shown
state of these particles) that lead to full particle conversion. Comparing the oxidation state
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Figure 5.47: PSD case, scatterplot of Cox vs. y/Ly coloured by the gas oxygen mass fraction YO2 surrounding
the particles at different times (particles with Cox > 0.05 only).

(particle colour) and equivalence ratio (ordinate) for various size classes and times in Fig.
5.48, it is observed that the largest Class3 particles show increasingly higher Cox with Φ → 0,
whereas the smallest Class1 particles do not show a similarly clear trend, with a consider-
able number of fully oxidised small particles at high equivalence ratios. This is because small
particles may have already consumed enough oxygen for full particle conversion, before being
entrained into regions with many unreacted (larger) particles such that the local equivalence
ratio is very high. In contrast, larger particles contain more mass and therefore contribute
more strongly to locally large equivalence ratios, in particular when they form clusters. Since
particle conversion of the large particles is generally delayed, Fig. 5.46, large particles are
mostly exposed to rich conditions in regions where small particles have previously consumed
O2, which slows down their oxidation progress even further. As a result, the conversion
of large Class3 particles strongly correlates with decreasing equivalence ratio, indicating a
reduced availability of oxygen. Considering the normalised Voronoi volume as an indicator
for particle clustering, it can be seen that small Class1 particles tend to have smaller than
average Voronoi volumes, whereas the largest Class3 particles show a wide distribution of
Voronoi volumes around the mean. Overall, only a weak dependence of the particle oxida-
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Figure 5.48: PSD case, scatterplot of the equivalence ratio surrounding the particles Φ vs. normalised Voronoi
volume v/vmean at different times (particles with Cox > 0.05 only)

tion progress on particle clustering can be observed in Fig. 5.48, in line with the qualitatively
weaker clustering behaviour of the PSD case already seen in Fig. 5.43.

5.4.5 Conclusion

The ignition and combustion of iron particles in a turbulent mixing layer is studied by means
of CP-DNS and the results from a monodispersed particle cloud are compared to equivalent
data that assumes an experimental PSD [253]. The MD and PSD cases show different bulk
ignition characteristics, which is attributed to the different behaviour of individual particle
sizes for the PSD case. While small particles are quickly entrained into the lower stream,
where they ignite early and partially consume the available oxygen, large particles ignite
significantly later due delayed entrainment, higher thermal inertia, and previous oxygen
depletion by the small particles. As a net effect, bulk ignition in the MD case occurs more
uniformly and globally earlier, whereas the wide distribution of individual particle ignition
times leads to later global ignition for the PSD. The PSD case shows less clustering effects
compared to the MD case and only a weak effect of clustering on ignition. The present
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work extends our previous CP-DNS study on monodisperse iron particle combustion in
shear-driven turbulence [180] to polydisperse conditions based on a realistic experimental
PSD. Based on this, a myriad of further physical effects that may affect iron particle cloud
ignition and combustion can be explored. Such possibly interesting effects include ballistic
particle motion vs. turbophoresis, Stokes number effects on particle spatial distributions and
clustering, radiation sub-models, cooling due to thermal inertia, turbulence modulation due
to reacting particles, just to name a few. These remaining questions are beyond the scope of
the present study, but leave an extremely rich field of exploration for the metal combustion
research community in future work.
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6.1 Summary and conclusions

In this work, a comprehensive study of laminar and turbulent, as well as non-reacting and re-
acting multiphase flows has been conducted using the Euler-Lagrange approach for gas-solid
systems involving various types of solid fuel particles. Solid fuels are generally classified as
either volatile-containing (e.g. coal and biomass) or non-volatile (e.g. iron), with each class
undergoing different physical conversion processes. Accordingly, specific modelling strate-
gies were developed for each category and integrated into the open-source CFD framework
OpenFOAM.

This work addresses three main research objectives of (1) assessing the applicability range
of EL approaches, (2) modelling the complex turbulence-chemistry-particle interaction and
(3) extending the methodology to non-volatile solid fuels. These objectives have been ex-
plored through four key studies.

