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We are all agreed that your theory is crazy. The question that divides us is

whether it is crazy enough to have a chance of being correct.

- Niels Bohr (b1885, d1962)

To my parents, whose continuous support enabled me...
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Kurzfassung

Eine effiziente und ressourcenschonende Industrie ist die Voraussetzung für eine nachhaltige

Gesellschaft. Es bedarf unermesslicher Forschungs- und Entwicklungsanstrengungen, um diesem

emissionsarmen, auf Recycling basierendem Wirtschaftssystem näher zu kommen. Ein solches

System, wäre ein wichtiger Baustein zur Sicherung des Überlebens der menschlichen Spezies auf

der Erde. Momentane Entwicklungs- und Optimierungsanstrengungen basieren hauptsächlich auf

ökonomischen Überlegungen. Ohne sorgfältig überlegte und mutige politische Entscheidungen,

wird das reine Streben nach wirtschaftlicher Effizienz auf lange Sicht nicht ausreichen um einen

gesunden Planeten an die nächsten Generationen weiter zu geben.

Ausgehend von Experiment-getriebener Forschung mit Unterstützung von händischen Berech-

nungen, entwickelte sich die Forschung in den letzten Jahren zu einem integrierten Prozess,

welcher Experimente und Modellierung verbindet. Dank der immer höheren Rechenleistungen,

werden in der Forschung immer komplexere Berechnungen, Modellierungen oder Simulationen bis

hin zu virtuellen Experimenten durchgeführt. Diese Experimente verwenden sorgfältig validierte

Modelle, um die zugrunde liegenden Physik eines realen Problems zu untersuchen. Zu Beginn

wurden nur kleine, akademische Probleme modelliert, während heutzutage räumlich aufgelöste

Berechnungen von industriellen Prozessen in der Entwicklung und Optimierung immer wichtiger

werden.

Die numerische Strömungsmechanik (CFD) hat unter Beweis gestellt, dass sie ein wichtiges

Werkzeug für die Unterstützung bei der Erforschung und Entwicklung von industriellen Prozessen

ist. Die Simulation von großtechnischen Prozessen beruht zum Teil auf Modellen, da es derzeit

selbst auf den größten Großrechnern noch nicht möglich ist, alle notwendigen Größen- und

Zeitskalen aufzulösen. Im Endeffekt benötigen aber alle Modelle Eingabeparameter, welche

üblicherweise durch Experimente bestimmt werden. Deshalb können selbst die besten Modelle

keine physikalisch richtigen Ergebnisse liefern, wenn die Eingabeparameter von falschen oder

unpassenden Experimenten stammen.
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Der Hochofenprozess, die wesentliche Roheisenproduktionsmethode, wird seit Jahrhunderten

kontinuierlich verbessert. Momentan wird versucht, die Effizienz des Hochofens durch Einblasen

von Kohlenstoff- bzw. Energieträgern, sogenannte Alternative Reducing Agents (ARAs) in die

Wirbelzone zu steigern. Das direkte Messen des thermo-chemischen Umwandlungsprozesses von

ARAs ist technisch sehr aufwendig. Zusätzlich können Versuchsläufe am Hochofen schwerwiegende

Betriebsstörungen auslösen. Die CFD Modellierung des ARA Injektionsprozesses ermöglicht es,

potentielle neue, nachhaltige ARAs durch virtuelle Experimente zu bewerten. Dazu wird ein

umfassendes Simulationsmodell benötigt, welches Mehrphasenströmungen sowie homo- und hete-

rogene thermo-chemische Umwandlungsprozesse beherrschen muss. Die Qualität der chemischen

Mechanismen und die verwendeten Kinetikparameter bestimmen die Vertrauenswürdigkeit der

Simulationsergebnisse. Folglich müssen themo-chemische Umwandlungsraten neuer ARAs vor

den Simulationen experimentell bestimmt werden.

Diese Arbeit beschreibt einen geeigneten Ablauf (Versuchsaufbau, Kinetikbestimmung) zur

Bestimmung von thermo-chemischen Umsatzkinetiken von ARAs zu ermitteln. Dazu werden zuerst

Referenzbedingungen der Wirbelzone definiert und nachfolgend vorhandene Versuchsaufbauten

evaluiert. Ein digitaler Zwilling eines ausgewählten Versuchsaufbaus – Sandias Pressurized

Entrained Flow Reactor (PEFR) – wird erstellt und, um detaillierte Informationen über die

Bedingungen in der Reaktionszone zu erhalten, eine Versuchsreihe modelliert. Zusätzlich wird ein

geeignetes Simulationsmodell für die ARA Umsetzung im open-source CFD Code OpenFOAM®

entwickelt.

Zusammenfassend kann gesagt werden, dass vorhandene Versuchsaufbauten die benötigten

Aufheizraten, welche nötig wären um die Bedingungen in der Wirbelzone zu simulieren, bei

erhöhten Drücken nicht erreichen. Zusätzlich weisen die tatsächlichen Bedingungen signifikante

räumliche Schwankungen auf und weichen stark vom Sollwert ab. Dies gilt insbesondere für

die Temperatur. Da die meisten Methoden zur Bestimmung von kinetischen Parametern von

räumlichen Variationen abhängen, ist detailliertes Wissen über diese von enormer Bedeutung.

Der Umwandlungsprozess von ARAs hängt auch stark von der Gasphasenchemie ab, weshalb die

umfassende Modellierung von chemischen Reaktionen in der Gasphase wichtig für die virtuellen

Experimente ist. Im Hochofen verändert sich die Gasphasenchemie von mischungslimitiert in

der Nähe der Windformen zu chemischlimitiert im Koksbett. Modelle für die Turbulenz-Chemie

Interaktion, welche beide Verbrennungsregime abdecken, sind der Schlüssel zu verbesserten Simu-

lationsergebnissen. Der Einfluss der reaktiven Koksphase auf die thermo-chemische Umwandlung

von ARAs bedarf noch weiterer Untersuchungen.
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Abstract

An efficient and resource-conserving industry is a prerequisite for a sustainable society. Tremen-

dous research and development efforts are required to progress towards this low-emission, recycling-

based economy which is necessary to ensure the survival of the human species on earth. Current

industry developments and optimization are primarily for economic reasons. However, without

deliberate and bold political decisions, the endeavor for economic efficiency alone will not be

sufficient in the long term to pass over a healthy planet earth on to future generations.

Research and development has changed considerably in recent decades, from purely experiment-

driven (with some calculations by hand) towards an integrated process combining experiments and

modeling. Meanwhile, ever-increasing computational power enables using increasingly complex

calculations, models, or simulations in contemporary research. This includes the establishment

of virtual experiments, which use thoroughly validated models to reveal the underlying physics

of a real-world problem. While modeling was first applied to small, academic problems, the

spatially resolved modeling of industrial processes is now becoming progressively more important

in development and optimization.

Computation Fluid Dynamics (CFD) has proven to be a vital tool for supporting the ongoing

research and development of industrial processes. The simulation of industrial-scale processes

relies on models, since resolving all size and time scales is still impossible even with today’s

high-performance computation centers. Ultimately, all models require input parameters, which

are usually obtained from experiments. Therefore, even the most sophisticated model fails to

provide physically-correct results if the input parameters come from faulty or inappropriate

experiments.

The blast furnace process, which is the major pig iron production route, has been under

continuous optimization for centuries. The current optimization measures focus on replacing coke

by injecting carbon and energy carriers – Alternative Reducing Agents (ARAs) – into the raceway

zone of the blast furnace. Directly measuring the thermo-chemical ARA conversion process

is challenging and experimental trails at blast furnaces can cause severe operational problems.
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Using CFD to model the ARA injection process enables virtual experiments to evaluate potential

sustainable ARAs. A comprehensive modeling framework is required for these simulations, which

needs to master multi-phase flow and homo- and heterogeneous thermo-chemical conversion

processes. The quality of chemical kinetic conversion mechanisms and the employed kinetic

parameters determine the reliability of the simulation results. Thus, thermo-chemical conversion

rates for new ARAs must be determined experimentally prior to the virtual experiments.

The current work presented aims to identify a suitable work-flow (experimental setup, extraction

procedure) to determine the thermo-chemical conversion kinetic of ARAs. To accomplish this, a

screening of existing experimental equipment is carried out based on previously-defined reference

raceway conditions. Furthermore, a digital twin of a selected experimental setup – Sandia’s

Pressurized Entrained Flow Reactor (PEFR) – is established and a set of experiments is modeled

to obtain detailed information about the conversion conditions in the reactive zone. Furthermore,

an accompanying modeling framework for the ARA conversion was developed based on the

open-source CFD toolbox, OpenFOAM®. The emphasis of the implemented framework is its

applicability to thermo-chemical conversion modeling.

Summarizing these activities indicates that currently available experimental equipment fails

to achieve the required heating rates under elevated pressure to reproduce raceway conditions.

Furthermore, the actual conditions in the reaction zone are subject to significant spatial variations

and substantial deviations from the set point. This is particularly true for temperature. Extracting

reliable kinetic parameters depends on a detailed knowledge of the spatial variations, since most

extraction/fitting approaches are sensitive to them. The ARA conversion process is strongly

affected by gas phase chemistry; thus, comprehensively modeling homogeneous chemistry is

important for the virtual experiments. Gas phase chemistry changes from mixing dominated

in the vicinity of the tuyeres to chemistry dominated towards the dense coke bed. Turbulence-

chemistry interaction models capable of both combustion regimes are the key for improved

modeling results. The influence of the reactive coke phase on the thermo-chemical conversion of

the ARAs needs further investigation.
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1

Chapter 1

Introduction

1.1 Motivation

The efficient utilization of raw materials is a prerequisite for a sustainable civilization. Efficiency

enhancements can minimize potentially-harmful pollutants and resource exploitation, which

are key priorities in developing a sustainable economy for humans [1, 2]. Thus, developing

and optimizing new and existing processes for transforming and supplying energy and primary

materials is a necessary component of the transition from the current economic system to a

sustainable one. The iron and steel-making industry, as a major contributor to the world’s energy

and raw material consumption, also must also bear this burden [3–8].

Developing new and optimized equipment, alternative processes, and experimental work can

consume considerable amounts of primary materials and energy. However, virtual prototyping can

significantly reduce the environmental impact of product development and optimization processes.

In the last two decades, Computation Fluid Dynamics (CFD) has developed from its academic

application to a reliable engineering tool [9–11]. Its application ranges from simple flow field

optimization to complex reactive multi-phase flows for biomass boiler [12, 13] or blast furnace

optimization [14–16]. The validity of CFD results is highly sensitive to employed models for, e.g.,

turbulence, chemistry, or phase coupling [17–19]. Therefore, carefully selecting and validating

the employed models for the specific process conditions under investigation is a key task for

virtual prototyping in CFD. Doing so ensures, physically-correct simulation results. Simulation

models can also be applied to obtain insights about processes where measurements are otherwise

difficult, e.g, the raceway zone of blast furnaces or any other system involving high temperatures,

elevated pressures, and limited optical access. In academia, CFD is often used to gain deeper

insights into experiments and extract additional knowledge. The spatially-resolved information
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2 1 Introduction

about velocity, temperature, pressure, or species concentrations provide valuable information

about the actual processes involved in the experimental apparatus, while the sensitivity analysis

of process parameters discloses the underlying physics.

The blast furnace process is one of these complex reactive multi-phase flows modeled with

CFD [20–24]. This counter-current process produces pig iron from iron ores via gaseous interme-

diates. Figure 1.1 illustrates the blast furnace iron making process. Burden and metallurgical

coke are fed in layers from above, while hot blast is introduced through tuyeres at the bottom of

the furnace. The hot blast oxidizes the available coke, which releases heat, carbon dioxide, and

water vapor, and forms a cavity – the raceway – in the vicinity of the tuyeres. Carbon dioxide

and water vapor are then reduced to carbon monoxide and hydrogen when entering the coke

bed and fuming towards the top of the furnace. The downward-moving iron ores are reduced

by the rising gas mixture, which consists mainly of nitrogen, carbon monoxide, and hydrogen.

The resulting nitrogen-, carbon dioxide-, and water vapor-rich gas is discharged at the blast

furnace top. The arising solid iron declines towards the tuyeres and starts to melt due to the

high temperatures. Liquid iron accumulates below the tuyeres covered by a slag layer formed by

the ingredients. The slag layer prevents re-oxidation of the liquid iron and is discharged with the

pig iron from the blast furnace via tap holes.

The European Union (EU ) classifies the high-quality coke coals required for metallurgical

coke as a scarce and strategic resource [28–30]. Injecting Alternative Reducing Agents (ARAs)

into the raceway zone of blast furnaces proved to reduce coke consumption and total carbon

dioxide emissions [3–7, 7, 8, 31, 32]. To ensure a high coke replacement ratios of ARAs, thermo-

chemical conversion must be completed in the oxygen-rich zone near the tuyeres. Otherwise, the

pulverized particles may leave the blast furnace unreacted, which causes a low coke replacement

ratio [6, 8, 31, 33–35]. Detailed knowledge of the thermo-chemical conversion processes is necessary

to optimize the degree of ARA utilization. Pulverized Coal Injection (PCI ) is probably the

most common example for ARA utilization. Other, bio-based ARAs have also been investigated

in available literature. However, various significantly different challenges have not been solved

yet [7, 34, 36–39]. CFD modeling can be used to study the thermo-chemical conversion processes

connected to different ARAs and provide useful information for their industrial application.

The quality of these predictions depends on accurate knowledge about the thermo-chemical

conversion kinetic of the investigated ARA. Figure 1.2 illustrates the ARA injection process into

the raceway zone. Thermo-chemical conversion starts with a drying (neglected in Figure 1.2)

and devolatilization phase, in which the solid releases small hydrocarbons and tars – volatiles.
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1.1 Motivation 3

iron ore,
burden
coke

top gas
(CO2, H2O, N2)

hot blast (O2, N2, H2O)
reducing agents (C, H, O)

slag,
pig iron

pig iron

slag
dead man
raceway

indirect reduction zone

direct reduction zone

cohesive zone

active coke zone

throat

stack

belly

bosh

hearth

Fig. 1.1: Schematic illustration of the iron making process in the blast furnace; adapted from [25–
27].

The released gaseous compounds are oxidized by the hot blast in the vicinity of the ARA surface.

At the end of the devolatilization process, the remaining solid, carbon-rich matrix reacts with

the hot blast’s oxygen, releasing heat, carbon monoxide, and water vapor. Carbon monoxide is

further oxidized to carbon dioxide in the gas phase. The solid matrix is also gasified by carbon

dioxide and water vapor. These processes characterize the three ARA conversion steps [40, 41]:

• devolatilization zone,

• oxidation zone, and

• solution-loss reaction zone.

During an ideal injection process, ARAs consume the entire oxygen introduced by the hot blast

and protect the coke from being oxidized. The subsequent carbon gasification reactions, which

are moderate compared to oxidation, consume injection residues and portions of the metallurgical

coke to produce carbon monoxide and hydrogen. The relocation of the intense oxidation reactions

from the coke to the ARA is the key concern for reducing the coke consumption of blast furnaces.
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4 1 Introduction

High replacement ratios provide environmental and economic benefits, since low-quality coal or

other carbon carriers are consumed instead of metallurgical coke [41].

dead man

coke bed

ARA plume

raceway

oxygen-rich zone

ARA,
carrier gas

hot blast

devolatilization
zone

oxidation zone
C+0.5O2

⇀↽ CO

solution–loss reaction zone
C+CO2

⇀↽ 2CO
C+H2O ⇀↽ CO+H2

ARA injection char

ga
s
co
m
p
os
it
io
n

residence time

O2

CO

H2

CO2

H2O

Fig. 1.2: Schematic illustration of the Alternative Reducing Agent (ARA) injection process into
the raceway zone of blast furnaces; adapted from [40, 41].

Identifying suitable ARAs can be done by applying CFD analysis to the injection process.

However, kinetic parameters for the simulations rely on experimental data obtained from lab-scale

reactors. These experiments have to reproduce temperature, pressure, and species concentration

ranges of interest. Typical kinetic fitting methods assume uniform temperature and species

concentration distributions, as well as plug flow due to the lack of spatially- resolved measurements.

Moreover, suitable kinetic parameters for multiple gas and gas-solid reactions are required for
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1.2 Review State-of-the-Art Blast Furnace Modeling 5

reliable predictions, since heterogeneous reactions significantly depend on the homogeneous gas

phase reactions.

1.2 Review State-of-the-Art Blast Furnace Modeling

Investigating complex multi-physics processes via CFD provides additional insights and enables

digital optimization. Various blast furnace models can be classified by their purpose and scope, as

demonstrated in previous literature. Beside full furnace models, detailed models of specific furnace

regions, e.g., raceway zone or shaft, exist [20–24]. The model scope ranges from a pure multi-phase

flow that studies the flow characteristics of coke and burden [20, 21, 25, 26, 42–69] to reactive

multi-phase flow models that consider the thermo-chemical conversion of carbon carriers and/or

iron ore [14–16, 20, 22, 27, 70–110]. Models investigating gas-solid flow phenomena primarily use

the Discrete Element Method (DEM ) or Computation Fluid Dynamics-Discrete Element Method

(CFD-DEM ) approaches. By contrast, reactive multi-phase models typically use the Euler-Euler

(E-E) approach for the bulk phases (blast, coke, burden, liquid iron, and/or slag) and the

Euler-Lagrange (E-L) approach to model liquid or solid ARA injection [14, 77, 81, 83, 84, 92, 93].

The blast furnace models found in the literature are divided into three categories: Gas-solid flow

models, detailed zone models, and full furnace models. A short review of the different categories

is given below.

Gas-Solid Flow Models Gas-solid flow models of full scale blast furnaces often use a continuous

phase assumption, employing the E-E approach, since the numerical effort for discrete particle

simulations is excessively costly [25, 26, 45]. These models use the Kinetic Theory of Granular

Flow (KTGF) [111–113] or the granular pressure model [114] to model the rheology of continuous

solid phases. Recent literature has proposed gas-solid flow models for the full blast furnace

using DEM based approaches for the solid phases [44, 46–49, 68, 69]. The DEM-based models

sometimes use down-scaled blast furnace geometries due to the high numerical effort that arises

from discretely modeling individual particles, while the continuum-based models can handle

real-scale geometries. The main objective of the full scale blast furnace models is to investigate

solid flow patterns inside the furnace, e.g., dead man formation or coke and burden distribution.

Special gas-solid flow models exist to investigate the raceway formation [43, 50–53, 55, 63–66]

and the furnace shaft [56–62]. Models for the latter focus on the solid burden distribution and

fluid permeation of the cohesive zone and the direct and indirect reduction zone of the blast
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6 1 Introduction

furnace. The majority of these shaft models employ the CFD-DEM approach. The raceway

formation models study the influences of the hot blast rate, tuyere diameter, or hot blast injection

angle to identify optimal operation conditions. Most of the raceway formation models use the E-E

approach. The models proposed by Hilton and Cleary [50], Miao et al. [52], Rabadan Santana

et al. [63], and Feng et al. [66] use the CFD-DEM approach. Modeling the raceway shape and

size in detail is essential, because of its role in the the operation efficiency of blast furnaces, e.g.,

the thermo-chemical conversion of ARAs.

Detailed Zone Models Detailed zone models focus on a specific blast furnace zone. These

models achieve a high level of detail because of their focus on a small region of the furnace.

Besides the multi-phase flow, they also consider comprehensive thermo-chemical conversion of the

involved raw materials (phases). Detailed zone models exist for the shaft [27, 67, 80, 87–89, 91]

and the raceway zone [14–16, 74–77, 82–84, 88, 92–105, 107, 108].

The detailed shaft models focus on predicting the cohesive zone [27, 80, 87, 88, 91]. Modeling

the burden distribution and the iron ore reduction in detail is important for achieving a reasonable

prediction of the cohesive zone. CFD-DEM [88, 91] and E-E [27, 80, 87] shaft models have been

presented in literature. Despite different modeling approaches, these models all take a single

fluid (blast) and a single solid (coke and iron ores) phase into account. Coke and iron ores are

distinguished by their properties in the solid phase. Most of the shaft models neglect liquid iron

and slag phases. One possible explanation is the increased numerical effort and the additional

modeling difficulties caused by additional phases and their interaction.

The detailed raceway zone models focus on the thermo-chemical conversion of ARAs and the

metallurgical coke. Their aim is to optimize the ARA injection process to achieve high coke

replacement ratios. Some models are capable of simultaneously modeling the raceway formation

and ARA conversion [14, 83, 95], while others focus on the ARA conversion and assume a static

raceway size and shape [16, 77, 92, 96, 101, 102]. Most raceway models use an E-E Two-Fluid

Model (TFM ) approach, which assumes the blast (gas) and coke (solid) phase as a continuum.

ARA phases are typically modeled as Lagrangian phases. The models presented by Peters et al.

[88] and Cui et al. [95] use a DEM approach for the solid phase. Moreover, the Peters et al.

model incorporates a Multi-Fluid Model (MFM ) approach to model the blast, liquid iron, and

slag phases in addition to the discrete coke/burden phase.
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1.2 Review State-of-the-Art Blast Furnace Modeling 7

Full Blast Furnace Models Full scale blast furnace models use the MFM approach to describe

the flow and interaction of the major phases, e.g., gas, coke/burden, liquid, fines [42, 70–

75, 79, 81, 82, 86, 106, 109, 110]. Full scale models based on the DEM are rare in literature, but

the models developed by Hou et al. [106] and Peters et al. [88] can be considered as full scale

CFD-DEM models. Because of the numerical effort required for the complex MFMs, the pure

Eulerian models rely on coarse, two-dimensional computational grids of real scale geometries. The

model developed by Zhou et al. [85] couples detailed sub-models for the different furnace regions

through an iterative procedure, thereby splitting the numerical effort and enabling detailed blast

furnace investigations [85]. This kind of model can study blast furnace efficiency and operational

changes caused by feedstock variation.

To summarize, the short model review first shows how models at different levels of detail have

been presented in the literature. Recent models [14, 22, 24, 82, 85, 88, 110] can predict the

key features of modern blast furnaces, e.g., the detailed thermo-chemical conversion of ARAs,

properties of the cohesive zone, and the detailed interaction of gas-solid flows. CFD-DEM

approaches are appearing more frequently in blast furnace modeling, while MFMs are very

common due to their favorable numerical properties. Most of these models share a dependence

on commercial software tools or proprietary, closed-source codes.

The detailed raceway zone model developed in this work is based on the model proposed

by Maier et al. [102, 103, 104]. They developed a raceway model based on a dual-grid approach in

ANSYS® Fluent® v6. The dual-grid approach solves the conservation equations for the blast and

coke phase on a separate computational grid. Phase fraction effects are incorporated by using the

Fluent® porous media model, with the second phase being a vacuum to avoid non-physical effects.

Phase fractions must be predefined in the dual-grid model. User-defined functions introduce

the phase coupling terms between the blast and coke phase equations. Steady-state results are

obtained using the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm,

which solves each grid region sequentially. This simple approach differs from E-E models and

only allows steady-state simulations. Detailed information about the dual-grid model can be

found elsewhere [102–104, 115].
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8 1 Introduction

1.3 Objectives

Kinetic data for the thermo-chemical conversion of coke, ARA, iron ore reduction, and gas phase

processes are all critical to reasonably predicting blast furnace processes. In addition to tempera-

ture, pressure, and gas composition, kinetic data for heterogeneous reactions depends on micro-

and macroscopic solid properties [116–118]. Kinetic parameters from the literature, which usually

have limited areas of application, are typically employed in CFD simulations [119]. Studying

the ARA conversion process in the raceway zone requires a reasonable rate description of the

thermo-chemical conversion processes occurring at the corresponding conditions. Consequently,

the ambient conditions within the raceway zone must be reproduced by the experimental setup

used for determining the conversion rates of ARAs. Table 1.1 summarizes representative blast

furnace conversion conditions.

Literature on kinetic parameters for these conditions is sparse [119]. Furthermore, it is

unclear if currently-used test equipment can reproduce blast furnace conditions and is suitable

for identifying gas-solid kinetic parameters for raceway zone simulations. Therefore, the first

objective of this thesis is to investigate the reliability of experimentally-determined gas-solid

kinetic parameters. This includes identifying suitable test equipment for blast furnace conditions

and assessing the reliability of the extracted kinetic parameters. The underlying assumptions

for identifying kinetic parameters, e.g., idealized temperature, species, and velocity profiles, are

investigated by detailed CFD modeling.

Tab. 1.1: Generic conversion conditions for Alternative Reducing Agent (ARA) in the raceway
zone of blast furnaces [36]Journal Paper I.

temperature
range

heating
rates

pressure
hot blast
velocity

particle
velocity

flow type
residence

time

1200 - 2500 ◦C 104 - 106 K/s 2 - 5 bar ≈200 m/s ≈20 m/s turbulent 20 - 30 ms

The second objective is to develop a suitable, generic modeling framework for simulating

industrial-scale applications. The generic framework needs to incorporate multiple Eulerian and

Lagrangian phases as well as the thermo-chemical conversion of gaseous and solid raw materials.

Unlike the model developed by [102–104, 115], the new modeling framework is based on the

open-source CFD framework, OpenFOAM® [120]. Additionally, the dual-grid approach will be

replaced by a generic E-E MFM model approach to facilitate future model extensions. The main

purpose of the model re-implementation is to model homogeneous and heterogeneous combustion
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1.3 Objectives 9

and conversion processes. The new model framework will be thoroughly validated to ensure

physically correct results and trends.

The following research questions will be answered in this thesis:

• Which experimental equipment is suitable to measure reaction kinetics under blast furnace

conditions?

• Which kinetic extraction approaches give reliable results under blast furnace conditions?

• What are suitable methods for the CFD modeling of multi-phase reactive systems that

incorporate homogeneous and heterogeneous reactions?

• What does a generic modeling framework for reactive multi-phase flows look like?

These research questions are partially answered in the attached publications. The remainder

will be answered in this thesis. An extensive theory part (chapter 2) explains the complexity of

the modeling work, and follows the executive summary of the attached publications (section 1.4)

Next, the thesis demonstrates a Race Way Model (RWM ) description and validation (chapter 3).

Finally, chapter 4 summarizes and discusses the findings, while the conclusions and outlook are

described in chapter 5.
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10 1 Introduction

1.4 Paper Summary

The enclosed scientific papers can be linked to either of the two objectives outlined in the

previous section. Journal Paper I, Journal Paper II, and Reviewed Conference Paper

I connect to the first objective: the reliable identification of kinetic parameters in solid fuel

conversion. Journal Paper III, Journal Paper IV, Reviewed Conference Paper II,

Reviewed Conference Paper III, and Reviewed Conference Paper IV complement the

modeling framework for multi-phase reactive flows.

1.4.1 Journal Paper Summary

1.4.1.1 Journal Paper I

This work provides a review of existing lab-scale equipment for determining coal conversion rates.

It summarizes typical ranges in the operation conditions and links them to typical conversion

conditions in the raceway zone of blast furnaces. The influence of the different operation

parameters, e.g., temperature, pressure, or relative velocity, on the conversion rates is discussed,

followed by an evaluation of their influence on coal conversion rates. The review showed that

none of the currently-used test reactors agree with generic blast furnace conditions, except for

some specially designed drop-tube or flow reactors. Finally, critical process parameters to ensure

blast furnace conditions were discussed and identified based on the mechanistic coal conversion

models.

1.4.1.2 Journal Paper II

In this paper, Sandia’s Pressurized Entrained Flow Reactor (PEFR) is modeled to investigate

the properties of the reaction zone. The work includes a three-dimensional CFD simulation of

the reactor used for two different experiments. Steady-state temperature, velocity, and species

concentrations are compared to the typically-presumed plug flow and uniform temperature and

concentration profiles. The results indicate species and temperature stratification in radial

direction within the vicinity of the coal injection point. The flow field reveals a vortex ring next

to the injection point due to the arrangement of the co-flow and installations. Tracking tracer

particles along the steady-state velocity distribution yields a residence time that deviates from

the residence time for the plug flow assumption. The non-uniform temperature distribution

also shows a significant effect on the solid burnout. Detailed knowledge of the reaction zone is
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1.4 Paper Summary 11

necessary to obtain reliable kinetic parameters, since an error of approximately 10% is introduced

by the kinetic parameters, assuming homogeneous temperature and plug flow velocity.

1.4.1.3 Journal Paper III

Since its first publication, various modifications to the Eddy Dissipation Concept (EDC ), a

combustion model for turbulent reactive flows, have been proposed in literature. This paper

summarizes and discusses these modifications. In recent years, these modifications focus on

Moderate or Intense Low-oxygen Dilution (MILD) combustion. Detailed chemistry is incorporated

by solving a Perfectly Stirred Reactor (PSR) to steady-state, which is numerically expensive.

Available literature uses the Plug Flow Reactor (PFR) approach instead of the PSR extensively

to reduce the numerical effort. Previous literature has not thoroughly discussed the consequences

of this simplification; therefore, they are discussed in detail by this paper, based on simple test

problems and Sandia Flame D. The results showed that both approaches differ significantly

for certain conditions in the test case. The flame simulations showed minor differences for the

main species between the PSR and PFR approach. Differences of up to 10% arise for fast or

intermediate species. The results suggest that both approaches are suitable for engineering

applications.

1.4.1.4 Journal Paper IV

Modifications to the EDC for MILD combustion incorporate chemical time scales for the local

adaption of the model constants. Various chemical time scale definitions have been proposed

in literature. This work evaluates different chemical time scale definitions and compares them

to analytic results from a simple test case using a single reaction. Subsequently, a complex

mechanism is used to determine the chemical time scales for the same test case. Selected time

scale definitions are then employed to calculate a MILD flame using the modified EDC model to

evaluate their effect on the simulation results. The simple test cases reveal two distinct groups

of time scale definitions: The first group is based on eigenvalues and represents the response

time to system changes, while the second group consists of algebraic definitions that depict

the time scale of the ongoing process. The flame simulations showed reasonable agreement

with experimental results independent of the employed chemical time scale definition. However,

a significant correlation between the chemical time scale and the complexity of the chemical

mechanism was observed. Based on these results, a single surrogate reaction should be used for
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12 1 Introduction

the chemical time scale in CFD simulations to ensure the numerical efficiency and comparability

of the results.

1.4.2 Reviewed Conference Paper Summary

1.4.2.1 Reviewed Conference Paper I

This paper investigates the thermo-chemical pulverized coal conversion in detail, based on

simulation results. The process analysis concept is introduced by a simplified example and relies

on the internal and external second Damköhler and Pyrolysis number. An alternative method

proposed in this work uses the characteristic time scales for internal and external mass transfer

and chemistry. Both approaches give comparable results. The analysis of the coal conversion

process shows pore diffusion (internal mass transfer) limited conversion process in the vicinity of

the tuyere, which eventually switches to boundary layer diffusion (external mass transfer) limited

conversion towards the dense coke bed. The evaluation of different particle sizes showed that the

residence time for smaller particles is lower than for larger particles and that larger particles

turn to boundary layer-limited conversion earlier.

1.4.2.2 Reviewed Conference Paper II

This work investigates the influence of reaction mechanisms on the simulation results from

gas-phase combustion at blast furnace conditions. An existing global reaction mechanism and its

updated version are evaluated using experiments from literature and typical raceway conditions.

The mechanism update is discussed in detail, including a review of published reaction parameters.

The updated mechanism showed good agreement with experimental data. Two comprehensive

mechanisms failed to predict reasonable results for certain conditions and, therefore, should not

be used as a reference for these conditions. The results from the raceway test cases revealed

significant differences in the characteristics of the original and updated global mechanism.

1.4.2.3 Reviewed Conference Paper III

The gas phase combustion regime in the raceway zone is discussed in this work based on a

simplified test case. It introduces the classification concept for gas-phase combustion and is

followed by the governing equations of the model. Gas phase combustion regimes depend on

the characteristic turbulence and chemistry time scales. Since there is no uniquely-defined

characteristic time scale, different definitions are introduced and later used to evaluate the
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1.4 Paper Summary 13

combustion regime in the raceway zone. The simulation results from the simplified test case

indicate the existence of a chemical raceway border near the physical raceway border. The

characterization of the combustion regime is sensitive to the chemical time scale definition.

However, for all time scale definitions, chemical controlled gas phase combustion occurs in the

vicinity of the tuyere and changes to mixing controlled combustion in the dense coke bed.

1.4.2.4 Reviewed Conference Paper IV

This publication evaluates the capabilities of the blast furnace model to predict the raceway

size. The governing equations and the employed models are introduced and discussed, which are

followed by the simulation of a two dimensional lab-scale raceway formation experiment from

the literature. Subsequently, a real-scale raceway formation is simulated, and the equivalent

raceway size is compared to a correlation from the literature. The equivalent raceway diameter

and pressure drop were compared with the experimental results. The simulated raceway size

is comparable to the measured one from the 2D test case. However, the agreement between

simulation and experiment depends on the selected porosity iso-surface, which defines the

raceway border. The pressure drop in the 2D raceway is overestimated by a factor of two in

the simulations compared to the experimental results. These differences are probably caused by

the employed drag model. The experimental trends from the pressure drop are preserved in the

simulations. Compared to correlations from the literature, the simulated real-scale equivalent

raceway diameters are under-predicted.
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Chapter 2

Theory

2.1 Homogeneous Gas Phase Combustion

2.1.1 Laminar and Turbulent Combustion Theory

Homogeneous combustion refers to as the fast reaction of gaseous species releasing significant

amounts of energy. This process can be classified according to several features, e.g., flow (laminar

or turbulent), mixture (premixed or non-premixed), or ignition (spark or self-ignition). In terms

of modeling, laminar premixed flames are the simplest flame configuration, because the flame

propagation is only a function of the combustion rate in the finite combustion zone [121, 122].

Figure 2.1 schematically depicts the flame front in premixed flames, where the pre-heating zone

is located between the reaction zone and the unburnt mixture.

Laminar non-premixed flames are described by the diffusion of reactants towards the combustion

zone and the combustion rate. The combustion rate is a function of the reactant concentrations

and temperature [121]. Figure 2.2 schematically depicts the flame front in non-premixed flames.

The diffusion zone, where fuel and oxidizer mix, envelops the reaction zone on both sides.

Turbulent premixed and non-premixed flames are similar to their laminar counterparts, except

that turbulent velocity fluctuations interact with chemistry. Hence, turbulent diffusion (or

turbulent mixing) affects the mixing of gas phase species, e.g., reactants and products. The

random velocity fluctuations can extinguish turbulent flames locally. Modeling these effects

requires reasonable predictions of turbulent flows and models for the turbulence-chemistry

interaction.

Common dimensionless or characteristic numbers are involved in turbulent combustion. They

characterize the flow conditions as well as the interaction between flow and chemistry, i.e., the

reaction zone. The Reynolds number (Re) and the turbulent Reynolds number (Ret) describe
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16 2 Theory

fuel
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Fig. 2.1: Schematic flame front of a laminar premixed flame. Red zone is the preheat zone, gray
is the reaction zone; adapted from [121–123].
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te

Fig. 2.2: Schematic flame front of a laminar non-premixed flame. Red zone is the diffusion zone;
gray is the reaction zone; adapted from [121, 122, 124].

the intensity of the turbulence in turbulent flows [121, 122], where Re is a global measure for

turbulence and Ret is a local one. Both definitions are given below:

Re =
uLc

ν
=

uLcρ

µ
(2.1)

with:
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2.1 Homogeneous Gas Phase Combustion 17

u = mean velocity magnitude
ν = kinematic viscosity
Lc = characteristic length
ρ = density
µ = dynamic viscosity

Ret =
u′lt
ν

=
νt

ν
=

k2

ǫν
(2.2)

with:
u′ = turbulent velocity fluctuation magnitude
lt = turbulence length scale
νt = turbulent kinematic viscosity
k = turbulent kinetic energy
ε = turbulent dissipation rate

The Re number compares inertial to viscous forces, while Ret looks ate the relationship between

local turbulent and kinematic viscosity. In combustion theory, the Damköhler number (Da)

compares flow and chemical time scales, while the general definition of Da links the reaction

rate and the convective mass transport rate [125, 126]. In the combustion field, Da is commonly

referred to as the turbulent Damköhler number (Dat), Dat specifically defined as the ratio of

the turbulent time scale (τt) and the chemical time scale (τc):

Dat =
τt

τc
(2.3)

The Kolmogorov scale Damköhler number (Daη) is variation of the Da number, and is defined

as the ratio of the Kolmogorov time scale (τη) and τc:

Daη =
τη

τc
=

1

Ka
(2.4)

with:
τη = Kolmogorov time scale
Ka = Karlovitz number

The Karlovitz number (Ka) is the inverse of Daη; both dimensionless numbers indicate if

the smallest turbulence scales affect the reaction zone. In cases of low Daη or high Ka values,

turbulence thickens the flame front, while the reaction zone is thin and wrinkled for high Daη or

low Ka values [121, 122]. These dimensionless numbers can be expressed by various combinations

of turbulence and reaction zone scales.
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18 2 Theory

Because of the fundamental differences between premixed and non-premixed combustion,

different classification schemes were proposed for each [121–124]. Both schemes define the

combustion regime based on the ratio of the turbulent velocity fluctuation magnitude (u′), the

characteristic combustion velocity, and the ratio of a characteristic turbulent length scale to a

characteristic flame thickness. Combustion velocity and flame thickness are defined differently

for premixed and non-premixed combustion.

Figure 2.3 shows a schematic premixed turbulent flame structure and the corresponding

combustion regime map. Turbulence distorts and wrinkles the preheat and combustion zones

and thickens them to the effective preheat zone thickness (δp) and reaction zone thickness (δr).

The combined flame front is further thickened to the effective flame thickness (δf ). The flamelet

region (wrinkled and corrugated) is located at low-velocity ratios in the regime map, since the

finest turbulence structures thicken the flame front at increasing velocity ratios.
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Fig. 2.3: Flame structure (left) and combustion regime diagram (right) for premixed combustion.
Progress variable (C), turbulence length scale (lt), effective flame thickness (δf ),
preheat zone thickness (δp), reaction zone thickness (δr), turbulent velocity fluctuation
magnitude (u′), and laminar flame speed (s0

L); adapted from [121–123].

Figure 2.4 shows a schematic flame structure and regime map for non-premixed combustion.

Turbulence increases the effective mixing of reactants and products, since the smallest turbulence

scale – the Kolmogorov length scale (ηk) – is of similar size as the flame structure. Like laminar

non-premixed flames, a diffusion zone of size ld surrounds the reaction zone. The actual effective

flame thickness (δf ) is equal to the reaction zone. Non-premixed turbulent flames show curvature

and unsteady effects below a critical ratio of vortex length scale (lr) and δf . Three distinct

combustion regimes exist above this length scale threshold. The flamelet regime is located at
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2.1 Homogeneous Gas Phase Combustion 19

small ratios of the characteristic velocities. When the ratio exceeds a certain threshold (DaLF A),

unsteady effects occur in the flame structure. Quenching and local extinction occurs if DaExt is

exceeded.
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Fig. 2.4: Flame structure (left) and combustion regime diagram (right) for non-premixed com-
bustion. Mixture fraction (Z), turbulence length scale (lt), Kolmogorov length scale
(ηk), diffusion zone thickness (ld), effective flame thickness (δf ), turbulent velocity
fluctuation magnitude (u′), chemical time scale (τc), and vortex length scale (lr);
adapted from [121, 122, 124].

Available modeling approaches for turbulent-chemistry interaction are either based on ge-

ometrical analysis, turbulent mixing, or (one-point) statistical analysis [121, 122]. All three

approaches attempt to express mean species consumption or production rates within turbulent

flames. Geometrical models analyze the flame normal to the iso-surface of the progress variables,

e.g., assuming dimensional laminar flames in the flamelet based models [127, 128]. Turbulent

mixing models assume that chemistry is significantly faster than (turbulent) mixing. Thus,

turbulent combustion is mixing-dominated. A well-known representative of this class is the

Eddy Dissipation Concept (EDC ) developed by Magnussen and Hjertager [129]. The statistical

analyses uses Probability Density Functions (PDFs) to extract the mean values of scalar fields. If

the progress variable or mixture fracture is the investigated scalar, the value and is subsequently

linked to geometrical analysis [121, 122]. Veynante and Vervisch [122] showed that the different

modeling approaches are connected to each other via the modeling of the mixing process.
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20 2 Theory

Various turbulent combustion models based on these three approaches have been proposed

in the literature. However, few can handle finite rate chemistry and the additional species

and energy sources occurring in reactive multi-phase systems. Among others, certain types of

flamelet-based models [130–135] and several mixing-based models, e.g. EDC [13, 129, 136–142]

and the Partially-Stirred Reactor Model (PaSR) [143–148], are suitable models [113].

2.1.2 Flamelet Models

Flamelet-based models pre-process the detail chemistry and generate lookup tables based on

characteristic reaction coordinates [121–123, 149, 150]. For efficiency reasons, multiple thermo-

physical properties can be tabulated during the pre-processing step. The simplest reaction

coordinates are the progress variable (C) and the mixture fraction (Z) for premixed and non-

premixed combustion, respectively. The governing equations for premixed and non-premixed

flamelets vary, since both flame types differ physically. Moreover, additional lookup parameters

can be incorporated to account for different effects that occur during turbulent combustion.

2.1.2.1 Steady Laminar Flamelet Model

The Steady Laminar Flamelet Model (SLFM ) is a common approach for modeling turbulent

flames, where the models for premixed and non-premixed combustion differ slightly. The key

assumption made by SLFM is of scale separation between chemistry and turbulence, which exists

if the characteristic chemical time scale (τc) is significantly smaller than the Kolmogorov time

scale (τη). In such cases, the flame consists of laminar flamelets [123], which can be pre-processed

and mapped onto a lookup table based on suitable quantities or reaction coordinates.

Premixed Combustion Premixed combustion uses a progress variable (C) as the mapping

quantity for the lookup table. C must be defined so that a unique value exists for any point

in the species composition space. Linear combinations of species mass fractions are typically

used as progress variable [151]. The flamelet library is generated by solving the steady-state,

unstretched one-dimensional premixed flame equations [127]:
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2.1 Homogeneous Gas Phase Combustion 21

ρu
∂Yi

∂x
=

∂

∂x

(
ρDi

∂Yi

∂x

)
+ ρω̇i (2.5)

ρu
∂h

∂x
=

∂

∂x

(
ρκth

∂h

∂x

)
+ ρ

n∑

i=1

hiω̇i (2.6)

with:
Yi = species mass fraction
Di = species diffusivity
xi = spatial coordinate(s)
ω̇i = species consumption/production rate
h = enthalpy
κth = thermal diffusivity
hi = species enthalpy

The results are mapped to the progress variable at the end of the pre-processing to initialize

the flamelet library.

An additional conservation equation must be solved during the flow calculations to track the

evolution of the progress variable (C) [127]:

∂(ρC)

∂t
+

∂ (ρuiC)

∂xi
=

∂

∂xi

(
ρΓ

∂C

∂xi

)
+ ρω̇C (2.7)

with:
t = time
ui = velocity vector
Γ = diffusivity
ω̇C = progress variable source term

Source terms for species, energy, and progress variable conservation equation are retrieved

from the flamelet library as a function of C.