The first study, Luu et al., Fuel 368:31600, 2024 [178] presented in Sec. 5.1, investigates
the conversion of woody biomass using a layer-based model for thermally thick particles.
Woody biomass was chosen due to its typical particle diameter, ranging from micrometres to
millimetres, which may violate the standard assumptions of the EL approach. The conversion
model was implemented and successfully validated against experimental data from single-
particle conversion in a drop tube reactor. After the validation, the grid dependence of the
EL framework has been investigated. To ensure reliable reference data for comparison, the
same conversion model was also applied in FR simulations. The grid dependence studies
were conducted for a single cold biomass particle in a hot, quiescent and inert nitrogen
environment, designed to suppress volatile combustion and char oxidation. The focus of
the study was limited to heating, drying, and devolatilisation processes. The EL framework
revealed that this method can reproduce the FR data for infinitely large grid sizes. However,
the approach fails for refined computational grids, particularly when the cell size approaches
the particle diameter. An acceptable grid resolution has been found at approximately ∆ ≈
10dp. When such coarse grids are not feasible, e.g. due to the limitations of DNS by the need
to resolve the Kolmogorov scales, CG methods are suggested. These methods retrieve gas-
phase information from a volume larger than the individual cell and distribute the particle
source term over a correspondingly larger volume. The two investigated CG strategies were
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able to reproduce the detailed FR results with the condition that the CG interaction volumes
were sufficiently large. Based on the FR data, suitable parameter ranges for the CG model
were recommended as a function of the normalised boundary layer thickness.

In the second study, Luu et al., Proc. Combust. Inst. 39:3249-3258, 2022 [179] in
Sec. 5.2, a comprehensive model has been developed to simulate the complex interaction
between turbulence, chemistry and particles. This study focused on the turbulent swirl
combustion of coal with a methane pilot within a combustion chamber at the Technical Uni-
versity of Darmstadt. To address the multi-physics challenges, a six-dimensional multiphase
flamelet/progress variable approach was developed and applied. The model consists of six
input parameters, namely the total mixture fraction, its variance, two ratios, the normalised
enthalpy and the normalised progress variable. The simulation results were validated against
experimental data, showing good agreement for radial profiles of mean and RMS gas veloc-
ities, as well as mean gas temperature. An analysis of the fuel contributions revealed that
the pilot gas predominantly influenced regions near the wall and the external recirculation
zone. Two distinct zones of volatile combustion were identified. A small upstream region
within the inner recirculation zone is caused by small recirculated particles and while larger
coal particles dominate the downstream region. Char conversion was negligible in regions
dominated by pilot and volatile gases but occurred closer to the bottom of the chamber and
at larger radii.

The third study (Luu et al., Flow Turb. Combst. 112:1083-1103, 2024 [180] in Sec.
5.3) extended the Euler–Lagrange approach, previously used for volatile-containing solid
fuels, to the oxidation of non-volatile iron particles. It presents the first detailed investi-
gation of monodisperse iron particle cloud combustion in shear-driven turbulence using a
CP-DNS framework. Existing iron combustion sub-models were implemented, which have
been validated against experimental data, including particle temperatures and phase-change
behaviour (melting and solidification). The simulation results showed that particles were
entrained into the hot lower stream, where they heated up, initiated ignition and signifi-
cantly increased the local gas temperature. While individual iron particle oxidation had a
limited impact, iron particle clusters were the primary source of heat transfer to the gas
phase. These clusters also led to local oxygen depletion. Kinetic limitations apply for parti-
cles with temperatures below 1125 K and oxidation progress of below 20 %, whereas higher
temperatures and higher conversion progress indicated diffusion-limited behaviour. Notably,
in contrast to volatile fuels, iron particles did not completely vanish at late times, and oxygen
availability played a stronger limiting role in the overall combustion process.