Non-Premixed Combustion In contrast to premixed combustion, the mapping quantity for

non-premixed combustion is the mixture fraction (Z), since the flame front is located near the

stoichiometric mixture fraction. Per definition Z is unity in the fuel stream and zero in the

oxidizer stream. A common definition of Z for a system with two inlet streams is based on the

atomic mass fraction of e.g. carbon [128]:

Z =
Yc − Yc,oxi

Yc,fuel − Yc,oxi
(2.8)

with:
Z = mixture fraction
Yfuel = fuel product mass fraction
Yoxi = oxidizer product mass fraction
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22 2 Theory

Coordinate-transformed equations can be derived from the one-dimensional SLFM species and

enthalpy equations for non-premixed combustion [123]:

ρ
∂Yi

∂t
− 1

2
ρχ̇

∂2Yi

∂Z2
− ρω̇i = 0 (2.9)

χ̇ = 2Γ

(
∂Z

∂y

)2

(2.10)

ρ
∂T

∂t
− 1

2
ρχ̇

(
∂2T

∂Z2
+

1

cp

∂cp

∂Z

∂T

∂Z

)
+

ρ

cp

n∑

i=1

hiω̇i = 0 (2.11)

with:
χ̇ = scalar dissipation rate
T = temperature
cp = (mixture) specific heat

The time derivative is disregarded for the SLFM, since laminar flamelets are assumed to be in a

steady-state. Like the premixed approach, an additional transport equation for the conservation

of Z must be solved to track its evolution:

ρ
∂Z

∂t
+ ρui

∂Z

∂xi
=

∂

∂xi

(
ρΓ

∂Z

∂xi

)
+ ρω̇Z (2.12)

with:
ω̇Z = mixture fraction source term

A major disadvantage of the SLFM for non-premixed combustion is that the mapping between

coordinate-transformed equations back to physical space is not unique [152].

2.1.3 Flamelet Progress Variable Approach

The Flamelet/Progress Variable Model (FPVM ) developed by Pierce and Moin [152] introduces a

progress variable (C) as a second mapping quantity to the mixture fraction (Z) for non-premixed

combustion. This second mapping quantity ensures the correct lookup of the chemical state.

Figure 2.5 illustrates the SLFM mapping problem and the improvements made by the FPVM.

The unstable flamelet branch is included in the lookup tables by introducing the progress variable.

The flamelet library is created by using equations (2.9) and (2.11), but the solutions are mapped

to Z and C. The progress variable is extracted from the flamelets for the mapping.

A common shortcoming of the SLFM and the FPVM is that they ignore flame quenching or

cooling effects due to heat losses to the surroundings [149].
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Fig. 2.5: Comparison Steady Laminar Flamelet Model (SLFM ) (left) and Flamelet/Progress
Variable Model (FPVM ) (right) temperature lookup table; adapted from [152].

2.1.3.1 Flamelet Generated Manifold and Flame Prolongation of ILDM

Gicquel et al. [150] and van Oijen and de Goey [149] combine the flamelet approach and Intrinsic

Low-Dimensional Manifolds (ILDM ) [153] and proposed the Flame Prolongation of Intrinsic

Low-Dimensional Manifolds (FPI ) and the Flamelet Generated Manifold (FGM ) models.

The FPI uses the one-dimensional ILDM for the high-temperature region and the one-

dimensional laminar premixed flame for the low-temperature region. Differential diffusion

effects are directly considered when generating the lookup tables adding additional reaction

coordinates. These additional lookup parameters can be the element mass fraction of carbon,

hydrogen, and/or oxygen.

The FGM, in contrast, directly creates manifolds from one-dimensional flame calculations,

which reduces the number of progress variables to describe combustion more accurately. The

enthalpy is added as a coordinate to the progress variable to account for cooling effects.

2.1.3.2 Multi-phase Flamelet Model

Among others, Rieth et al. [130, 131, 154], Watanabe and Yamamoto [132], Watanabe et al.

[133], and Wen et al. [134, 135] propose flamelet-based models for pulverized coal combustion.

These approaches are all based on the FPVM and define mixture fractions for moisture (m),

volatiles (v), and char (c) in the gas phase as:
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24 2 Theory

Zi =
mi

mo + mm + mv + mc
(2.13)

with:
mo = oxidizer mass
mm = moisture mass
mv = volatile mass
mc = char mass

The sum over Zi defines the mixture fraction (Z). To avoid multi-dimensional flamelet

equations, two additional variables parameterize the flamelet tables, e.g., the ratios of Zc to

Zv and Zv to Zm These ratios are denoted by Zi,j [132, 133]. Thus, the mixture fraction (Z),

a progress variable (C), coordinates for the product ratios Yi,j (Equation 2.14), and the gas

phase enthalpy (hg) parameterize the flamelet library. Mapping hg is necessary due to high heat

transfer rates between coal and gas [130–135].

Zi,j =
Zi

Zj
(2.14)

with:
Zi,j = mixture fraction ratio

Separate conservation equations are solved for the lookup coordinates (except for Zi,j):

∂

∂t
ρZj +

∂ (ρuiZj)

∂xi
=

∂

∂xi

(
ρΓ

∂Zj

∂xi

)
+ ρω̇j (2.15)

∂

∂t
ρC +

∂ (ρuiC)

∂xi
=

∂

∂xi

(
ρΓ

∂C

∂xi

)
+ ρω̇C (2.16)

∂

∂t
ρhg +

∂ (ρuihg)

∂xi
=

∂

∂xi

(
ρΓ

∂hg

∂xi

)
+ ρω̇h (2.17)

with:
ω̇h = enthalpy source term

Current research activities focus on correctly capturing heat transfer and the ignition process

in flamelet-based coal combustion models. Rieth et al. [130, 131] suggest using two lookup

tables, where one is created from adiabatic non-premixed flamelets and the second is created

from non-adiabatic non-premixed flamelets. If the enthalpy (hp) undershoots the values of the

adiabatic table, the non-adiabatic table is used for the lookup. Watanabe and Yamamoto [132]

propose using the unsteady flamelet model for pulverized coal combustion to improve ignition
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2.1 Homogeneous Gas Phase Combustion 25

process predictions. Wen et al. [134, 135] propose a multi-regime flamelet model, since pulverized

coal combustion features premixed, partially premixed, and non-premixed zones. A local flame

index is calculated to determine the combustion regime and the premixed and non-premixed

flamelets are weighted by this index to retrieve the solution inside the flame. The non-premixed

flamelet table is used outside the flame.

Although flamelet-based coal combustion models might be more efficient than directly integrated

chemistry models, the flamelet generation and lookup becomes inefficient if the number of fuel

streams increases [134]. Increasing the number of product ratio coordinates for each fuel stream

and its constituents, or solving multi-dimensional flamelet equations while keeping the product

ratio coordinates for each stream, would allow for multiple solid fuel streams, e.g., coke, coal,

and plastics [132–135].

2.1.4 Turbulent Mixing Models

Turbulent mixing controls the combustion process if the turbulent Damköhler number (Dat) ≫ 1,

since chemistry is significantly faster than the mixing [121, 122]. Educt species mix on a

molecular scale in the finest turbulent structures, which affects finite-rate chemistry [122, 155, 156].

Turbulent mixing models rely on the proper prediction of the mixing process. Mixing models are

commonly expressed by scalar dissipation rates [121, 122, 157]. Common turbulent combustion

models based on the mixing approach are the EDC [129, 136–139, 158, 159] and the PaSR [143–

148]. Both solve finite-rate chemistry for given initial conditions of species concentrations,

temperature, and pressure. The independence of pre-calculated data enables them to handle

reactive multi-phase systems.

2.1.4.1 Eddy Dissipation Concept

During the 1970s, Magnussen and Hjertager gradually developed the EDC [129, 136–138]. The

EDC’s core assumption is that reactions only occur in regions where reactants mix on a molecular

scale. These regions are called (Reacting) Fine Structures (FS) and are believed to have vortex-

sheet or tube-like shapes of Kolmogorov scale [137, 138, 160–162]. The fine structures exchange

mass with the surrounding fluid via fine-scale turbulent fluid motion and molecular diffusion [147].

Figure 2.6 illustrates the FS based on the Tenneke’s turbulence model [163].
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l
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χ < 1

Fig. 2.6: Schematic illustration of the Fine Structures (FS) based on Tenneke’s turbulence
structure model; adapted from [163][Journal Paper III]. With the symbols velocity
fluctuation vector (u′

i), Taylor length scale (lλ), Kolmogorov length scale (lη), and
reacting fine structure share (χ).

Fine structure share (γ∗) and fine structure residence time (τ∗) were derived by a turbulent

energy cascade, which has been proven to fit experimental data from turbulent combustion by

Ertesvåg and Magnussen [158]:

γ∗ = γ3
L =

(
3CD2

4C2
D1

)3/4 (
vε

k2

)3/4

= C3
γRe

−3/4
T (2.18)

γL =

(
3CD2

4C2
D1

)1/4 (
vε

k2

)1/4

= CγRe
−1/4
T (2.19)

τ∗ = (ṁ∗)−1 =

(
CD2

3

)1/2 (v

ε

)1/2

= Cτ

(
v

ε

)1/2

(2.20)

with:

γ∗ = fine structure share
γL = fine structure length scale
τ∗ = fine structure residence time
CD1 = model constant (value = 0.135)
CD2 = model constant (value = 0.50)
Cγ = fine structure length scale constant
Cτ = fine structure residence time constant
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2.1 Homogeneous Gas Phase Combustion 27

The constants CD1 and CD2 originate from the energy cascade and were chosen to fit turbulent

reactive flows [137, 158, 159].

In the original EDC development, Magnussen [137] proposed a fine structure species consump-

tion/production rate (R∗
i ) based on the mass transfer rate between FS and surroundings:

R∗
i =

ρ∗

τ∗

(
c◦

i

ρ◦
− c∗

i

ρ∗

)
(2.21)

with:
R∗

i = fine structure species consumption/production rate
c∗

i = fine structure species concentration
ρ∗ = fine structure density
c◦

i = surrounding species concentration
ρ◦ = surrounding density

The superscript ∗ denotes fine structure properties, while ◦ and − subsequently denote sur-

rounding and average properties. A simple relationship connects these quantities:

Φ = Φ◦ (1 − γ∗χ) + Φ∗γ∗χ (2.22)

with:
χ = reacting fine structure share

According to Magnussen [137], the definition of the reacting fine structure share (χ) is:

χ =
Ypr/(1 + Ψstoich)

γλ (Ypr/(1 + Ψstoich) + Yfuel)
=

1

γλ
χ′ (2.23)

with:
Ypr = product mass fraction
Ψstoich = stoichiometric fuel oxidizer ratio

Applying these relationships to the fine-structure mass transfer rate (2.21) yields an expression

for the mean species consumption/production rate (Ri):

Ri =
1

τ∗

γ∗χ

1 − γ∗χ

(
c∗

i

ρ∗
− ci

ρ

)
=

1

τ∗

γ2
Lχ′

1 − γ2
Lχ′

(
c∗

i

ρ∗
− ci

ρ

)
(2.24)

with:
ci = mean species concentration
ρ = mean density
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28 2 Theory

Since its initial publication, several modifications and adaptions to the EDC have been proposed

in the literature. For example, Ertesvåg [159], Lewandowski and Ertesvåg [162], Li et al. [164],

and [Journal Paper III] discuss the evolution of the EDC over time in detail.

Magnussen [139] re-defined γ∗ to follow the Tenneke’s turbulence structure model [163] (tube-

like) instead of Corrin’s interpretation of the turbulent structure [165] (sheet-like):

γ∗ = γ2
L =

(
3CD2

4C2
D1

)2/4 (
vε

k2

)2/4

= C2
γRe

−2/4
T (2.25)

In addition to the γ∗ modifications, a new definition for χ has been proposed:

χ =
Ypr/(1 + Ψstoich)

(Ypr/(1 + Ψstoich) + min (Yoxi/Ψstoich, Yfuel))
(2.26)

These changes result in an expression for Ri that differs by the factors χ and χ′.

Ri =
1

τ∗

γ∗χ

1 − γ∗χ

(
c∗

i

ρ∗
− ci

ρ

)
=

1

τ∗

γ2
Lχ

1 − γ2
Lχ

(
c∗

i

ρ∗
− ci

ρ

)
(2.27)

Gran and Magnussen [166] used a fixed value of unity for χ for simulations employing detailed

chemistry. This assumption has been widely used in literature without challenging it, e.g., [12,

140, 164]. Two exceptions are Lewandowski and Ertesvåg [162], Lewandowski et al. [167], who

showed that using the variable χ can improve the predicted temperature and concentration

profiles in Moderate or Intense Low-oxygen Dilution (MILD) combustion.

Detailed chemistry is incorporated into the EDC by treating the FS as a Perfectly Stirred

Reactor (PSR). The FS state is determined by advancing the PSR to steady-state and Ri is

determined by the FS and mean composition space. Although the EDC theory enforces the PSR

approach for the FS, the Plug Flow Reactor (PFR) approach is commonly used to reduce the

numerical effort of the direct chemistry integration.

The PSR approach typically assumes an isobaric, adiabatic FS. The resulting conservation

equations for the species, enthalpy, and pressure are given below:
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2.1 Homogeneous Gas Phase Combustion 29

dY ∗
i

dt
= ω̇∗

i +
1

τ∗
(Y ◦

i − Y ∗
i ) (2.28)

dh

dt
= 0 (2.29)

dp

dt
= 0 (2.30)

with:
Y ∗ = fine structure species mass fraction
ω̇∗

i = fine structure species consumption/production rate
Y ◦ = surrounding species mass fraction
Y ∗ = fine structure species mass fraction
p = static pressure

The mixing term in the species conservation equations (Equation 2.28) couple the FS with the

surroundings. The isobaric, adiabatic PFR neglects this mixing term for the species conservation

equation, reducing the equation to:

dYi

dt
= ω̇∗

i (2.31)

Lewandowski and Ertesvåg [162], Li et al. [164], and Journal Paper III investigated the

effect of the fine structure treatment. While Lewandowski and Ertesvåg [162] and Li et al. [164]

concluded that both give almost identical results, Journal Paper III showed that the FS state

might significantly differ at certain γ∗ and τ∗ combinations.

Recent research efforts in the EDC field focus on applying model extension to MILD combustion

conditions [168]. Regarding EDC, alternative definitions for the model constants have been

proposed in literature [12, 13, 140–142, 159, 169], while Ertesvåg [159], Lewandowski and Ertesvåg

[162], Lewandowski et al. [167] renew the notion of the reacting fine structure share (χ).

Model Constants Parente et al. [140], Bao [141], Evans et al. [142], and Bao et al. [169]

proposed alternative definitions for the fine-structure scales. Since the smallest turbulent eddies

thicken the reaction zone in MILD combustion, the turbulent flame speed can be interpreted

as the characteristic fine structure velocity [121, 122, 140, 168]. This assumption allows for

alternative definitions of the model constants Cγ and Cτ based on Ret and Daη. Parente et al.

[140] propose the following expressions for the now local model constants:
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30 2 Theory

Cγ =

(
3CD2

4C2
D1

) 1

4

∝
√

(Ret + 1) Daη (2.32)

Cτ =
(

CD2

3

) 1

2

∝ 1

Daη

√
Ret + 1

(2.33)

Bao [141] and Bao et al. [169] adopt the concept by Parente et al. [140] and replace the

turbulent flame speed with the ratio of the characteristic length and the chemical time scale,

from which quantitative relationships for the model constants arise:

Cγ =

(
3CD2

4C2
D1

) 1

4

=

√
3

2
(Ret + 1)Da

3

4
η (2.34)

Cτ =
(

CD2

3

) 1

2

=
1

2

1

Daη

√
Ret + 1

(2.35)

The calculation of Daη is the demanding aspect of the model constants’ local adaption, since

there is no simple, well-established definition of the chemical time scale [170, 171]Journal

Paper IV. Evans et al. [142] propose using Dat instead of Daη as well redefining the fine-scale

Ret to derive a more generalized form of the EDC for MILD combustion. The fine structure

Reynolds number (Re∗) at Kolmogorov scale and the standard EDC were defined as 1 and 2.5,

respectively, to ensure that the generalized form recovers the original EDC in highly-turbulent

flows (Ret> 500). In this case, the corresponding functional expressions for Cγ and Cτ are given

by:

Cγ =

(
3CD2

4C2
D1

) 1

4

=

√
2

3
(Ret + 1) Daη (2.36)

Cτ =
(

CD2

3

) 1

2

=
1

2

1

Daη

√
Ret + 1

(2.37)

Farokhi and Birouk [13, 172] propose a different approach for the dynamic EDC constant

adaption. They replace the turbulent energy cascade used in the EDC by a fractal modeling

approach [173–175] to adopt the turbulence intermittency in the inertial region. As a result the

definitions of γ∗, τ∗, and Ri change to:
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2.1 Homogeneous Gas Phase Combustion 31

γ∗ = ξ3−Dc

(
Re

−3/4
t

)3−Dc

(2.38)

γ2
λ ∼ γ∗ 2

3

(
Dc−2

3−Dc

)
(2.39)

τ∗ = 0.5
k

ǫ
γ∗

1+ 2
3

−
Dc
3

3−Dc (2.40)

Ri =
1

τ∗

γ∗ 2

3

Dc−2

3−Dc χ

(1 − γ∗χ)

(
c◦

i

ρ◦
− c∗

i

ρ∗

)
(2.41)

with:
ξ = proportional constant
Dc = fractal dimension

The proportional constant (ξ) is set to 1.75 for low and 3.15 for high Ret, while its value is

interpolated between these extremes for cases including low- and high-turbulence regions [13, 176].

Functional expressions were derived for the newly introduced fractal dimension (Dc):

Dc = 1 +
log (Nη)

log
(
Re

3/4
t

) (2.42)

Nη = π−1Re
3/2
t (2.43)

with:
Nη = number of locally generated dissipative scales

Farokhi and Birouk [13] conclude that Dc should be limited between 2 and 2.8 to ensure

reasonable values for γ∗ and τ∗.

Reacting Fine Structure Share χ Ertesvåg [159], Lewandowski and Ertesvåg [162] investigated

the influence of χ on the EDC predictions under MILD combustion conditions, since the

assumption of perfectly-mixed FS is no longer valid if the FS occupy a significant portion of

the fluid. This effect is illustrated in Figure 2.6. The assumption that χ approaches unity only

holds for stoichiometric conditions at elevated Ret [159]. Lewandowski and Ertesvåg [162] show

that a constant, global reduction of χ improves the results for the Delft Jet-in-Hot-Coflow flame

[177]. Additionally, they prove that the local adaption of χ improves the predicted species and

temperature profiles as well as the predicted lift-off height. However, they do not propose a

method to determine χ for comprehensive chemistry. Recently, Lewandowski et al. [167] proposed

a new generalized EDC for MILD combustion which combines the variable-reacting fine structure
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32 2 Theory

share (for Ret<28) and the local model constant adaption. The reduction of the reacting part of

the FS at low Ret compensates for the break-down of the turbulent energy cascade.

2.1.4.2 Partially Stirred Reactor Model

Golovitchev and et al. [143–145] propose the PaSR model for highly-turbulent gas phase com-

bustion. The model assumes that at sufficiently high turbulence, the flame front will collapse

and enclose regions of unburnt gases, which shrink due to combustion or combine with other

enclosures (see Figure 2.7). The turbulence-chemistry interaction could be interpreted as a

topological phenomenon, since the formation of these enclosures corresponds to fractalization

of the reaction front [144, 145, 178]. Similar to the EDC, the PaSR divides the fluid into a

reacting and a non-reacting region and defines a mean species consumption/production rate (Ri)

by introducing a combustion efficiency correction (κ):

Ri = κRi =
τc

τc + τmix
Ri (2.44)

with:
Ri = species consumption / production rate
τmix = mixing time scale

Figure 2.7 and Figure 2.8 illustrate the processes in the PaSR concept. The derivation of κ

uses three different pre-defined concentrations: The inlet species concentration (c0,i), the mean

reactor species concentration (cm,i), and the species concentration in the reaction zone (cr,i).

Fig. 2.7: Flame front fractalization concept for the Partially-Stirred Reactor Model (PaSR);
adapted from [144, 179]. The symbols denote inlet species concentration (c0,i), mean
reactor species concentration (cm,i), species concentration in the reaction zone (cr,i),
and combustion efficiency correction (κ).

Using these definitions, the following equalities express the reaction rate:
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2.1 Homogeneous Gas Phase Combustion 33

Ri =
dci

dt
=

c0,i − cm,i

τres
=

cr,i

τc
=

cm,i − cr,i

τmix
(2.45)

with:

τres = residence time

The combustion efficiency correction (κ) is derived by first expressing the ratios cm,i/c0,i and

cr,i/c0,i from Equation (2.45):
cm,i

c0,i
=

τmix + τc

τres + τmix + τc
(2.46)

cr,i

c0,i
=

τc

τres + τmix + τc
(2.47)

Subsequently, cr,i/τc is expressed in terms of cm,i to yield the following rate expression [143–

145]:

Ri =
dci

dt
=

cm,i

τmix + τc
=

τc

τmix + τc
· cm,i

τc
= κ · Ri (2.48)

Assuming that cm,i/τc is a linearization of the Arrhenius source term gives the multiplicative

reaction rate correction of Ri [143–145].

Figure 2.8 illustrates the PaSR model using the concentration profile of a consumed species.

Chemical reactions reduce the species concentration from c0,i towards the equilibrium concentra-

tion (ceq,i), which is zero for the consumed species. Mixing between the reacting and non-reacting

fluid parts increases the species concentration towards the concentration of the non-reacting fluid

(c0,i). In addition, the depicted time scales (τres, τmix, τc) indicate the relationship between the

involved processes.

The mixing time scale (τmix) is defined as a macro-mixing time based on the turbulent kinetic

energy (k) and turbulent dissipation rate (ε):

τmix =

√
Cµ

Ret

k

ǫ
= Cmix

k

ǫ
(2.49)

with:
Cmix = mixing time scale constant
Cµ = turbulence model constant (value = 0.135)
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c0,i

cm,i

cr,i

ceq,i = 0

chemistry

mixing

τres

τ ′mix

τmix τc

time

c
o
n
c
e
n
t
r
a
t
io

n

Fig. 2.8: Schematic Partially-Stirred Reactor Model (PaSR) concentration graph; adapted
from [145]. The symbols denote inlet species concentration (c0,i), mean reactor species
concentration (cm,i), species concentration in the reaction zone (cr,i), equilibrium
concentration (ceq,i), residence time (τres), mixing time scale (τmix), and chemical time
scale (τc).

The mixing time scale constant (Cmix) is an empirical constant typically defined as 0.01 for

turbulent flows [144]. Golovitchev and Chomiak [145] propose a modified derivation, which yields

a value of 0.025 for Cmix.

The chemical time scale (τc) can be specified according to various definitions, e.g., [170, 171].

However, Golovitchev et al. [143, 144] propose using the inverse from the diagonal of the species

consumption/production rate (ω̇i) rate Jacobian matrix:

τ−1
c =

∂ω̇i

∂cj
I

∣∣∣∣∣∂ω̇i

∂cj

<0

(2.50)

In recent years, adaptions of the PaSR have been proposed in the literature. Ferrarotti et al.

[157] propose a dynamic definition of τmix to improve the model predictions, while Sabelnikov et

al. [146, 148] introduce an Extended Partially-Stirred Reactor Model (EPaSR) that accounts for

mass transfer between the reacting regions and the surroundings and includes the PaSR as a

limiting case.

Dynamic Mixing Time Scale τmix Ferrarotti et al. [157] proposed the incorporation of a

dynamic mixing model to derive local mixing time scales (τmix). According to Raman and Pitsch

[180], τmix is defined by the ratio of the variance (φ̃′′2) and the dissipation rate (ǫ̃φ) of the scalar

φ:
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2.1 Homogeneous Gas Phase Combustion 35

τmix =
φ̃′′2

ǫ̃φ
(2.51)

This approach requires solving two additional conservation equations for mixture fraction

(Z) and scalar dissipation rate (χ̇) [157, 181]. The modified definition for τmix improves the

predictions of the PaSR under MILD combustion conditions, since mixing rates are linked to

turbulence [157].

Extended Partially-Stirred Reactor Model (EPaSR) The Extended Partially-Stirred Reactor

Model (EPaSR) [146–148] employs a multi-phase approach for the reacting fluid. Similar to the

EDC, the EPaSR divides the fluid into Fine Structures (FS) and surroundings, which are in a

dynamic equilibrium. The dynamic equilibrium is defined similarly to κ:

γ∗
eq =

τc

τmix + τc
(2.52)

with:
γ∗

equ = equilibrium fine structure volume fraction

γ∗
equ is required to solve two additional conservation equations: the FS continuity equation

and the FS species conservation equation [146–148]:

∂

∂t
(ργ∗) + ∇ · (ργ∗u) = ṁ = −

ρ
(
γ∗ − γ∗

eq

)

τmix
(2.53)

∂

∂t
(ργ∗Y ∗

i ) + ∇ · (ργ∗Y ∗
i u) = −∇ (ργ∗Di∇Y ∗

i ) + γ∗Ri + M
∗
i (2.54)

with:
u = velocity vector
Y i = mean species mass fraction
M

∗
i = fine structure specie mass transfer term

The last term on the right hand side (RHS) of Equation (2.54) (M
∗
i ) is an additional mass

transfer term representing the mass exchange between the FS and surroundings. The mass

transfer contains a diffusion contribution (Ω
∗
i ) and a mass transfer contribution from the dynamic

equilibrium (Θ
∗
i ):
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36 2 Theory

M
∗
i = Θ

∗
i + Ω

∗
i =

1

2
(ṁ + |ṁ|)Y ◦

i +
1

2
(ṁ − |ṁ|)Y ∗

i −
γ∗ρ

(
Y ∗

i − Y i

)

τmix (1 − γ∗)
(2.55)

with:
Θ

∗
i = dynamic equilibrium specie mass transfer term

Ω
∗
i = diffusion species mass transfer term

The PaSR model is retained if the left hand side (LHS) and the first RHS term diminish in

Equation (2.54), since γ∗ would be equal to γ∗
equ in this case.
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2.2 Heterogeneous Gas-Solid Combustion 37

2.2 Heterogeneous Gas-Solid Combustion

2.2.1 Heterogeneous Combustion Theory

Heterogeneous combustion refers to the thermo-chemical conversion of solid fuels, which can be

classified by the rate-limiting reaction step (mass transfer, molecular diffusion, or chemistry) and

the solid properties (dense or porous) [116, 182]. Mass transfer at the fluid-solid interface as

well as mass diffusion play an important role in gas-solid reactions. A generalized heterogeneous

reaction may include a subset or all of the following steps [116, 183]:

• Mass transfer of the reactant through the boundary layer from the bulk gas phase to the

external solid surface

– Pore diffusion of the gaseous reactant from the external surface towards the reaction

site

– Adsorption of the gaseous reactant at the reaction site

– Chemical reaction between the adsorbed gaseous reaction and the solid reaction site

– Desorption of the gaseous product from the reaction site

– Pore diffusion of the gaseous product from the reaction site towards the external

surface

• Mass transfer of the product through the boundary layer from the external solid surface to

the bulk gas phase.

Figure 2.9 illustrates the nature of a general gas-solid reaction at the external and internal

surface. The left side shows a surface reaction at the external surface, while the right side shows

a reaction at the internal surface. Reactions at the internal surface rely on intra-particle and

boundary layer mass and energy transport. In contrast, only the boundary layer effects influence

reactions at the external surface. Mass and heat transport from the gas phase towards the

reaction site can influence the apparent reactivity of solids [116, 117, 184, 185].

This dependence of the apparent reactivity classifies the kinetic conversion regimes for hetero-

geneous gas-solid reactions [117, 186]. Three different conversion regimes are identified based on

three rate limiting processes [116–118, 187–189]:

• Regime I: Chemically-controlled conversion. The apparent conversion rate (kapp) is equal

to the intrinsic conversion rate (kintr), since mass transfer rates toward the reaction sites

are orders of magnitudes higher than the chemical conversion rate.
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Fig. 2.9: Schematic reaction processes occurring in gas-solid reactions at the external surface
(left) and the internal surface (right); adapted from [116].

• Regime II: Pore diffusion-controlled conversion. The depletion of reactants in the particle

center limits the conversion process. The apparent activation energy (Ea,app) is approxi-

mately half of the intrinsic activation energy (Ea,int) and the reaction order (n) changes to

approximately (n+1)/2.

• Regime III: Boundary layer diffusion-controlled conversion. Reactants are consumed

at the particle surface, since the mass transfer rates through the boundary layer are

significantly lower than the chemical conversion rates. The external particle surface and

the boundary-layer diffusion controls the apparent conversion rate in this regime.

Figure 2.10 depicts the Arrhenius diagram for a typical gas-solid reaction to indicate the

conversion regimes. Regime I prevails at low temperatures, while regime II occurs at intermediate

temperatures. Regime III is located at high temperatures.

Figure 2.11 shows the schematic concentration profiles of the gaseous reactant in the solid

particle and surrounding fluid phase. Regime I features uniform reactant species concentrations

within the particle and the bulk gas phase. Increasing temperatures result in increasing chemical

rates and the depletion of the gaseous reactant in the particle center. This is the transition

between Regime I and II, also known as the transition regime A. Further depletion of the gaseous

reactant in the particle center occurs in Regime II. In the transition between Regime II and III

(transition regime B), reactant species deplete towards the external particle surface. Regime III

starts when reactants are consumed directly at the outer particles surface by chemical rates.

Thiele [190], Wheeler [191], Damköhler [192], and Zeldovich [193] independently investigated

the diffusion limitation of gas-solid reactions. The proposed Thiele modulus (φT h,i) compares

chemical and internal mass transfer (diffusion) rates to estimate if pore diffusion effects are

relevant in the solid fuel conversion [182]:
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IIIIII AB
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2 Ea,in
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ηeff = 1ηeff < 1ηeff ≪ 1

1/T
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g
(
k
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f
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)

Fig. 2.10: Kinetic regimes in heterogeneous combustion; adapted from [117, 186]. I, II, and III

refer to the chemistry, pore diffusion, and boundary-layer diffusion limited kinetic
regime. A and B are the transition regions between I–II and II–III, with the
following symbols: effective rate (keff ), apparent activation energy (Ea,app), intrinsic
activation energy (Ea,int), and effectiveness factor (ηeff ).

I

rs δBL

c ∞

A

rs δBL

c ∞

II

rs δBL

c ∞

B

rs δBL

c ∞

III

rs δBL

c ∞

Fig. 2.11: Gaseous reactant concentration profiles of the heterogeneous combustion regimes;
adapted from [117]. Regime I, II, and III refer to the chemistry, pore diffusion, and
boundary-layer diffusion limited kinetic regime. A and B are the transition regions
between I–II and II–III. Symbols denote the particle radius (rs), the boundary layer
thickness (δBL), and the bulk species concentration (c∞).

φT h,i =

√
τD

τc
= Lc

√
n + 1

2

kintrcn−1
s

D
=

VP

AP

√
n + 1

2

kintrinsicc
n−1
s

D
(2.56)

with:
D = mass diffusivity
τD = diffusion time scale
n = reaction order
cs = surface species concentration

The Thiele modulus (φT h,i) also characterizes the intra-particle educt species concentration

profile. φT h,i above unity indicates that pore diffusion affects the solid conversion rates. An
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effectiveness factor (ηeff ) is defined according to the ratio between the effective conversion rate

to the conversion rate at ambient conditions [116, 118, 194]:

ηeff =
keff

kintr,∞
= f (φT h,i, Lc, ...) (2.57)

with:
keff = effective rate
kint,∞ = intrinsic rate at ambient conditions

Expressions for ηeff based on φT h,i can be derived analytically by solving the corresponding

reaction-diffusion equations [190, 195–199] or experimentally [118]. The shape generalized form of

the Thiele modulus (Equation 2.56) removes the influence of the particle shape on the effectiveness

factor [182, 195, 198]. In case of exothermic reactions, ηeff can exceed unity, since temperatures

above ambient levels might occur inside the particle and cause higher reaction rates [199–201].

This effect will be discussed later in detail.

Despite gas-solid reactions involve multiple subprocesses, solid fuel properties and reaction

type can simplify the characteristics of the conversion process. This suggests a classification of

heterogeneous combustion based on mechanistic considerations.

2.2.1.1 Mechanistic Classification of Gas-Solid Reactions

Fuel particles might be of porous or dense (non-porous) structure. Porous particles can react at

the external and internal surface, which corresponds to the generic gas-solid reaction described

above. The share of the reacting inner surface depends on φT h,i. By contrast, dense particles lack

a porous internal structure and, thus, the penetration of gaseous reactants towards the particle

center is impossible. Consequently, conversion only takes place at the external surface.

Furthermore, two distinct reaction types might occur in heterogeneous combustion. The first

is characterized by forming solid products, while the second forms no solid products [202]:

A(g) + B(s) −→ C(g) +D(s)

A(g) + B(s) −→ C(g)

The first reaction type builds up a solid product layer that surrounds the unreacted solid.

This layer represents an additional, increasing heat and mass transport resistance during the
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2.2 Heterogeneous Gas-Solid Combustion 41

conversion process. The second type results in either particle shrinkage for dense particles and/or

significant density decrease for porous particles. Furthermore, pore size can enlarge due to the

density decrease caused by the reactions at the pore surface [203, 204].

Figure 2.12 illustrates the mechanistic conversion of dense particles. The initial particle is

surrounded by a boundary layer, which determines the mass transport from the bulk fluid phase

towards the particle surface. If no solid products form, the particle size reduces by reactions

at the external surface. This characteristic conversion is called the "shrinking particle"

in literature [116, 189, 205–209]. Conversely, the reaction front recedes towards the particle

center, while the product layer thickness increases if solid products form during the conversion

process. In the literature, this characteristic is often referred to as the "unreacted shrinking

core" [116, 189, 202, 205–207, 210–212]. The concentration profiles during the conversion of

dense particles depend on the boundary layer of the shrinking particles. In addition to the

boundary layer, the product layer properties affect the reactant concentration profiles in the

unreacted shrinking core case.

ga
s
co
n
ce
n
tr
at
io
n

boundary
layer

initial particle

reaction
front

c∞

cs

c∞

cs

shrinking particle

product
layer

c∞

cs

cr

unreacted shrinking core

Fig. 2.12: Schematic conversion of dense solid fuel particles; adapted from [116, 189].

Figure 2.13 illustrates the mechanistic conversion of porous particles. Pores allow reactants to

penetrate the particle and enable reactions at the inner surface. The mass transfer towards the

external surface is determined by the boundary layer but additional pore diffusion effects influence

the reactant transport towards the inner particle surface. For reactions without solid products,

the total particle is subject to conversion. The actual extent of the inner surface reactivity

depends on the Thiele modulus (φT h,i). This characteristic of porous particle conversion is

called the "progressive core" conversion in the literature [116, 189, 203, 204, 213–218]. Particle

shrinkage might occur for the progressive core, since the external surface is subject to conversion
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Fig. 2.13: Schematic conversion of porous solid fuel particles; adapted from [116, 189].

in any case. By contrast, the reaction zone contracts towards the center, while an increasing

product layer emerges, if solid reaction products exist. This characteristics is referred to as the

"unreacted progressive core" [116, 189, 203, 204, 213–220]. Particle shrinkage depends on

the product layer properties of the unreacted progressive core conversion. The concentration

profiles within porous particles depend on the boundary layer and pore diffusion rates as well

as conversion rates at the inner surface. Pore diffusion through the product layer additionally

affects the reactant concentration in case of the unreacted progressive core conversion.

The mechanistic classification simplifies assumptions used for developing heterogeneous com-

bustion models. Multiple approaches to modeling heterogeneous reactions have been proposed

in literature. These models are based on either apparent rate expressions, mechanistic as-

sumptions, or theoretical considerations. The apparent rate expressions disregard species

transport phenomena and use apparent Arrhenius parameters and dependence on gas phase

reactants [184, 221, 222]. Mechanistic models consider mass transport effects and/or boundary

layer effects to determine an effective conversion rate [116–118, 223, 224]. The models relying

on theoretical considerations derive functional expressions for a progress variable to account for

conversion effects [202–204, 214, 220, 225–227].

2.2.2 Coupling Homogeneous and Heterogeneous Combustion

Heterogeneous combustion involves two distinct phases: a solid phase (fuel) and a fluid phase

(combustion gas). The interaction between these phases is critical for the heterogeneous conversion,

since available reactants determine the solid reactivity [228–230]. Transporting gaseous products
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2.2 Heterogeneous Gas-Solid Combustion 43

towards the gas phase and their chemical conversion in the vicinity of the solid fuel affect the

reactant availability for heterogeneous combustion. Figure 2.14 schematically shows the coupling

between the fluid and solid phase in heterogeneous combustion.

gas–phase
chemical reactions

convective
fluxes

diffusive
fluxes

adsorption desorption

diffusion reaction

reaction

bulk solid

Fig. 2.14: Coupling between homogeneous and heterogeneous combustion; adapted from [183].

The reasonable description of the boundary layer and the particle pores are essential aspects of

the coupling. Reactant concentrations in the boundary layer and pores might differ significantly

from the bulk concentrations, which results in conflicting heterogeneous combustion behavior [228,

229, 231]. The reactants that reach the particle surface diffuse towards reaction sites either at

the external surface or the internal surface. The gaseous products might shield the external

surface from reactants or block pores from reactants. Products or other gas phase components

might adsorb to active sites and block them from gaseous reactants.

2.2.3 Apparent Rate Models

The Apparent Rate Models (ARMs) are simple models that describe gas-solid reactions. The

models disregard all influences except for temperature dependence and the distance to the

chemical equilibrium. The distance to the equilibrium is accounted for by a partial pressure or

concentration dependence of the reactants and/or products. Effective rate (keff ) expressions for

ARMs have the following formula:

keff = k (T ) f (T, p, c) (2.58)
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44 2 Theory

The temperature-dependent component is typically expressed by an Arrhenius expression [221,

222, 232]:

k (T ) = AT bexp

(−Ea

RT

)
(2.59)

with:
A = frequency factor
b = temperature exponent
Ea,app = apparent activation energy
R = ideal gas constant

The deviation from the equilibrium can be expressed by the reaction order (n), based on the

species partial pressure (pi) or the species concentration (ci) [184, 221, 222]:

f (T, p, c) =
∏(

pi

RT

)ni

=
∏

cni
i (2.60)

n is zero for species not relevant for the conversion rate.

Other functional relationships might be used for the distance to the equilibrium, e.g., Silcox

et al. [233] propose an expression based on the equilibrium partial pressure:

f (T, p, c) =
∏(

pi,eq − pi

RT

)
fi =

∏
(ci,eq − ci) fi (2.61)

In this model, fi deviates from zero for species influencing the apparent rate.

Although the suitability of the Arrhenius approach to heterogeneous combustion has been

questioned [234–236] because it has been derived for gas phase reactions [221, 232], no similar

widespread expression of similar quality exists for the temperature dependence of heterogeneous

gas-solid reactions.

2.2.4 Mechanistic Models

2.2.4.1 Thiele Based Models

The mechanistic Thiele Based Models (TBMs) provide comprehensive expressions for the effective

rate (keff ) of heterogeneous combustion. These expressions reproduce the characteristics depicted

in Figure 2.10. A closed form for keff has been derived by combining characteristic rate-limiting

steps into a single expression [116–118, 224]. The apparent conversion rate of Regime I, the
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2.2 Heterogeneous Gas-Solid Combustion 45

intrinsic rate, consists of two distinct rates: the conversion rate at the internal surface – the

internal rate (kint) – and the conversion rate at the external surface – the external rate (kext):

keff cn
∞ = (kint + kext) cn

s = (Aintk (T ) + Ask (T )) cn
s (2.62)

with:
c∞ = bulk species concentration
Aint = internal surface area
As = external surface area

The effectiveness factor corrects the internal rate to account for pore diffusion in the formal

expression of keff for Regime II:

keff cn
∞ = (ηeff kint + kext) cn

s (2.63)

The mass transfer through the boundary layer is the dominating mechanism for Regime III.

By assuming that the surface species concentration is close to zero in case of mass transfer

limitation, cs can be omitted from the approximation of keff [237]:

keff cn
∞ = AshBL,m (c∞ − cs) ≅ AshBL,mc∞ (2.64)

with:
hBL,m = convective mass transfer coefficient

Combining equations (2.62), (2.63), and (2.64) into a single equation leads to the following

equality:

keff cn
∞ = AshBL,m (c∞ − cs) = (ηeff kint + kext) cn

s (2.65)

Since reaction orders reduce to first order (n = 1) for Regime III temperatures [117, 118],

expressing cs from Equation (2.63) and (2.64) is possible. Substituting this expression into

the left part of Equation (2.65) and employing the right side of Equation (2.64) provides a

comprehensive closed form for keff :

D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.

https://www.tuwien.at/bibliothek


46 2 Theory

keff =
1

1
hBL,m·As·c1−n

∞

+ 1
ηeff ·kint+kext

· cn
∞ (2.66)

The additional reaction order dependence of this conversion rate is obtained from the effec-

tiveness factor calculation. Moreover, this general equation for keff is applicable for dense and

porous solids. To account for product layer formation, reactant diffusion through the arising

layer must be incorporated as an additional mass transfer resistance in Equation (2.66).

A mathematical definition for the effectiveness factor using the Thiele modulus (φT h,i) and the

reactant concentration gradient at the particle surface has been proposed in the literature [182, 238–

240]:

ηeff =
s + 1

φ2
T h,i

dC
dX

∣∣∣∣
X=1

(2.67)

with:
s = shape specific coefficient (0 = flat plate, 1 = cylinder, 2 = sphere)
C = dimensionless species concentration
X = dimensionless distance

Analytically determining ηeff requires the solution of the dimensionless reaction-diffusion

equation [190, 194, 195, 239, 241]:

d2C
dX2

+
s

X

dC
dX

= −φ2
T h,iC · f (C) (2.68)

C = 1|X=1 ,
dC
dX

= 0
∣∣∣∣
X=0

(2.69)

φT h,i incorporates the effect of gas-solid reactions of arbitrary reaction order. Thus, for

isothermal particles and isochoric reactions of first order, the disturbance function f (C) is unity.

This case enables analytic solutions to the reaction-diffusion equation for simple geometries. The

shape-generalized Thiele modulus (Equation 2.56) yields effectiveness factors independent of

the particle shape [182, 195, 198]. Figure 2.15 shows the correlation of ηeff versus φT h,i for

various reaction orders. The effectiveness factor is proportional to the inverse of φT h,i for large

values of the generalized Thiele modulus [182, 195, 198], which is indicated by the effectiveness

factor of the zeroth order reaction for values of φT h,i> 1.
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Fig. 2.15: Isothermal effectiveness factor (ηeff ) versus the generalized Thiele modulus (φT h,i)
for a zeroth ( ), first ( ), and second ( ) order reaction; adapted from [182,
190, 196].

Heterogeneous combustion is a fast, exothermic process; thus, internal particle temperatures

might exceed the ambient ones. In such a case, the internal conversion rates can exceed the rates

at ambient conditions and yield effectiveness factors above unity [199, 200, 238–240]. By solving

the coupled reaction-diffusion and energy equation, Damköhler [242] and Prater [243] derived a

unique relationship between the reactant concentration and temperature inside solids:

∆T = T − T∞ = −∆HrD

λ
(c∞ − c) (2.70)

with:
T∞ = bulk temperature
∆Hr = heat of reaction
λ = thermal conductivity
c = species concentration

By substituting this relationship into Equation (2.68), the disturbance function for non-

isothermal conversion becomes [200]:

f (C) = exp

[
βγ (1 − C)

1 + β (1 − C)

]
(2.71)

with:
γ = reaction rate sensitivity to temperature
β = relative temperature variation
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γ =
Ea, int

RT∞
, β =

c∞∆HrD

λT∞
, C =

c

c∞
(2.72)

with:
Ea,int = intrinsic activation energy

Numerical solutions to this equation have been published in literature using various combina-

tions of γ and β [199, 200, 239–241, 244]. Figure 2.16 shows the effectiveness factor versus the

Thiele modulus for non-isothermal conditions.