The fourth study (Luu et al., Proc. Combust. Inst. 40:105297, 2024 [181] in Sec. 5.4)
builds upon the previous investigation by removing the assumption of monodispersity and
considering a realistic polydisperse particle size distribution based on experimental data. The

156



6 Conclusions and Outlook

polydisperse results were then compared to the monodisperse case. It was found that the
bulk ignition characteristics differed due to variations in particle size. Smaller particles were
entrained and ignited earlier, consuming oxygen and delaying ignition for larger particles,
which required more time due to higher thermal inertia and delayed entrainment. As a result,
global ignition occurred earlier and more uniformly in the monodisperse case, whereas the
polydisperse case showed a wider ignition time distribution and, therefore, delayed overall
ignition. Additionally, clustering effects were less pronounced in the polydisperse case and
only a weak influence of clustering on ignition was observed.

6.2 Outlook

The studies and findings presented in this thesis demonstrate that the Euler-Lagrange ap-
proach is a highly adaptable, practical and powerful framework for modelling reactive gas-
solid multiphase systems, highlighting its strong potential for future research and develop-
ment in the field of solid fuel combustion. At the same time, the four fundamental studies
conducted also revealed specific limitations, providing multiple opportunities for future re-
search projects:

• Evaluate the applicability limits of the Euler–Lagrange method for reactive
systems, including particle–particle interactions
The grid dependence study presented in this work in Sec. 5.1 was conducted for a
single cold particle in a hot, quiescent and inert environment. However, practical
applications typically involve reactive conditions and particle clouds. It would be of
interest to investigate how the conclusions drawn here might be affected by the presence
of a developing flame front around individual particles, as well as by particle-particle
interactions. Additionally, it remains to be explored whether the CG methods applied
here can be extended to account for these effects and whether a functional relationship
for the CG parameters based on the normalised boundary layer thickness can still be
established.

• Examine the generality and scalability of the FPV–LES modelling frame-
work
An FPV-LES modelling framework coupled with the EL approach has been success-
fully applied to coal combustion in this work. However, questions remain regarding the
generality of the approach, specifically whether it can be reliably extended to different
burner configurations, conditions and other types of solid fuel particles, such as iron.
A particularly relevant and practical interest for future research is the scalability of
the method as outlined in the introduction (Chapter 1). Different geometric scales
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have been investigated in the literature. It would be valuable to explore whether the
FPV-LES approach maintains its robustness across all scales. Additionally, ongoing
improvements in computational efficiency are making its application at industrial scales
increasingly practical and appealing for industry use.

• Perform a comparative analysis of various iron oxidation sub-models in
sheared turbulence
The implementation of the iron oxidation sub-model in this work is restricted to the
formation of FeO. However, alternative models have been proposed in the literature
(e.g. [127]) that account for higher oxidation states, such as Fe2O3 and Fe3O4. Studies
such as [165,267,268] have demonstrated that these sub-models can show significantly
different results under laminar and single particle conditions. It remains an open
question whether similar discrepancies exist under turbulent conditions, where the
interplay between the turbulent time scale, oxygen concentration and temperature
may significantly influence iron conversion. Moreover, in systems of particle clouds,
the formation of clusters leads to local oxygen depletion, potentially changing the
oxidation dynamics. Investigating these phenomena under turbulent and multi-particle
conditions would provide valuable insights into the robustness and accuracy of different
iron oxidation models. Finally, applying the oxidation model to a practical burner
configuration, e.g. the one discussed in Sec. 5.2, would lead to longer residence times
and likely enable the formation of higher oxidation states.

• Integrate additional physical phenomena into the modelling of iron oxida-
tion
The inclusion of additional iron oxidation states introduces various melting and boil-
ing points (see Tab. 2.1). The results presented in Secs. 5.3 and 5.4 show that
particle temperatures can become very high to approach or exceed the boiling points
of certain iron oxides, indicating that evaporation of these phases may become signifi-
cant. As such, future work should consider evaporation mechanisms in the modelling
framework. Moreover, the presence of iron(-oxide) vapours raises the possibility of
condensation, nucleation, nanoparticle formation and subsequent deposition processes
that need to be considered. Given the high computational cost associated with track-
ing individual nanoparticles, it is advisable to couple a population balance model with
the Euler–Lagrange framework to represent these phenomena efficiently.
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