0.1 1 10
0.1

1

10

β
=
0.8

β =
-0.8

Thiele modulus φTh,i (-)

eff
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η
e
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Fig. 2.16: Non-isothermal effectiveness factor (ηeff ) versus the generalized Thiele modulus
(φT h,i) for a first-order reaction and a reaction rate sensitivity to temperature (γ) of
10 for relative temperature variations (β) of -0.8, -0.6, -0.4, -0.2, 0.0, 0.2, 0.4, 0.6, 0.8.

Besides temperature, other effects, e.g., volume change during the conversion process or

reaction reversibility, affect the effectiveness factor [245–248]. A detailed discussion on this topic

and the solution for the reaction-diffusion equation is given in [241].

2.2.4.2 Layer Models

The mechanistic Layer Models (LMs) provide a comprehensive approach to modeling the con-

version of dense particles. A closed expression for keff that includes the buildup of a product

layer for spherical particles has been proposed in literature [223]. This expression combines the

characteristic rate limiting steps for Regime I (Equation 2.62) and Regime III (Equation 2.64).

In case the reactant diffusion is the rate-limiting step, the species concentration at the reaction

front (cr) is close to zero, since the reactant is immediately consumed and, therefore, the effective

reaction rate would take the following form [116, 182]:
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2.2 Heterogeneous Gas-Solid Combustion 49

keff cn
∞ = (c∞ − cs) D

∫ rr

rs

A(r)dr ≅ c∞D

∫ rr

rs

A(r)dr (2.73)

with:
rs = particle radius
rr = radial position reaction front

The mass diffusivity (D) represents an effective diffusion coefficient, which depends on Knudsen

and bulk diffusion as well as on solid porosity and tortuosity [116, 117]. Combining these three

equations into a single expression yields the closed form of the LM [116, 182, 223]:

keff =
1

1
hBL,mAs

+ 1
D

∫ rr

rs

dr
A(r) + 1

Arkintr

· cn
∞ (2.74)

with:
Ar = reaction front area

This model is suitable for the heterogeneous combustion of spherical particles featuring

an infinitesimal thin reaction front. However, the model fails to reproduce progressive core

characteristics. Unlike TBMs, an additional energy equation must be solved to obtain reaction

front temperatures. This implies that fuel particles must be discretized by at least three grid

points: surface, reaction front, and center [223].

The LM can solve other particle shapes by defining a radial coordinate for the location of the

reaction front. Thunman et al. [249] propose such a transformation based on the definition of a

control surface (Σ):

Σdr = dV (2.75)

Σ for spheres, infinite and finite cylinders is defined as [249]:

Σsphere = 4πr2 Σinfinite cylinder = 2πr Σfinite cylinder = 2π
(
3r2 + r (l − d)

)
(2.76)

with:
r = radius
d = diameter
l = length
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Figure 2.17 illustrates this coordinate transformation for the three geometries. The control

surface definition and the radial coordinate redefine the particle center for all shapes except

spheres. The symmetrical center of the infinite cylinder is a line at the rotation axis, while a

plate perpendicular to the rotation axis defines the symmetry of a finite cylinder [249].

r0 = 0

r

r

r

r

r0 = d−l
2

r

r

r0 = 0

Fig. 2.17: Coordinate transformation for spheres, infinite and finite cylinders; adapted
from [249].

2.2.5 Solid-State Kinetic Models

The heterogeneous combustion of solids is also described by the dimensionless conversion rate

using the General Kinetic Equation [116, 225]:

dα

dt
= f (α) k (T ) h (p) (2.77)

with:
α = conversion

Temperature k(T ), pressure h(p), and conversion f(α) can affect the conversion rate. The

Arrhenius equation (Equation 2.59) describes the temperature dependence, while the pressure

dependence is described by relationships similar to Equation (2.60) and (2.61) or similar [250].

The conversion-dependent component incorporates other effects, e.g., nucleation, mass transport,

and structural changes. [116, 225, 227].

The Solid-State Kinetic Models (SSKMs) have been developed to reproduce the decomposition

of mainly (crystalline) solids [225, 227]. They provide functional relationships between these
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2.2 Heterogeneous Gas-Solid Combustion 51

conversion-dependent effects and the conversion rate, e.g., changes in solid crystal lattice or the

formation of reactive nuclei [227]. The correlations are derived for certain, idealized solid-state

conversion mechanisms, e.g. nucleation, geometrical changes, mass transport, and reaction order.

An overview of the various models and a detailed discussion of their derivation is available

in [225, 227]. The conversion dependence f (α) for three-dimensional diffusion (referred to as D3

model in literature) is given by Equation (2.78) for example.

f (α) =
3 (1 − α)2/3

2
(
1 − (1 − α)1/3

) (2.78)

Since the conversion-dependent functions were mathematically derived by solving idealized

equations, the complex physical phenomena involved in the conversion process might be overlooked

by these models. Therefore, using SSKMs requires a thorough knowledge of the physio-chemical

processes during the reaction in order to predict reasonable conversion behavior. Szekely et al.

[116] note that the Jander equation (Equation 2.78) for the diffusion-controlled conversion of

spherical solids [225, 251] assumes that a flat product layer surrounds the particle. As a result,

the model fails to predict reasonable results at elevated conversion.

The Random Pore Model (RPM ) [203, 204, 218, 219, 252] has been demonstrated in literature

about the thermo-chemical conversion of solid fuels using the SSKM approach. The RPM assumes

that thermo-chemical conversion takes place at the surface of random pores pervading the solid

structure. The specific inner surface first increases due to an enlargement of the pore size. After

reaching a critical pore size, pores start to overlap and the specific inner surface decreases again.

This overlapping results in a reduction of the conversion rate. The functional expression for the

RPM is given by [203, 204]:

dα

dt
= (1 − α)

√
1 − Ψ ln (1 − α) (2.79)

with:

Ψ = pore structure parameter

The pore structure parameter (Ψ) is defined by the initial properties of the solid particle [203,

204]:
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52 2 Theory

Ψ =
4πL0 (1 − ǫ0)

A2
0

(2.80)

with:
L0 = initial pore length
ǫ0 = initial particle porosity
A0 = initial pore surface

Moreover, mass transport effects can be incorporated by the effectiveness factor (ηeff ) to

reproduce the correct conversion characteristics [253]. In this case, the conversion rate modifies

to:

dα

dt
= ηeff (T, p, α) f (α) k (T ) h (p) (2.81)

Unlike TBM and LM models, the shape, size, porosity, and composition of the particle must

be considered in the functional expression instead of being directly modeled.
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2.3 Computational Fluid Dynamics (CFD) 53

2.3 Computational Fluid Dynamics (CFD)

2.3.1 Finite Volume Method

Computation Fluid Dynamics (CFD) is a numerical method based upon the Finite Volume

Method (FVM ) that is used to solve the partial differential equations of fluid mechanics [10, 11].

In other words, the flow domain is divided into a finite number of tiny volumes to numerically

solve the relevant conservation equations on discrete points in space. The size and number of

volumes depend on the complexity and size of the flow domain as well as the expected gradients

in the conserved quantities. The general differential conservation equation of a property φ solved

in CFD consists of four different contributions [10, 11]:

∂

∂t
(ρφ)

︸ ︷︷ ︸
unsteady term

+ ∇ · (ρuφ)
︸ ︷︷ ︸

convection term

= − ∇ ·
(
Γφ∇φ

)

︸ ︷︷ ︸
diffusion term

+ Qφ

︸︷︷︸
source term

(2.82)

with:

Γφ = diffusion coefficient

Table 2.1 gives the properties for the set of equations solved for single phase compressible flows

in CFD. Besides the generic momentum source term, gravity and static pressure are explicitly

shown in the source term of the momentum equation. The source terms of the energy and

species conservation equation incorporate heat release and composition changes from chemical

reactions. Furthermore, viscous heating must be accounted for in the generic energy source term

for turbulent flows. The required source terms depend on the complexity of the flow problem.

The stress tensor (τ ) for compressible Newtonian fluids is a function of the strain rate and is

given by [10, 11]:

τ = µ
[
∇u + (∇u)T

]

︸ ︷︷ ︸
incompressible

+ µvol (∇ · u) I
︸ ︷︷ ︸

compressible

(2.83)

with:
µvol = dynamic volume viscosity
I = identity matrix
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54 2 Theory

Tab. 2.1: Conservation equation properties [10, 11]. With the quantities density (ρ), velocity
vector (u), stress tensor (τ ), static pressure (p), gravity vector (g), (mixture) specific
heat (cp), thermal conductivity (λ), temperature (T ), mass diffusivity (D), and the
corresponding source terms (Qφ).

equation φ Γφ∇φ Qφ

continuity 1 0 0
momentum u τ −∇p + ρg + Qu

energy cpρT λ∇T QcpρT

species ρYi ρDi QYi

The differential conservation equations must be integrated over the control volumes in the FVM.

By using the convergence theorem, the differential equations simplify to algebraic equations [10,

11]:

∫

V

[
∂

∂t
(ρφ) + ∇ · (ρuφ) − ∇ ·

(
Γφ∇φ

)
− Qφ

]
dV =

=

∫

V

[
∂

∂t
(ρφ) − Qφ

]
dV +

∮

S

[
(ρuφ) −

(
Γφ∇φ

)]
· dS

(2.84)

with:
V = volume
S = surface
S = surface vector

The surface integrals for the convective and diffusive term can be expressed as surface fluxes

in the discretized equations. Figure 2.18 illustrates this transformation using the hexahedral

discretization of the cross-section of a rectangular duct. Summation over the surface fluxes (Sn,

Se, Ss, Sw) replaces the volume integral for the divergence terms.

CW E

N

SSW

NENW

SE

Sn

Ss

Sw Se

∆xC

∆
y
C

y

x

Fig. 2.18: Schematic discretization of a rectangular fluid domain with a hexahedral mesh. The
surface fluxes are given by (Sn, Se, Ss, Sw); adapted from [10].
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2.3 Computational Fluid Dynamics (CFD) 55

The spatial and temporal terms are discretized by finite difference stencils on the computational

grid. The complexity of the stencils depends on the desired accuracy of the discretization. Details

about the discretization process are available in the relevant literature, e.g., [10, 11, 254].

Two distinct approaches exist to solve the coupled, discretized set of conservation equations:

coupled or segregated. Coupled algorithms create a single block matrix, incorporating the con-

servation equations and solve for all properties simultaneously [255–257]. Segregated approaches

divide coupled systems into sub-problems and solve each problem separately. Coupling the

sub-problems is achieved by an iterative solution loop over the sub-problems [10, 11, 258, 259].

Segregated algorithms are employed for solving the momentum equation, since pressure-velocity

coupling must be ensured for the solution [260]. The Semi-Implicit Method for Pressure Linked

Equations (SIMPLE) algorithm [10, 254, 261–264] and the Pressure-Implicit Method with Split-

ting of Operators (PISO) algorithm [10, 11, 264–266] are the commonly-used algorithms for

solving the momentum equation for steady-state or time-dependent problems. The Pressure-

Implicit Method for Pressure Linked Equations (PIMPLE) algorithm [264] is a combination

of the SIMPLE and PISO algorithm where an inner PISO loop is solved, followed by an outer

SIMPLE loop that continues until the solution converges. The main advantage of the PIMPLE

algorithm is that Courant-Friedrichs-Lewy numbers (CFL) above unity can be used for the time

integration. The CFL criterion limits the time step size for a given spatial discretization in the

temporal integration of the conservation equation [267, 268]. Generally, the CFL condition must

be satisfied to ensure stable solutions:

CFL =
|u|∆t

∆x
≤ 1 (2.85)

The CFL criterion is evaluated for each finite volume of a domain; thus, choosing an intelligent

spatial discretization can accelerate the time integration by avoiding unnecessary small time

steps.

2.3.2 Turbulence

Temporal and spatial random motion characterizes turbulent flows [10, 11, 269]. The random

motion at various length and time scales increases heat and mass transfer rates in fluids. This

enhancement of the transport processes is called turbulent diffusion. Figure 2.19 illustrates

the nature of turbulent flows. Resolving all temporal and spatial structures is called Direct
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Numerical Simulation (DNS). Various turbulence modeling approaches have been developed to

enable modeling industry-scale problems, since DNS is computationally too costly for this kind

of application. Two general methods for modeling turbulent flows exist: Large Eddy Simulation

(LES) and Reynolds-Average Navier-Stokes (RANS). LES resolves large and intermediate, energy

containing eddies and models small-scale turbulence structures, while RANS solves a mean

velocity field and models all turbulence structures.

RANS

LES

DNS

Fig. 2.19: Schematic of turbulence structures in turbulent pipe flows; adapted from [11].

2.3.2.1 Direct Numerical Simulation (DNS)

It is possible to describe the transient turbulence phenomenon by directly solving the momentum

(Navier-Stokes) equations. This approach requires high spatial and temporal resolution in order

to resolve all turbulent scales. The smallest turbulent scale is the Kolmogorov length scale

(ηk) [270–272]. The grid size must resolve this scale, while maintaining the CFL condition for

the time step size. The required number of grid points (N) to resolve Kolmogorov length scale

(ηk) for DNS can be estimated by [273, 274]:

N3 ≈ 4.1

(
L

ηk

)3

≈ 4.1Re3 (2.86)

with:
L = integral length scale

This correlation between the Reynolds number (Re) and computational gird indicates that

the numerical effort scales non-linear with the peculiarity of the turbulence. Combined with the

time step limitations needed to satisfy the CFL condition, the computational costs limit the

applicability of DNS to academic problems.
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2.3.2.2 Large Eddy Simulation (LES)

LES resolves the large-to-intermediate eddies and relies on sub-grid models for the small eddies

in the inertial and viscous range of the energy spectrum [10, 11, 274]. The separation into

resolved and unresolved scales is achieved by filtering the conservation equations. The filter

width determines the cutoff eddy size. LES resolves the anisotropy and large portions (≈ 80%)

of the turbulent energy spectrum contained in the large scales, while modeling the numerically

expensive small scales [274]. Different filtering techniques and sub-grid scale models exist for

LES [11, 274]. The reduced computational effort required by LES compared to DNS allows its

application at high Re numbers and, recently, also for more complex phenomena [11, 113, 133,

134, 147, 154, 180, 274, 275].

2.3.2.3 Reynolds-Average Navier-Stokes (RANS)

The RANS approach is the most common one used in modeling industrial applications. The

governing conservation equations are filtered to obtain equations for the mean values. Filtering

introduces additional terms into the conservation equations, which rely on suitable models [276].

Classical RANS for incompressible and density, or Favre-Average Navier-Stokes (FANS) for

compressible flows [277], are used for this averaging [10]. The averaging procedure has been

extensively discussed in the literature [10, 11, 269, 276, 277]. The RANS-averaged continuity,

momentum, and scalar transport equation for incompressible flows are given by [10, 11, 269, 274]:

∂ (ρūi)

∂xi
= 0 (2.87)

∂ (ρūi)

∂t
+

∂

∂xj

(
ρūiūj + ρu′

iu
′
j

)
= − ∂p̄

∂xi
+

∂τ̄ij

∂xj
(2.88)

∂(ρφ̄)

∂t
+

∂

∂xj

(
ρūjφ̄ + ρu′

jφ′
)

=
∂

∂xj

(
Γ
∂φ̄

∂xj

)
(2.89)

with:
ūi = mean velocity vector
u′

i = velocity fluctuation vector
p̄ = mean static pressure
τ̄ij = mean stress tensor
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58 2 Theory

The mean viscous stress tensor is given by:

τ̄ij = µ

(
∂ūi

∂xj
+

∂ūj

∂xi

)
(2.90)

The gradient-diffusion hypothesis is employed to close the scalar transport equation [163, 274]:

− ρu′
jφ′ = Γt

∂φ̄

∂xj
(2.91)

with:

Γt = turbulent diffusivity

The available closure models for the remaining terms of the momentum equation can be divided

according to how the missing terms are deduced. The relevant modeling approaches for industrial

application rely on eddy viscosity modeling or Reynolds stress modeling.

Eddy Viscosity Models Eddy viscosity models apply the Boussinesq hypothesis as a closure

for the Reynold stress term [10, 11, 269, 274]:

− ρu′
iu

′
j = µt

{
∇u + (∇u)T

}
− 2

3
ρkI (2.92)

with:
µt = dynamic turbulent viscosity
u = mean velocity vector

The turbulent kinetic energy (k) is defined as:

k =
1

2
u′

iu
′
i =

1

2

(
u′

xu′
x + u′

yu′
y + u′

zu′
z

)
(2.93)

The eddy viscosity models rely on equations for the dynamic turbulent viscosity (µt) and the

turbulent kinetic energy (k). The conservation equation of k is given by [274]:
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2.3 Computational Fluid Dynamics (CFD) 59

∂(ρk)

∂t
+

∂ (ρūjk)

∂xj
=

∂

∂xj

(
µ
∂k

∂xj

)
− ∂

∂xj

(
ρ

2
u′

ju′
iu

′
i + p′u′

j

)

︸ ︷︷ ︸
turbulent diffusive transport

−

ρu′
iu

′
j

∂ūi

∂xj︸ ︷︷ ︸
production rate

− µ
∂u′

i

∂xk

∂u′
i

∂xk︸ ︷︷ ︸
dissipation rate

(2.94)

with:
p′ = pressure fluctuations

The last three expressions in the RHS need to be modeled to solve the equation. Turbulent

diffusion can be approximated by the gradient diffusion assumption:

Dk = −
(

ρ

2
u′

ju′
iu

′
i + p′u′

j

)
≈ µt

σk

∂k

∂xj
(2.95)

with:
σk = turbulence model constant (value = 1.0)

Applying the Boussinesq eddy viscosity hypothesis to the production term in the RHS yields

the following expression for the production of turbulent kinetic energy [11, 274]:

Pk = −ρu′
iu

′
j

∂ūi

∂xj
≈ µt

(
∂ūi

∂xj
+

∂ūj

∂xi

)
∂ūi

∂xj
(2.96)

A new quantity, the turbulent dissipation rate (ε), is introduced as the last term in the RHS.

The corresponding conservation equation is similar to the equation for the turbulent kinetic

energy given in Equation (2.94). The dynamic turbulent viscosity (µt) is then defined by:

µt = ρCµ
k2

ε
(2.97)

Rearranging and introducing a proportional constant to adapt the models to turbulent flow

yields the conservation equations of k and ε of the standard k-ε model [10, 278]:

∂

∂t
(ρk) + ∇ · (ρuk) = ∇ ·

[(
µ +

µt

σk

)
∇k

]
+ Pk − ρε︸ ︷︷ ︸

Sk

(2.98)
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60 2 Theory

∂

∂t
(ρε) + ∇ · (ρuε) = ∇ ·

[(
µ +

µt

σε

)
∇ε

]
+ Cz1

ε

k
Pk − Cz2ρ

ε2

k︸ ︷︷ ︸
Sε

(2.99)

with:
σε = turbulence model constant (value = 1.3)
Cε1 = turbulence model constant (value = 1.44)
Cε2 = turbulence model constant (value = 1.92)

The model constants for the k-ε-model are summarized in Table 2.2.

Tab. 2.2: Standard k-ε-model constants [11, 278].

Cµ Cε1 Cε2 σk σε

0.09 1.44 1.92 1.0 1.3

Various turbulence models that rely on the Boussinesq eddy viscosity hypothesis, with similar

assumptions to the k-ε-model, have been proposed in the literature [10, 274].

Reynolds Stress Models Reynolds stress models are also called second-order closure models

because they solve additional conservation equations for the Reynolds stress (Rij). Assuming

isotropic stress, the number of additional transport equations decreases to six identical equations

of the form [11, 274]:

∂Rij

∂t
+

∂ (ūkRij)

∂xk
=

∂

∂xk

(
µ
∂Rij

∂xk

)
−
(

Rik
∂ūj

∂xk
+ Rjk

∂ūi

∂xk

)
+

2µ
∂u′

i

∂xk

∂u′
j

∂xk
︸ ︷︷ ︸

dissipation tensor

−
∏

ij︸︷︷︸
pressure strain

+
∂Cijk

∂xk
︸ ︷︷ ︸

turbulent difussion

(2.100)

The last three terms in the RHS must be modeled. The dissipation tensor is given by:

2µ
∂u′

i

∂xk

∂u′
j

∂xk
= ρεij = ρ

2

3
εI (2.101)

with:
εij = turbulent dissipation rate tensor

which is a similar approach to the one used for the k-ε-model. The adaption of the turbulent

dissipation rate in the closure implies that Reynolds stress models must also solve a transport

equation similar to Equation (2.99). The pressure strain can be expressed by:
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2.3 Computational Fluid Dynamics (CFD) 61

∏

ij

= p′

(
∂u′

i

∂xj
+

∂u′
j

∂xi

)
(2.102)

where the pressure fluctuation (p′) must be determined by solving the filtered Poisson equation

for the pressure, where p′ is decomposed into a fast, slow, and harmonic contribution [274]. The

turbulent diffusion of the Reynolds stresses is modeled similar to the turbulent diffusion terms of

the k-ε-model [11, 274]:

Cijk = ρu′
iu

′
ju′

k + p′u′
iδjk + p′u′

jδik =
µt

σk

∂Rij

∂xj
(2.103)

The more sophisticated modeling of the Reynolds stresses is numerically more expensive than

the eddy viscosity approaches, since it requires solving five additional equations. However, the

higher-order approximation proved to be more accurate for modeling rotating flows, e.g., in

cyclones [279–281].
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2.4 Multi-Phase Flow

2.4.1 Multi-Phase Modeling Approaches

General multi-phase flows can be modeled using three different approaches: Euler-Euler (E-E),

Euler-Lagrange (E-L), and the Computation Fluid Dynamics-Discrete Element Method (CFD-

DEM ) [282–286]. The E-E approach can model multiple fluid phases. Gas-solid systems can

be modeled with the E-E approach by employing suitable property models for the solid phase

rheology, e.g., the granular pressure model [114] and the Kinetic Theory of Granular Flow

(KTGF) [111–113, 284, 286–288]. E-L and CFD-DEM resolve the particular solid phase and can

resolve the solid-fluid and particle-particle interaction.

Figure 2.20 shows the occurring phase coupling regimes for gas-solid flows. At low solid phase

fraction (αs), the solid momentum acting on the carrier fluid phase is negligible, with the fluid

flow field determining the solid movement. This approach is called one-way coupling. At a αs

between 10−6 and 10−3, the solid movement rebounds on the fluid phase and the additional

momentum source must be included for the fluid phase. This type of coupling is called two-way

coupling, while three-way coupling occurs at solid phase fractions between 10−3 and 10−2. The

flow field changes due to a single particle’s effect on other particles in this regime. Besides the

particle-fluid interaction, particle-particle interactions become important above 10−2 solid phase

fraction. Four-way coupling is required to describe this type of gas-solid flows. [283–285, 289]
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Fig. 2.20: Momentum-coupling regimes of gas-solid flow regimes; adapted from [283–285, 289].
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2.4 Multi-Phase Flow 63

The E-E, E-L, and CFD-DEM method offer different approaches for the required phase coupling.

The rheological models for the solid phases determine the type of momentum coupling used in

E-E models. Four-way coupling is the most commonly used type in E-E modeling. Turbulent

interaction between fluid and solid phase can be included by suitable sub-grid models [290, 291].

E-L are capable of covering all four coupling regimes. Turbulent interaction of the Lagrangian

particles and the carrier phase requires suitable models. Particle contact models, similar to

the Discrete Element Method (DEM ), are suitable for covering particle-particle interactions.

CFD-DEM directly resolves the different regimes.

2.4.1.1 Euler-Euler Modeling

Phases are considered as inter-penetrating fluids in Euler-Euler (E-E) modeling. The transport

equations are volume or conditionally averaged for the different phases to obtain the general

Eulerian transport equation, which must be solved for the individual phases [282, 284, 286, 292–

294]:

∂
(
αϕρϕφϕ

)

∂t︸ ︷︷ ︸
unsteady term

+ ∇ ·
(
αϕρϕuϕφϕ

)

︸ ︷︷ ︸
convection term

= − ∇ ·
(
αϕΓ

φ
ϕ∇φϕ

)

︸ ︷︷ ︸
diffusion term

+ αϕQ
φ
ϕ

︸ ︷︷ ︸
source term

+ Ψφ
ϕ

︸︷︷︸
exchange term

(2.104)

with:
αϕ = phase fraction

Table 2.3 summarizes the quantities of the transport equation to obtain the continuity,

momentum, energy, and species conservation equations. The mean Cauchy stress tensor (σϕ)

incorporates all normal and shear stresses that occur in fluid or solid Eulerian phases. The

inter-phase coupling terms for the momentum, energy, and species equations rely on empirical or

semi-empirical models.

Additional constraints provide the necessary closure conditions for the solution of E-E phase

systems. The sum over all phase fractions (αϕ) must be unity:

∑

i

αϕ = 1 (2.105)
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64 2 Theory

Tab. 2.3: Euler-Euler (E-E) averaged conservation equation properties [284, 286, 292, 294].
With the quantities mean velocity vector (u), mean Cauchy stress tensor (σϕ), mean
density (ρ), gravity vector (g), (mixture) specific heat (cp), thermal conductivity (λ),
mean temperature (T ), mean species mass fraction (Y i), species diffusivity (Di), and

the corresponding source terms (Q
φ
ϕ) and source terms (Ψφ

ϕ).

equation φϕ Γ
φ
ϕ∇φϕ Q

φ
ϕ Ψφ

ϕ

continuity 1 0 0 Ψρ
ϕ

momentum uϕ σϕ ρϕg Ψu

ϕ

energy cp,ϕρϕT ϕ λϕ∇T ϕ Q
cpρT

Ψ
cpρT
ϕ

species ρϕY j,ϕ ρϕDj,ϕ∇Y j,ϕ Q
Yϕ

ΨY
ϕ

Furthermore, the sum over all exchange terms for mass, momentum, energy, and species must

be zero to obey conservation for the conserved quantities:

∑

i

Ψφ
ϕ = 0 (2.106)

Solving the coupled set of equations for multi-phase systems results in singularities if αϕ

approaches zero [295]. Therefore, the continuity equation is used to modify the momentum

equation to remove this singularity [293, 295–297]. The conservative form of the momentum

equation is obtained by subtracting the phase continuity equation. Subsequently, expansion

and transformation are done to obtain the non-conservative [295, 296], semi-conservative [296],

and phase-intensive [293, 297] forms of the momentum equation. Although these equations are

mathematically identical, the numerical integration of the modified momentum equations relies

on approximations for the convective term. These approximations lead to solutions that deviate

from the conservative form of the momentum equation [296, 297].

A modification of the phase continuity equation has been proposed in literature to ensure

boundedness at the upper and lower limits of αϕ to increase mass conservativeness [293, 298, 299].

The modification defines a mixture velocity and a mean relative phase velocity vector (ur). For

the source-free incompressible case, the modified phase continuity equation yields:
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2.4 Multi-Phase Flow 65

∂ (αϕ)

∂t
+ ∇ · (αϕuϕ)

=
∂ (αϕ)

∂t
+ ∇ · (αϕu) + ∇ ·


αϕ

∑

j 6=ϕ

(αj (uϕ − uj))




=
∂ (αϕ)

∂t
+ ∇ · (αϕu) + ∇ ·


αϕ

∑

j 6=ϕ

(αjur,j)




(2.107)

The non-linear (third) term of the bounded-phase continuity equation implicitly couples the

different phases and requires special attention when solving the equation. Segregated and coupled

approaches are used to solve the phase continuity equations [293, 300–302].

Multi-Fluid Models (MFMs) have an inherently non-conservative form and the equation type

of the conserved quantities can deviate from being hyperbolic [288, 303–306]. Non-hyperbolic

systems are characterized by complex eigenvalues. Non-linear coupling between the momentum

equations has been identified as the source of the complex characteristics occurring in MFMs [288,

305]. Mathematical and numerical regularization has been used to enable solving ill-posed

MFM systems [288, 303, 305, 306]. Regularizing the multi-phase system is believed to introduce

non-physical effects and changes to the system’s characteristics [303].

Mathematical regularization includes hyperbolization, which adds additional terms [307–312]

or adopts modeling assumptions [111, 304, 313–318] to the equations, or parabolization, which

adds additional diffusion terms to the equations [288, 304, 319, 320].

Numerical regularization is included in the MFMs solution algorithms. Suitable multi-

phase algorithms have been developed that are based on the single phase flow SIMPLE and

PISO algorithms [255, 256, 293, 296, 300, 305, 321–327]. Common multi-phase solution algo-

rithms include the Partial Elimination Algorithm (PEA) [328, 329], Partially Implicit Treat-

ment (PIT) [322, 326, 327], Implicit Multifield Method (IMF) [330], Simultaneous Solution of

Non-Linearly Coupled Equations (SINCE) [331, 332], Advection Upstream Splitting Method

(AUSM ) [305, 333], Interphase Slip Algorithm (IPSA) [334, 335], and Interphase Slip Algorithm-

Coupled (IPSA-C ) [304, 322]. IPSA-C is a combination of the PIT and IPSA approaches.

2.4.1.2 Euler-Lagrange Modeling

In the E-L approach, the fluid phase is modeled as a Eulerian phase, but the solid phase is

modeled as a Lagrangian phase. The Lagrangian equation describes the particle position and its

motion [282, 284, 285, 289, 336, 337]:
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66 2 Theory

mp
dup

dt
= fpressure + fgravity + fdrag + ffluid + fcollision (2.108)

with:
mp = particle mass
up = particle velocity vector
f = force vector

dxp

dt
= up (2.109)

with:
xp = particle position

The source terms in the motion equation account for hydro-static and static pressure gradients

(fpressure), gravity (fgravity), particle carrier momentum exchange (fdrag), other fluid forces, e.g.

virtual mass, Saffman or Magnus lift, or Basset force, (ffluid), and forces acting between individual

particles (fcollision) [284, 285]. The momentum exchange terms rely on suitable closure models.

The general conservation equation for particle properties (φp) is given by [285, 338]:

d

dt
(φp) = Qφ

ext + Qφ
int (2.110)

with:
Qφ

ext = external Lagrangian source

Qφ
int = internal Lagrangian source

Table 2.4 provides the internal and external source terms for the species and the energy

equation. The sum over all species conservation equations resembles the mass conservation.

Species equation source terms include convective transport from the carrier phase and a chemical

source term. External source terms for the energy equation are the convective and radiative heat

transfer, while internal source terms emerge from chemical conversion. The phase coupling relies

on suitable closure models for the external source terms of the conservation equations.

Solving the conservation equations for every particle is computationally expensive. To overcome

this limitation, particles are grouped into "parcels" and a single representative particle is solved

for each parcel [113, 285, 339]. Particles and/or parcels are typically small compared to the

computational cells in E-L modeling. The number of particles per parcel (np,i) depends on

particle size and parcel mass. The local solid phase fraction is obtained by summing up the

particle volumes of each parcel in a computational cell:
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Tab. 2.4: Euler-Euler (E-E) averaged conservation equation properties [282, 284, 285, 338].
With the quantities denoting particle mass (mp), species mass fraction (Yi), convec-
tive species transfer (Ṡconv,i) and chemical species (Ṡchem,i) source term, (mixture)

specific heat (cp), temperature (T ), external Lagrangian sources (Qφ
ext), and internal

Lagrangian sources (Qφ
int).

equation φp Qφ
ext Qφ

int

species mpYi QYi
conv,i Q̇Yi

chem,i

energy cpTp Q
cpρT
conv + Q̇

cpρT
rad Q̇chem

αs =

∑
p

∑
i np,iVp,i

Vcell
(2.111)

with:
Vp,i = particle volume
Vcell = cell volume

Two-way coupled E-L models account for the momentum exchange term of the Lagrangian

phase (fdrag) for the fluid phase momentum equation, while one-way coupled models neglect the

solid phase momentum in the fluid phase. The particle collision force (fcollision) is disregarded in

one- and two-way coupled models. Highly-dispersed gas-particle flows are commonly modeled

using one- or two-way coupled E-L approaches.

Four-way coupled E-L models that resolve individual particles and particle-particle contacts

(fcollision) are similar to CFD-DEM. The Multiphase Particle-in-Cell (MPPIC ) method applies

the parcel approach to four-way coupled E-L models to reduce the numerical effort [339–344].

The MPPIC solves the solid phase using the Lagrangian method, but solid stresses to correct

the solid motion are solved on a Eulerian grid. Employing suitable models for particle-particle

interaction enables the efficient modeling of dense phase particle flows. Solid shear stress proved

to be critical for reasonable results [344].

Segregated solution algorithms first solve the dispersed Lagrangian phase. In case of two- and

four-way coupling, the solid phase fraction and coupling fields are mapped to the Eulerian gird

before solving the continuous Eulerian phase [339].

2.4.1.3 CFD-DEM Coupling

CFD-DEM directly solves particle-particle interactions in the Lagrangian reference frame, while

the fluid phase is solved on a Eulerian grid. The main difference from the previously discussed

E-L models is that CFD-DEM resolves all particle-particle contacts [283, 285]. The fluid-particle
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68 2 Theory

coupling originates from suitable correlations in case of unresolved CFD-DEM or is directly

obtained from the fluid-particle interaction in case of resolved CFD-DEM [283]. The latter

approach requires fine grids to reasonably resolve the forces acting upon the particles.

The hard sphere model, introduced by Campbell and Brennen [345], resolves particle-particle

contacts in an event-driven manner, which allows for one interaction per particle and time step.

This approach requires small time steps to resolve the individual contacts. The hard sphere

model is typically used in dispersed gas-solid flows, since unreasonably small time steps must be

employed in granular flows to resolve the multiple contacts each particle experiences in dense

packing. [283, 285]

The soft sphere model represents a molecular dynamic approach to particle-particle collisions.

The model resolves multiple contacts per time step by enabling an overlap between particles [346].

The overlap is then used to calculate the particle forces and the resulting velocity and position.

Time step size must ensure that this overlap is small compared to the particle size. [283, 285]

The Discrete Element Method (DEM ) side of the CFD-DEM solves a momentum and torque

equation for each particle [283, 285, 347]:

mp
dup

dt
= ffluid +

∑

j

fcollision,j (2.112)

Ip
dωp

dt
=
∑

j

(
M t

pj + M r
pj

)
(2.113)

with:
Ip = moment of inertia
ωp = angular speed
M t

pj = rotational torque
M r

pj = rolling resistance torque

The torque represents particle rotation and consists of two contributions; the rolling resistance

torque and the rotational torque. The former represents the resistance to rotation, while the

latter is the rotation arising from particle collisions. Particle collisions and tangential and

rolling resistance torque rely on suitable models, which have been extensively discussed in the

literature [283, 285, 347].

The critical DEM time step (∆tDEM, crit) is expressed as the inverse of the characteristic

frequency of a corresponding mass-spring system [283, 348, 349]:
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2.4 Multi-Phase Flow 69

∆tDEM, crit ≈ 2π

√
mp

kspring
(2.114)

with:
kspring = spring stiffness

The actual time step must be a fraction of ∆tDEM, crit to ensure that particle contacts are

resolved by multiple time steps [283]. Typically, the time step required to obey the CFL criterion

is larger than the time step required for the DEM site. For numerical efficiency, CFD-DEM

coupling employs multiple DEM steps for one CFD step [350].

2.4.2 Multi-Phase Turbulence

Temporal and spatial random motion is also present in multi-phase flows. The same approaches

as for single-phase flows are available to resolve this random motion: DNS, LES, and RANS.

The fully-resolved DNS is currently limited to academic applications [351–354], while LES and

RANS turbulence modeling are used for industrial applications. The turbulent interaction of

dispersed phases with the continuous phase affects these random velocity fluctuations due to

the momentum transfer caused by the dispersed phases’ inertia [355–363]. This effect is called

turbulence modulation. Conversely, the random fluid motion redistributes the dispersed phase

towards regions of lower concentration via the turbulent dispersion force [357, 360, 364–368].

The turbulence modulation is incorporated into special multi-phase turbulence models, while the

turbulent dispersion force requires an additional momentum transfer model.

Reynolds-Average Navier-Stokes (RANS) and/or Favre-Average Navier-Stokes (FANS) averag-

ing of the multi-phase equations yields additional terms caused by the fluctuation of the phase

fraction (αϕ). A generic filtered equation of a phase is given by [111, 286, 369, 370]:

∂ (ρϕαϕui,ϕ)

∂t
+ ∇ · (ρϕαϕu,i,ϕuj,ϕ)

+ ∇ ·
(
ρϕαϕu′

i,ϕu′
j,ϕ + ρϕui,ϕα′

ϕu′
j,ϕ + ρϕuj,ϕα′

ϕu′
i,ϕ + ρϕα′

ϕu′
i,ϕu′

j,ϕ

)
=

− ∇ (αϕp) − ∇
(
α′

ϕp′
)

− ∇ · τ ϕ + Ψu

ij

(2.115)

The terms including fluctuating variables require suitable modeling assumptions, which are

usually similar to single phase turbulence, and have been extensively discussed in the liter-
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70 2 Theory

ature [111, 286, 289, 369–372]. The momentum exchange term (Ψu

ij) includes the mean and

turbulent interaction between fluid and solid phase.

Momentum Exchange Velocity differences and hydro-static and static pressure effects cause

momentum exchange in multi-phase flows. Considering the drag force (MD), the turbulent

dispersion force (MT D), the lift force (ML), and the virtual mass force (MV M ), the momentum

exchange term can be expressed as [288, 366, 367, 370, 373]:

Ψu

ij = MD + MT D + ML + MV M (2.116)

The lift force includes forces caused by static or hydro-static pressure differences, while the

virtual mass force represents the force necessary to accelerate the continuous phase surrounding

the dispersed phase [284, 365]. The drag force (MD) expresses the momentum exchange due to

the mean relative velocity between the phases, whereas the turbulent dispersion force (MT D)

represents the momentum exchange caused by random velocity fluctuations [352, 369, 370, 374,

375]. A common simplification for small particles is to disregard the turbulent dispersion force

(MT D), but this approach neglects turbulent momentum exchange between the phases [282, 355,

376–379]. The turbulent dispersion force causes a diffusion-like transport of the dispersed phase

from regions of high-dispersed phase fraction towards regions of low concentration [357, 365–368].

Squires and Eaton [380] showed that dispersed phases tend to cluster in certain regions, due to

turbulent interactions between continuous and dispersed phases.

Multi-Phase k-ε Model Elghobashi and Abou-Arab [381] proposed a turbulence model for

gas-solid flows, which is similar to the k-ε turbulence model. The conservation equation for

turbulent kinetic energy (k) (compare Equation 2.98) and turbulent dissipation rate (ε) (compare

Equation 2.99) is solved for the fluid phase by incorporating source terms for the gas-phase

turbulence modulation by dispersed solids:

∂

∂t
(αgρgkg) + ∇ · (αgρgugkg) = ∇ ·

[
αg

(
µg +

µt,g

σk

)
∇kg

]

+ αgPk,g − αgρgεg + Ψu

gs (ksg − 2kg)

(2.117)
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2.4 Multi-Phase Flow 71

∂

∂t
(αgρgεg) + ∇ · (αgρgugεg) = ∇ ·

[
αg

(
µg +

µt,g

σε

)
∇εg

]

+ αg
εg

kg
(C1εPk,g − C2ερgεg) + C3ε

εg

kg
Ψu

ij (ksg − 2kg)
(2.118)

The dispersed phase turbulence modulation (ksg) is defined as a function of the gas-phase

turbulent kinetic energy and inter-phase momentum terms based on the virtual mass force

coefficient (CV M ) [43, 286, 381]:

ksg = 2kg




(1 + CV M ) /
(

ρs

ρg
+ CV M

)
+ ηsg

1 + ηsg


 (2.119)

ηsg is the ratio of the Lagrangian integral time scale (τL) and the particle relaxation time scale

(τp) [382]:

ηsg =
τL

τp
(2.120)

The particle relaxation time is a function of the drag coefficient (CD) and CV M :

τp =
αsρs

CD

(
ρs

ρg
+ CV M

)
(2.121)

The Lagrangian integral time scale is defined as the ratio of the characteristic energetic eddy

time scale (τeddy) and a factor for the turbulent gas-particle interaction (ζ) [286, 383]:

τL =
τeddy√

1 + (1 − 1.35 cos2 Θ) ζ
(2.122)

with:
Θ = angle between the dispersed and the relative velocity

The three unknown parameters in Equation (2.122) are defined as follows [286, 383]:

ζ =
|usg| τt

Lt
(2.123)
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72 2 Theory

τeddy =
2

3
Cµ

kg

εg
(2.124)

Lt =

√
2

3
Cµ

k
3/2
g

εg
(2.125)

The multi-phase turbulence model reproduces the turbulence modulation due to the presence

of solid particles but disregards the additional momentum transport caused by turbulent fluid

motion [282, 355, 356, 371, 376–378].
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Chapter 3

Raceway Model

3.1 Model Description

The Race Way Model (RWM ) is implemented in the open-source Computation Fluid Dynamics

(CFD) toolbox OpenFOAM® [120]. The basis of the model development is the Euler-Euler (E-E)

reactingEulerFoam solver family from OpenFOAM® version 7 [384]. The following subsections

introduce the different parts of the RWM. Although the model was developed for the blast

furnace raceway zones, its generic implementation allows for simulating many kinds of reactive

gas-solid flows.

3.1.1 Solution Algorithm

A segregated Pressure-Implicit Method for Pressure Linked Equations (PIMPLE) E-E multi-

phase solution algorithm solves the coupled system of equations [293, 300]. The employed

phase continuity equation is based on relative velocities (Equation 2.107) and contains source

terms for the inter-phase mass transfer and solid phase pressure. The equation is solved

by a flux-corrected transport solver called the Multidimensional Universal Limited Explicit

Solver (MULES) [385, 386], neglecting the solid pressure term. The solid pressure source term

contribution is subsequently solved implicitly via first-order accurate operator splitting. This

solution procedure ensures the boundedness of the phase fraction and the packing limit of the

solid phase.

A special frozen phase fraction option has been implemented to enable simulating a fixed

raceway shape. This option preserves the spatial phase fraction distribution by not solving the

phase continuity equation. Coupling between the phases is ensured since the species, energy,
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74 3 Raceway Model

momentum, and shared pressure equation are solved. This option represents a pseudo-steady

system state and its applicability is limited to Local Time Stepping (LTS) simulations.

The RWM is a Two-Fluid Model (TFM ) that accounts for the hot blast or reducing gas within

the blast furnace and the coke phase using the Kinetic Theory of Granular Flow (KTGF), which

is the rheologic model for the coke phase [111, 287]. Inter-phase coupling terms are discretized

using Partially Implicit Treatment (PIT) [293]. These coupling terms rely on suitable closure

relations for heat, mass, and momentum.

The RWM incorporates additional Lagrangian phases, which represent Alternative Reducing

Agents (ARAs) injected into the bast furnace’s tuyeres. ARA are two-way coupled with the gas

phase (carrier phase) by suitable models for mass, energy, and momentum. One-way momentum

coupling is possible for the interaction between coke and ARA, and pseudo drag models exist for

this kind of particle-particle [111, 387, 388]. Heat and mass transfer between ARA and the coke

phase is currently neglected.

The Lagrangian phases employ a computational parcel approach, which combines single particles

to reduce the computational effort. The conservation equations are solved for a representative

particle of each parcel assuming uniform properties (see subsubsection 2.4.1.2). Heat, mass,

and momentum exchange terms between the Lagrangian and carrier phase are obtained by

transferring the particle-corrected sources of each computational parcel to a Eulerian field [113].

The parcel approach is numerically efficient, but neglects intra-particle gradients [223, 389] and

clustering or group effects for thermo-chemical conversion [390–393].

3.1.2 Thermo-Chemical Conversion Modeling

3.1.2.1 Gas Phase

Thermo-chemical conversion processes in the hot blast are modeled by the Eddy Dissipation

Concept (EDC ) to account for turbulent mixing effects. As discussed in section 2.1 mixing-based

combustion models like the EDC might be superior to flamelet-based models, since homogeneous

combustion requires solving additional conservation equations for the mixture fraction of each

contributing phase in flamelet based models. Furthermore, additional mapping coordinates

to correctly lookup of the species and mass source terms, which leads to an inefficient lookup

process.

Using optimized reaction mechanisms [394, 395] and speed-up techniques like In-Situ Adaptive

Tabulation (ISAT ) [396, 397] makes the EDC numerically efficient. The biggest advantage of the
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3.1 Model Description 75

mixing-based models is the current focus on their improvement to cope with Moderate or Intense

Low-oxygen Dilution (MILD) combustion conditions (subsubsection 2.1.4.1). The combustion

conditions within the raceway zone change from classical combustion to MILD combustion in the

vicinity of the dense coke bed [Reviewed Conference Paper III], thus, adaptive combustion

models improve the predictive capabilities of the RWM. However, the proposed modifications

of the EDC rely on the chemical time scale (τc) which needs a proper, numerically efficient

definition for CFD modeling [Journal Paper IV].

3.1.2.2 Coke Phase

A Thiele based model is used for the thermo-chemical coke phase conversion, and accounts for

the coke conversion’s pore and boundary layer diffusion limitations. As discussed in subsubsec-

tion 2.2.4.1, Thiele Based Models (TBMs) can model isothermal and non-isothermal conversion

processes. The integrated modeling of mass transport effects by TBMs makes them more suited

to modeling the thermo-chemical conversion of metallurgical coke than Apparent Rate Models

(ARMs) and Solid-State Kinetic Models (SSKMs) (subsection 2.2.1). Combining TBM and

SSKM models can be used to capture conversion-dependent influences from the instantaneous

thermo-chemical conversion process [194].

The thermo-chemical conversion of metallurgical coke is assumed to be isothermal in the

raceway zone, since temperatures are above 1300 ◦C and slow endothermic gasification reactions

prevail in most of the raceway region [16, 104, 115]. Regions where fast, exothermic oxidation

reactions occur would require non-isothermal effectiveness factors for the conversion model to

account for higher conversion rates occurring for exothermic reactions (see subsubsection 2.2.4.1).

These regions are limited to the oxygen-rich gas streaks in the vicinity of the tuyeres. However,

only a fraction of the oxygen is consumed by coke, due to the additional injection of ARAs.

An advantage of the isothermal TBM approach is its numerical efficiency compared to the non-

isothermal one, since analytic expressions exist for isothermal effectiveness factors. Determining

non-isothermal effectiveness factors relies on the solution of reaction-diffusion boundary value

problems (see subsubsection 2.2.4.1), which are numerically expensive.

Implementing the TBM heterogeneous conversion model required the creation of a suitable

phase interface and mass/species diffusion library in OpenFOAM® [Reviewed Conference

Paper IV]. The implemented multPhaseChemistryModel is a generic framework that provides

standardized interfaces for heterogeneous chemistry. The interface collects species and energy

sources, and adds them as explicit source terms to the conservation equations. Similar to the

D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.

https://www.tuwien.at/bibliothek


76 3 Raceway Model

homogeneous chemistry model, a first-order accurate operator splitting is employed for the

heterogeneous chemistry contribution to the reaction-diffusion equations for the species and the

energy [398].

The implemented mass diffusion library includes Knudsen diffusion, bulk diffusion, and effective

diffusion. The effective diffusion coefficient (Deff ) is a function of the bulk and Knudsen diffusion

coefficient [116, 118]:

Deff =
1

1
DKn

+ 1
Dbulk

(3.1)

with:
DKn = Knudsen diffusion coefficient
Dbulk = bulk diffusion coefficient

The bulk diffusion coefficient is calculated according to the Wilke mixing rule [399]:

Di,bluk =
(1 − xi)∑

j 6=i
xj

Di,j

(3.2)

with:
Di,j = binary diffusion coefficient
x = mole fraction

Binary diffusion coefficients are determined by employing the simplified Kinetic Theory of

Gases (KTG) proposed by Hishida and Hayashi [400]. The Knudsen diffusion coefficient of a

species correlates with the pore diameter (dpore), the molar weight (W ), and the temperature

(T ) [116, 118]:

DKn =
dpore

3

√
8RT

πW
(3.3)

with:
R = ideal gas constant

The generic TBM approach relies on suitable correlations for the mass transfer coefficient and

effectiveness factor, which can be found in literature for various particle shapes and particle beds.

3.1.2.3 Alternative Reducing Agent (ARA)

The thermo-chemical conversion of ARA needs to be numerically efficient, since chemistry must

be solved for each Lagrangian parcel. The ARA conversion process, e.g. pulverized coal, consists
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3.1 Model Description 77

of three consecutive stages: drying, devolatilization, and oxidation and gasification [7, 184].

Absorbed water is removed from the solid during drying, while volatile compounds degas during

devolatilization. The remaining carbon-rich solid matrix is subsequently oxidized by oxygen or

gasified by carbon dioxide, hydrogen or water vapor.

Drying A thermal drying model assumes that moisture is evaporated by the incoming heat flux

above the boiling point at constant particle temperature [184]. The drying rate is then given as

the ratio of the total heat flux (Q̇tot) (convective and radiative) towards the particle and the

enthalpy of vaporization (∆Hvap):

dmm

dt
=





0 T < Tboil

Q̇

∆Lvap
T ≥ Tboil

(3.4)

with:
mm = moisture mass
t = time
Tboil = boiling temperature

Thermally-controlled drying might be a reasonable approximation for pulverized coal conversion

under high heating rates, as prevalent in the blast furnace raceway. The drying rates for larger

solids might also be mass-transfer limited and, furthermore, can be affected by intra-particle

temperature and concentration gradients.

Devolatilization Volatiles, typically small hydrocarbons and tars, degas during devolatilization.

The volatiles emerge from the thermal cracking of higher hydrocarbons [185]. The devolatiliza-

tion of pulverized coal is modeled by a competing rate model that considers two degradation

pathways [119, 401, 402]:

dmv

dt
=

[
ζ1 · A1 · exp

(−Ea,1

RT

)
+ ζ2 · A2 · exp

(−Ea,2

RT

)]
(3.5)

with:
mv = volatile mass

ζ1 and ζ2 represent the mass stoichiometric coefficients. ζ1 is typically chosen to be the volatile

content of the coal, while ζ2 is determined by [403]:
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78 3 Raceway Model

ζ2 = 1.25 ζ2
1 + 0.92 ζ1 (3.6)

The Arrhenius parameters for the two competing rate models must be determined from the

experimental data for the corresponding coal and devolatilization conditions.

A prerequisite for this apparent rate devolatilization model is isothermal particles. Thus,

non-isothermal devolatilization models are required for ARA other than pulverized coal. A

shell-core model has been previously used for the devolatilization of large-sized (millimeter)

plastic particles [16, 104, 115]. The shell-core model is a thermal model that assumes that

devolatilization starts at a certain temperature. An isothermal particle is assumed during the

pre-heating, while the particle temperature is kept constant assuming devolatilization only occurs

at the surface during the degassing process. The devolatilization rate is given by:

dmv

dt
=





0 T < Tdev

Q̇

∆Hdev
T ≥ Tdev

(3.7)

with:
Tdev = devolatilization temperature
∆Hdev = enthalpy of devolatilization

These kinds of surface devolatilization models tend to overestimate the heat flux towards

the particle, since the surface temperature is kept constant at the devolatilization temperature.

However, they are numerically more efficient compared to single-particle models, which resolve

the intra-particle gradients (see subsubsection 2.2.4.2).

Oxidation and Gasification The oxidation and gasification of the residual char might be a

mass transfer-limited process in certain regions of the raceway zone. However, employing a TBM

model for each computational model is numerically too expensive. A simplified approach for the

oxidation and gasification is obtained by assuming a first-order reaction with a fixed effectiveness

factor (ηeff ) and an approximation of the diffusion-limited conversion rate using the kinetic

conversion rate (kR) and the diffusion rate (Ω) [119, 404, 405]:

dmC

dt
= ηeff SA

Ω · kR

Ω + kR
pi (3.8)

with:
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mc = char mass
SA = surface area
pi = species partial pressure

The kinetic conversion rate is expressed by the Arrhenius rate expression, while the diffusion

rate is approximated by [405]:

Ω =
Ω0

dP

(
TP + T∞

2

)0.75

(3.9)

with:
Ω0 = reference diffusion coefficient
dP = particle diameter
TP = particle temperature
T∞ = bulk temperature

This simplified conversion model is numerically efficient and can reproduce mass transport-

limited particle combustion. Investigating pulverized coal oxidation revealed that the ratio

between carbon monoxide and carbon dioxide is temperature dependent. This temperature

dependence arises from gas phase reactions in the boundary layer, which are not captured by

simplified models [228, 406]. Therefore, temperature-dependent stoichiometric coefficients (Ψ)

are used for the global char oxidation reaction:

Ψ C(s) +O2 −→ 2(Ψ− 1) CO + (2− Ψ) CO2

The temperature dependence of the stoichiometric coefficient is given by an Arrhenius-type

expression [407]:

2 (Ψ − 1)

2 − Ψ
= As · exp

(
− Ts

TP

)
(3.10)

3.2 Validation

This section summarizes and briefly discusses the problems used to validate the modeling

framework. Thoroughly validating the individual sub-models is a prerequisite for reliable

modeling results. A step-wise model validation was conducted, starting with heat-transfer

problems, followed by homogeneous and heterogeneous combustion.
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3.2.1 Heat Transfer

3.2.1.1 Low Temperature Heat Transfer

The experimental setup used by Dixon [408, 409] consists of a ceramic pebble bed in a pipe

which is heated to 100 ◦C from the outside by steam. Cold air passes through the pipe cooling

the particle bed. The emerging radial temperature profile is measured at the exit of the packing.

Figure 3.1 illustrates the experimental setup.

air flow
9.1 kg/s
21.5 ◦C

100.0 ◦C
sampling positions

ceramic pebbles
d = 6.4 mm

Fig. 3.1: Schematic illustration of the experimental setup of the Dixon test case; adapted
from [408, 409].

The simulation domain consists of adiabatic inlet and outlet regions surrounding the pebble

bed to ensure a proper flow profile in the heat transfer region. The momentum transfer is modeled

by the Ergung [410, 411] model, while the heat transfer is modeled using the Nusselt correlation

proposed by Gnielinski [412]. Turbulence is modeled by the standard Reynolds-Average Navier-

Stokes (RANS) k-ε-model. The Zehner-Bauer-Schlünder Model (ZBS) [413, 414] is employed

for the effective heat transfer in the Eulerian solid phase. The wall effect is considered in the

porosity distribution of the packed bed by the expression of Giese [409, 415], assuming a bulk

porosity of 0.40:

ǫ(r) = ǫ∞ ·
(

1 + 1.36 · exp

(
−5· xw

dP

))
(3.11)

with:
ǫ = porosity
ǫ∞ = bulk porosity
xw = wall distance

Figure 3.2 shows the central, axial temperature profile (a) and compares the simulated and

measured radial temperature profiles (b). The predicted radial temperature profile is in reasonable

agreement with the measured data, with some minor discrepancies near the center of the pipe.

The radial temperature profile is sensitive to the heat flux from the pipe towards the fluid and

solid phase. Neglecting the wall effect increases the central temperatures.
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Fig. 3.2: Simulated axial temperature profile at the center line (a) and comparison between the
measured [408, 409] and simulated radial temperature profile (b) for the Dixon test
case. In a) the hatching indicates the pebble bed, while the dashed line indicates the
sampling position from the radial temperature profile.

Figure 3.3 and Figure 3.4 depict the cross sectional and radial temperature and velocity

contours from the Dixon case. The velocity contours indicate a homogeneous velocity profile

through the majority of the packing. However, a significant share of the fluid passes the packing

through the highly porous regions at the inner pipe surface due to the wall effect. The heat

flux absorbed by the fluid next to the wall decreases the heat flux towards the pebble bed and

decreases the central temperature of the pebble bed.
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Fig. 3.3: Simulated cross-sectional temperature (a) and velocity (b) contours at the measurement
plane of the Dixon test case.
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Fig. 3.4: Simulated radial temperature (a) and velocity (b) contours from the Dixon test case.
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3.2 Validation 83

3.2.1.2 High Temperature Heat Transfer

The SANA experiment has been developed to investigate how nuclear power plants self-cool

during failure events [416, 417]. Figure 3.5 shows a cut through the cylindrical experimental

setup. The centrally-located heater is surrounded by a packed bed of graphite spheres filled with

nitrogen or helium. Several insulation layers cover the upper and lower bed surface to provide

adiabatic conditions in axial direction. A radial temperature profile emerges due to natural

convection in the packed bed. Multiple experiments using different ceramic spheres, gases, and

heating powers have been conducted with the SANA setup.

convective and
radiative heat losses

30 mm or 60 mm
ceramic pebbles

insulation blanket

layers of different
insulation materials

electrical heater
vessel

sampling positions

Fig. 3.5: Schematic illustration of the experimental setup from the SANA test case; adapted
from [416, 417].

The rotational symmetric simulation domain consists of a region for each insulation layer and

the pebble bed. The energy equation is solved for the insulation regions, since the regions are

solids. An E-E phase system is solved for the pebble region. The individual regions are coupled

by a loose coupling approach [418] employing mixed boundary conditions. Spatial variations in

the bed porosity are incorporated by the expression proposed by Giese [409, 415] (Equation 3.11)

using a bulk porosity of 0.41. Heat and momentum transfer between the fluid and the pebbles

are modeled by the Nusselt correlation of Wakao and Kuaguei [419] and the Ergung [410, 411]

model. Turbulent effects were considered by the standard k-ε-model. A constant heat loss of

8 W/m2 and an ambient temperature of 300 K is assumed at the vessel surface, as recommended

in literature [417]. Instead of modeling the heater region, temperature profiles were prescribed
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84 3 Raceway Model

at the central vessel surface. These temperature profiles were extracted from the measurement

data for the corresponding cases [417]. LTS is used for the pebble region to obtain a steady-state

solution, while the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) approach is

used in the solid regions.

Figure 3.6 compares the measured and simulated radial temperature profiles for multiple cases.

The simulation results soundly agree with the measured temperatures. Similar dependencies

between spatial variations in porosity and temperature profiles were observed for the Dixon

validation case.
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Fig. 3.6: Comparison between the measured [417] and the simulated radial temperature profiles
from different SANA test conditions.

Figure 3.7 shows representative velocity and temperature contours for the SANA experiments.

The buoyancy-driven flow in the vessel leads to hotspots in the upper central regions and coldspots

in the lower outer regions. The high velocities next to the inner vessel wall enhance the heat

removal rate from the heater towards the surroundings. The velocity field reveals that the fluid

moves upwards in most vessel, except for a small region next to the outer surface where it cools

down.D
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Fig. 3.7: Simulated velocity and temperature contours from the 30 kW N2 SANA case with
30 mm graphite pebbles.
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3.2.2 Combustion

3.2.2.1 Homogeneous Combustion

The homogeneous combustion model is validated with the Sandia Flame D [420–423] and Adelaide

Jet in Hot Coflow (AJHC ) flame [424].

Sandia Flame D The flame is a piloted, under-stoichiometric premixed jet flame with a Reynolds

number (Re) of 22,400 and a visible flame length of approx. 0.48 m. Figure 3.8 illustrates the

piloted burner used in the experimental setup. The pilot flame is operated at approx. 6% of the

total flame power.

burner tipair
co–flow

air
co–flow

pilot flame

pilot flame

CH4/H2 mixture

Fig. 3.8: Schematic illustration of the experimental setup of the Sandia Flame D test case [420–
423].

The rotational symmetric modeling domain extends 0.5 m downstream the burner tip and

0.1 m upstream for the pilot and fuel stream. Table 3.1 summarizes the employed boundary

conditions for the flame simulation.

Tab. 3.1: Sandia Flame D boundary conditions [421, 422].

species mass fraction jet pilot co-flow

CH4 0.156 - -
CO - 0.004 -
CO2 - 0.110 -

H - 2.5·10−5 -
H2 - 1.3·10−4 -

H2O - 0.094 0.006
N2 0.648 0.735 0.758
O2 0.196 0.054 0.236
OH - 0.003 -

Tin (K) 294 1880 291
uin (m/s) 49.6 11.4 0.9
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The EDC model version proposed by Magnussen [139] combined with the standard k-ε-

turbulence model [10, 11, 278] was used in the simulations. The Plug Flow Reactor (PFR)

Fine Structures (FS) closure was used for the EDC model. The Cǫ2 constant was modified

to 1.8 from 1.92 to account for the round-jet anomaly [425]. Radiation is modeled by the P1

radiation model [426, 427]. Gas phase radiation contribution is modeled by the Weighted Sum of

Grey Gases Model (WSGGM ) assuming grey mean absorption [428]. The specialized GRI3.0

methane combustion mechanism is used to describe the combustion chemistry [429]. An in-house

developed steady-state solver based on the SIMPLE method was used for the Sandia Flame D

simulations.

Figure 3.9 shows the comparison between experimental and simulated temperatures (a) and

species concentrations (b). The simulation results agree well with the measured ones up to the

peak temperature position. Downstream the peak temperature, the experimental and simulation

temperatures start to deviate. These deviations might be caused by Cǫ2 constant modification,

since such modifications improve the prediction of the jet spreading rates, but tend to give poorer

results further downstream [425].

Figure 3.10 shows temperature and velocity contours from Sandia Flame D. The reaction

zone is located in the high-temperature regions. Comparing velocity and temperature contours

indicates that the reaction zone occupies the mixing layer generated by the methane jet.
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Fig. 3.9: Comparison of experimental(symbols) [421] and simulated (lines) temperature (a) and
species concentration (b) center line profiles along the axial direction of Sandia Flame
D.
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Fig. 3.10: Temperature (positive radial position) and velocity (negative radial position) contours
of Sandia Flame D.
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Adelaide Jet in Hot Coflow (AJHC) The Adelaide Jet in Hot Coflow flame series consists of

three MILD flames, each operated at a Re of 10,000 but at different oxygen concentrations [424].

Oxygen mass fractions of 3%, 6%, and 9% are employed for the HM1, HM2, and HM3 flames.

The MILD combustion characteristics of the AJHC flames are obtained from a second burner

located upstream from the burner tip. Figure 3.11 illustrates the burner setup schematically.

burner tip
internal
burner

perforated
plateair

co–flow

air
co–flow

hot
co–flow

hot
co–flow

CH4/H2 mixture

Fig. 3.11: Schematic illustration of the experimental setup of the Adelaide Jet in Hot Coflow
(AJHC ) test case [424].

A rotational symmetric domain has been used for the simulation of the AJHC HM1 flame. The

simulation domain extends 0.55 m downstream the burner tip. The upstream part is neglected.

Table 3.2 summarizes the employed boundary conditions for the HM1 simulation.

Tab. 3.2: Adelaide Jet in Hot Coflow (AJHC ) HM1 flame boundary conditions [424].

species mass fraction jet hot co-flow co-flow

CH4 0.875 - -
CO2 - 0.055 -

H - 0.125 -
H2 - 0.065 -

H2O - 0.094 0.006
N2 - 0.850 0.770
O2 - 0.03 0.230

Tin (K) 294 1300 294
uin (m/s) 58.74 3.2 3.3

The simulations were performed with the variable constant EDC version proposed by Bao [141]

using the PFR FS closure. The local constant adaption relies on chemical time scales, which were

determined by the method proposed by Golovitchev et al. [143, 144]. The standard k-ε-turbulence

model [10, 11, 278] and the P1 radiation model [426, 427] were used in the simulations. Gas

phase radiation effects were considered by the WSGGM [428]. The GRI3.0 methane combustion

mechanism was used in the simulations [429]. Differential diffusion effects were incorporated
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90 3 Raceway Model

by Fick’s first law using bulk diffusion coefficients determined by the Wilke mixing rule [399]

using binary diffusion coefficients determined by a simplified KTG approach [400]. An in-house

developed, steady-state solver based on the SIMPLE method was used for the AJHC HM1

simulations.

Figure 3.12 compares measured and simulated temperature and species concentration profiles.

The simulation results show good agreement with the measured ones in axial flame direction.

Figure 3.13 shows the temperature and velocity contours. The flame structure differs significantly

from that of the Sandia Flame D (see Figure 3.10).
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Fig. 3.12: Comparison of experimental(symbols) [424] and simulated (lines) temperature (a)
and species concentration (b) center line profiles along the axial direction of the HM1
flame.
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Fig. 3.13: Temperature (positive radial position) and velocity (negative radial position) contours
of the HM1 flame.
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92 3 Raceway Model

3.2.2.2 Heterogeneous Combustion

The continuous gasification experiment conducted by Van de Steene et al. [430] is used to validate

the implemented heterogeneous combustion model. Figure 3.14 illustrates the experimental setup.

Pre-devolatilized biomass is continuously fed from above, while wetted propane combustion gas

flows through the char bed in co-current mode. The char bed is quasi-stationary and stagnates

from the gas stream view point. The average char and combustion gas mass flows are 28 g/min

and 275 g/min. Measuring points for temperature, pressure, and species concentrations exist

along the pebble bed.

char

ash
exhaust gas

CO2, H2O,
N2, O2

propane burner

steam injection

char bed

sample positions

Fig. 3.14: Schematic illustration of the experimental setup of the van de Steene test case;
adapted from [430].

The cylindrical gasifier is simplified to a one-dimensional case, since the reactor can be assumed

to be adiabatic and perfectly mixed in radial position. Pre-evaluation confirmed the validity of

this approach. The char bed is assumed to be stagnant in the steady-state simulations, due its

low velocity compared to the gas phase. Table 3.3 summarizes the remaining inlet and other

boundary conditions.
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3.2 Validation 93

Tab. 3.3: Boundary conditions of the van de Steene case [430].

inlet species mass fraction (kg/kg)

CO2 0.130
H2O 0.201
N2 0.638
O2 0.031

inlet gas mass flow (kg/h) 16.49

inlet gas velocity (m/s) 0.68

inlet gas temperature (◦C) 1020

char bed height (m) 0.65

Table 3.4 shows the properties of the biomass char gasified in the experiments. The ash as well

as nitrogen and sulfur are neglected, and constant particle size is assumed for the simulation.

Tab. 3.4: Char properties of the van de Steene case [430].

proximate analyses

ash 0.014
volatile matter 0.049
fixed carbon 0.937

ultimate analysis

C 0.898
H 0.022
O 0.061
N 0.001
S < 0.001

density (kg/m3) 900
particle diameter (m) 0.005
particle porosity (-) 0.41

particle tortuosity (-) 3.70

Table 3.5 shows the chemical mechanism used in the van de Steene test case. Heterogeneous

reactions consider the oxidation and gasification (with carbon dioxide, water vapor, and hydrogen)

of the biomass char. Gaseous reactions are the homogeneous Boudouard equation (included as

two irreversible reactions) and the water-gas shift reaction. This global mechanism can efficiently

predict the relevant features of the reactive two-phase system.

The TBM heterogeneous combustion model requires correlations for the mass transfer between

gas and solid, and an expression for the effectiveness factor (ηeff ). The Sherwood correlation

suggested by Petrovic and Thodos [435] is used for the van de Steene case:
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94 3 Raceway Model

Tab. 3.5: Chemical mechanism used for the van de Steene case case [102, 115].

gas phase reactions Units: kmol/ m3/K

reaction A Ta

CO2
1 −−→ CO0 + 0.5 O2

0 5·108 20446 [431]

CO1 + 0.5 O2
0.25 −−→ CO2

0 + 0 H2O0 7.08·1010 20446 [431]

CO1 + H2O1 −−⇀↽−− CO2
1 + 0.5 H2

1 2.75·109 10064 [432]

gas-solid reactions Units: mol/kg/m3/K

reaction A Ta

CH0.292O0.051
0 + 1.0475 O2

0.59 −−→ CO2
0 + 0.146 H2O0 4.8·109 16731 [237]

CH0.292O0.051
0 + CO2

0.13 −−→ 2 CO0 + 0.051 H2O0 + 0.095 H2
0 2.7·105 18520 [237]

CH0.292O0.051
0 + 0.949 H2O1 −−→ CO0 + 1.095 H2

0 + 0.095 H2
0 3.42 15600 [433]

CH0.292O0.051
0 + 1.905 H2

1 −−→ CH4
0 + 0.051 H2O0 3.42·10−3 15600 [434]

Sh =
0.375

ǫ
Re0.641 · Sc1/3 (3.12)

with:
Sh = Sherwood number
Sc = Schmidt number

The expression derived from Liu and Niksa [436] is used for ηeff :

ηeff =
1

φT h,i
·
(

1

tanh(φT h,i)
− 1

φT h,i

)
(3.13)

with:
φT h,i = Thiele modulus

Inter-phase heat transfer is modeled with the expression proposed by Wakao and Kuaguei [419],

while the momentum transfer is modeled via the Ergun expression with modified constants [410,

411]. The inertial and viscous constants were set to 1.8 and 176, respectively. An LTS solution

algorithm is used to advance to a steady-state solution. Chemistry source terms are linearized

around mass fractions of 0 and 1 to accelerate steady-state convergence [437].

Figure 3.15 compares the measured and simulated species concentration (a), temperature (b),

and relative pressure (c) profiles. Species concentrations show reasonable agreement between

simulation and experiments. The simulation does not capture the experimentally-observed water
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3.2 Validation 95

vapor consumption above and in the first half of the char bed, since continuous char feeding

is neglected. The hydrogen content is under-predicted in the upper half of the bed, while it is

over-predicted in the lower half. Carbon monoxide is over-predicted throughout the particle

bed, while the carbon dioxide is well predicted for most of the bed. Predicted temperatures are

below the measured ones above the char bed. Intense oxygen consumption results in a steep

temperature increase directly at the surface of the particle bed. Simulated temperatures decrease

downwards in the particle bed and under-predict the experimental ones in the lower half of the

bed. The relative pressure drop is predicted in line with the measured one.
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Fig. 3.15: Comparison of the experimental [430] and simulated species concentrations (a),
temperature (b), and relative pressure (c) profiles from the van de Steene case. The
hatching indicates the position of the char bed. Symbols indicate experimental results,
while lines indicate simulated results.
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Chapter 4

Summary and Discussion

4.1 Identification of Conversion Rates Under Blast Furnace

Conditions

The quality of the raceway modeling results relies on suitable kinetic parameters determined

under similar conditions as they exist in the raceway zone of blast furnaces. A review of existing

equipment revealed that test rigs which are suitable to determine solid Alternative Reducing

Agent (ARA) conversion rates are sparse [438][Journal Paper I]. A mechanistic evaluation

of the thermo-chemical conversion process indicates that the conversion temperature, heating

rates, pressure, and particle size are the major influence parameters. The existing coal test

rigs were evaluated with regard to the reference blast furnace conditions from Table 1.1. The

evaluation neglects particle diameters, since they can be readily adapted for any test rig. Heating

rates and/or pressure limitations for existing equipment limits the applicability of blast furnace

conditions in most cases, while temperatures up to 1,500 or 1,700 ◦C are feasible in most test

rigs. However, none of the investigated test rigs seems to achieve the necessary particle heating

rates at elevated pressures.

Sandia’s Pressurized Entrained Flow Reactor (PEFR) [Journal Paper II] is one of the

few reactors capable of roughly providing blast furnace conditions, permitting experimental

temperatures and pressures of up to 1,400 ◦C and 20 atm are possible. A Computation Fluid

Dynamics (CFD) analysis of the Pressurized Entrained Flow Reactor (PEFR) revealed particle

heating rates of up to 8·104 K/s [Journal Paper II]. Analyzing the temperature velocity

distributions indicated substantial homogeneities in the vicinity of the injection point. Gas

phase temperature deviations in the reaction zone from the set point temperature are significant.

Additional deviations of the particle residence time in the simulation and the residence time,
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98 4 Summary and Discussion

assuming plug flow, introduce an error of approximately 10% in extracted kinetic parameters at

ambient pressure. Similar errors/uncertainties might exist in kinetic parameters derived by other

experimental setups, since most evaluation methods assume homogeneous velocity, temperature,

and species distributions. However, this needs to be verified for each individual test rig.

These results suggest that detailed knowledge of the reaction zone is required to extract

reliable kinetic parameters. The spatial temperature, velocity, and species distributions might be

obtained by a comprehensive experimental setup or spatially-resolved modeling. Simone et al.

[439] proposed a method to extract global kinetic parameters by combining experimental data and

CFD, taking advantage of the predicted spatial temperature, velocity, and species distributions.

Sophisticated diffusion-limited conversion models are required to derive comprehensive and

reliable kinetic parameters based on intrinsic conversion rates [188, 190], since pulverized coal

conversion under blast furnace condition is partially pore-diffusion limited (Regime II) [Reviewed

Conference Paper I]. Recently, Mularski et al. [119] summarized commonly used models for

the thermo-chemical conversion of carbon-rich solids.

Mitchell [440], Hurt and Mitchell [441], Murphy and Shaddix [442] proposed techniques to

derive solid particle conversion rates based on the temperature difference between the particle

surface and the surrounding fluid. This approach is insensitive to the particle history, since the

conversion rate is determined by solving a local heat balance. The particle’s diameter, velocity,

and temperature, as well as the ambient fluid temperatures, need to be measured to close the heat

balance. CFD modeling could be used to extract particle velocities and ambient temperatures to

close the instantaneous energy balance.

The following issues must be considered to derive reliable kinetic parameters from experiments

under raceway conditions:

• Pressure, conversion temperature, and heating rates need to be as close as possible to the

actual conversion conditions in the raceway [Journal Paper I]. The conversion conditions

may vary significantly over the flight time: Hot blast temperatures are around 1,200 ◦C,

while they might exceed 2,000 ◦C in the raceway cavity. Furthermore, the blast particle slip

velocity significantly decreases after leaving the lance [Reviewed Conference Paper I].

• The heating rate at elevated pressures is the critical feature for reproducing raceway

conditions in test rigs [Journal Paper I]. Taking into account the published test rig

parameters presented in the literature indicates that a flame sheet is required at the ARA

injection point to obtain heating rates similar to the raceway zone.
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4.2 Modeling Framework 99

• The extraction of reliable kinetic parameters for blast furnace conditions requires sophisti-

cated approaches, which incorporate the spatial distributions of the temperature, velocity,

and species [Journal Paper II]. CFD-aided approaches are convenient since they provide

an efficient way understand complex flow, heat, and mass transfer phenomena that occur

in lab-scale equipment. Moreover, CFD enables determining spatially-resolved velocity,

temperature, and species concentration profiles within the test rig.

• An efficient and reasonable method for extracting kinetic parameters could employ the

Euler-Lagrange (E-L) approach, where two-way coupled ARA tracer particles, which are

tracked through the test rig, undergo thermo-chemical conversion. One way to extract

kinetic parameters is to employ an optimization procedure that adopts selected Arrhenius

parameters to minimize the difference between the simulated and experimental particle

conversion. Intrinsic reaction parameters can be determined by employing diffusion-

limited particle conversion models for the optimization procedure. Statistical methods

can be employed for the kinetic parameter extraction when using the Euler-Lagrange

(E-L) approach, since an arbitrary number of computational particles can be used in the

evaluation [442, 443].

• Another way to derive kinetic parameters could use transient boundary conditions ex-

tracted from the E-L simulations for detailed single particle conversion simulations. The

detailed simulations enable thoroughly studying the thermo-chemical conversion process for

representing ARA particles. Intra-particle temperature gradients and effectiveness factors

can be derived from the detailed simulations. Furthermore, reliable kinetic parameters can

be determined by fitting diffusion limited models from the detailed simulations.

4.2 Modeling Framework

A modeling framework for the simulation of industrial-scale, multi-phase reactive flows has been

developed, with a special focus on ironmaking processes. The Euler-Euler (E-E) Multi-Fluid

Model (MFM ) model is capable of incorporating an arbitrary number of continuous phases. Dilute

discrete phases can be used for modeling the thermo-chemical conversion of ARAs in the raceway

zone. The current implementation allows for two-way coupling between one Eulerian phase and

multiple Lagrangian phases. One-way coupling between multiple Eulerian and Lagrangian phases

is possible with suitable models.
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Homogeneous reactions are modeled by the Eddy Dissipation Concept (EDC ), which is a

turbulent mixing-based combustion model. The EDC can model gas phase reactions for a

broad range of turbulent Damköhler numbers (Dat) [140, 162, 167]. Unlike flamelet-based

combustion models, the EDC does not require chemistry pre-processing. This is beneficial for

multi-phase systems, since the pre-processing for the flamelet models is numerically expensive

and, furthermore, multi-phase combustion requires multiple, additional reaction coordinates for

each phase, which makes the lookup computationally expensive [132–135].

A generic multi-phase modeling framework was implemented in OpenFOAM®, which enables

multi-phase chemistry in the reactingEulerFoam solver family. Thiele Based Models (TBMs)

are used to model the thermo-chemical conversion in the metallurgical coke phase. Isothermal

effectiveness factor (ηeff ) expressions are currently used in these models. Single or representative

particle models could increase the accuracy of the coke conversion modeling, but numerically

efficient methods are required to ensure reasonable simulation effort.

The thermo-chemical conversion models for the discrete Lagrangian phases that represent ARA

use a simplified TBM assuming constant ηeff values and typically neglect group combustion

effects. These group effects play an important role in the combustion of pulverized solids,

since particles cluster in turbulent structures and deplete gaseous oxidizing or gasifing agents

locally [391–393].

The advancement and improvement of the current model should focus on the following issues:

• Turbulence-chemistry interaction for Moderate or Intense Low-oxygen Dilution (MILD)

homogeneous and heterogeneous (pulverized fuels) combustion conditions, which are similar

to the prevailing conditions in the raceway zone [444, 445]. Establishing a combustion

model suitable for a broad range of Dat is essential from a modeling perspective [Reviewed

Conference Paper III]. A critical component of current approaches, e.g. the EDC, is

an efficient, well defined chemical time scale and the thorough characterization of the

combustion conditions [167][Journal Paper IV]. Another aspect is that the influence of

the dense coke bed on the gas phase chemistry remains unclear for MILD conditions, since

previous and current research focuses on jet flames.

• It is necessary to thoroughly investigate the consequences of the assumption that metallur-

gical coke conversion is isothermal in the raceway zone and bosh. Isothermal conversion

might be a reasonable assumption in most of the furnace, due to the slow coke velocities.

However, the intense oxidation and gasification occurring in the raceway zone and the
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4.2 Modeling Framework 101

adjacent region of the coke bed might induce significant intra-particle temperature gradients.

Exothermic effects can increase the effectiveness factor by several orders of magnitudes,

while endothermic reactions reduce the solid reactivity [200]. If these opposed effects are

dominant, assuming isothermal conversion would result in the under-estimation of coke

oxidation rates and, would thus, over-predict the ARA replacement ratio.

• The dynamic prediction of the raceway size and shape is essential for correctly predicting

the ARA conversion. Current Two-Fluid Model (TFM ) or MFM use the Kinetic Theory

of Granular Flow (KTGF) to model the rheology of the particulate phases [111]. The

KTGF intrinsically relies on particle velocity fluctuations, which limits their applicability

for slowly-moving packed beds. Special models have been developed for dense flows to

overcome this issue [287, 344, 446]. Nevertheless, using the KTGF for dense packed beds is

questionable. Therefore, other, suitable modeling approaches should be used for the dense

part of the packing. Discrete approaches would be the first choice, but exceed current

computing capacity. Blended modeling approaches using the KTGF for the raceway zone

and suitable continuum approaches for packed beds could solve this issue [112, 344, 446].

• The pulverized ARA conversion model currently neglects particle-particle interaction

for mass, energy, and momentum. A first step towards more realistic thermo-chemical

conversion behavior is to implement a group combustion model, which accounts for the

preferential clustering of small particles in turbulent structures and the resulting conversion

rate reduction due to the depletion of gas phase reactants in particle clusters [392, 393].

Similar considerations are required for the energy exchange, since thermal radiation is

dominant in the raceway zone, thus, shielding effects might occur in particle clusters [390].
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Chapter 5

Conclusion and Outlook

5.1 Identification of Conversion Rates Under Blast Furnace

Conditions

As noted in chapter 4, reproducing raceway conditions requires specially designed experimental

equipment. If such a lab-scale reactor is available, extracting reliable kinetic parameters poses

an additional challenge. Experimental data is limited to distinct measurement locations or

final gas and solid properties. Kinetic parameters can be obtained by optimizing them to fit

either the overall burnout [443] or the instantaneous energy balance based on the temperature

difference between the particle and the fluid [440, 442]. The latter approach is not vulnerable to

history effects but requires measuring the particle size, velocity, and temperature. Computation

Fluid Dynamics (CFD) can be used to improve knowledge about the velocity, temperature, and

species distributions within the lab-equipment and to improve the quality of the obtained kinetic

parameters.

Additional insights can be obtained by extracting the detailed particle conversion conditions

from the Euler-Lagrange (E-L) simulations and use them as boundary conditions for detailed

single particle simulations. These simulations allow for an in-depth analysis of the thermo-

chemical conversion processes and help to understand the complexity of the involved heat and

mass transfer effects of the experiment. Figure 5.1 shows snapshots of the single particle heat-up

within the Sandia Pressurized Entrained Flow Reactor (PEFR). Transient boundary conditions

were extracted from the E-L simulations presented in [Journal Paper II]. The intra-particle

temperature distribution indicates thermally thick behavior of the 97.5 µm coal particle for the

assumed constant coal properties. By replacing the inert particle from the current simulation
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104 5 Conclusion and Outlook

with a single particle model, the single particle combustion behavior within the PEFR can be

studied in detail.
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Fig. 5.1: Radial coal particle temperature snapshots for a representative coal particle in the
Pressurized Entrained Flow Reactor (PEFR) after residence times of 0.01 (a), 0.1 (b),
0.2 (c) seconds.

5.2 Modeling Framework

The suggested model improvements discussed in chapter 4 summarize the discrepancies between

the model implementation and the underlying physical phenomena. However, since the overall

aim is to establish a digital twin of the blast furnace, additional functionality must be added to

the current modeling framework. A critical step toward the full-scale raceway modeling is the

sophisticated three-phase (solid, liquid, gas) coupling for mass, energy, and momentum [447, 448].

This coupling also relies on numerically efficient approaches for the additional heterogeneous

reactions occurring within the additional liquid and solid phases.

The detailed single particle modeling approach discussed in the previous section can also be

applied to the thorough investigation into the thermo-chemical conversion of Alternative Reducing

Agent (ARA) in the raceway zone. Furthermore, individual or representative metallurgical coke

particles can be modeled with the same approach to improve the understanding of their thermo-

chemical conversion throughout the whole blast furnace.
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List of Symbols

Symbol Unit Description

A [ kg
m2sPa−n ] frequency factor

A0 [m2

m3 ] initial pore surface

Aint [m2] internal surface area

Ar [m2] reaction front area

As [m2] external surface area

C [−] dimensionless species concentration

C [−] progress variable

CD1 [−] model constant (value = 0.135)

CD2 [−] model constant (value = 0.50)

CFL [−] Courant-Friedrichs-Lewy number

CD [−] drag coefficient

CV M [−] virtual mass force coefficient

Cε1 [−] turbulence model constant (value = 1.44)

Cε2 [−] turbulence model constant (value = 1.92)

Cγ [−] fine structure length scale constant

Cmix [−] mixing time scale constant

Cµ [−] turbulence model constant (value = 0.135)

Cτ [−] fine structure residence time constant

D [m2

s ] mass diffusivity

DKn [m2

s ] Knudsen diffusion coefficient

Da [−] Damköhler number

Daη [−] Kolmogorov scale Damköhler number

Dat [−] turbulent Damköhler number

Dbulk [m2

s ] bulk diffusion coefficient
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154 List of Symbols

Symbol Unit Description

Dc [−] fractal dimension

Deff [m2

s ] effective diffusion coefficient

Di [m2

s ] species diffusivity

Di,j [m2

s ] binary diffusion coefficient

Ea,app [ kJ
mol ] apparent activation energy

Ea,int [ kJ
mol ] intrinsic activation energy

I [−] identity matrix

Ip [ kg
m2 ] moment of inertia

Ka [−] Karlovitz number

L [m] integral length scale

L0 [ m
m3 ] initial pore length

Lc [m] characteristic length

M
∗
i [ kg

m3s
] fine structure specie mass transfer term

MD [ N
m3 ] drag force

ML [ N
m3 ] lift force

MT D [ N
m3 ] turbulent dispersion force

MV M [ N
m3 ] virtual mass force

M r
pj [Nm] rolling resistance torque

M t
pj [Nm] rotational torque

N [−] number of grid points

Nη [−] number of locally generated dissipative scales

Qφ
ext [suitable units] external Lagrangian source

Qφ
int [suitable units] internal Lagrangian source

Qφ [suitable units] source term

Q
φ
ϕ [suitable units] source term

Q̇tot [W] total heat flux

R∗
i [ kg

m3s
] fine structure species consumption/production rate

Ri [ kg
m3s

] mean species consumption/production rate

Re [−] Reynolds number

Re∗ [−] fine structure Reynolds number

Ret [−] turbulent Reynolds number
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Symbol Unit Description

Ri [ kg
m3s

] species consumption / production rate

Rij [Pas] Reynolds stress

S [m2] surface

SA [m2] surface area

S [m2] surface vector

Sc [−] Schmidt number

Sh [−] Sherwood number

T [K] temperature

T [K] mean temperature

TP [K] particle temperature

Tboil [K] boiling temperature

Tdev [K] devolatilization temperature

T∞ [K] bulk temperature

V [m3] volume

Vcell [m3] cell volume

Vp,i [m3] particle volume

W [ kg
kmol ] molar weight

X [−] dimensionless distance

Y ∗ [kg
kg ] fine structure species mass fraction

Y i [kg
kg ] mean species mass fraction

Y ◦ [kg
kg ] surrounding species mass fraction

Yfuel [kg
kg ] fuel product mass fraction

Yi [−] species mass fraction

Yoxi [kg
kg ] oxidizer product mass fraction

Ypr [kg
kg ] product mass fraction

Z [−] mixture fraction

Zi,j [−] mixture fraction ratio

b [−] temperature exponent

c [ (k)mol
m3 ] species concentration

c0,i [ (k)mol
m3 ] inlet species concentration

ci [ (k)mol
m3 ] mean species concentration
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Symbol Unit Description

c◦
i [ (k)mol

m3 ] surrounding species concentration

ci [ (k)mol
m3 ] species concentration

c∞ [ (k)mol
m3 ] bulk species concentration

cm,i [ (k)mol
m3 ] mean reactor species concentration

cp [ J
kgK ] (mixture) specific heat

cr [ (k)mol
m3 ] species concentration at the reaction front

cr,i [ (k)mol
m3 ] species concentration in the reaction zone

cs [ (k)mol
m3 ] surface species concentration

c∗
i [ (k)mol

m3 ] fine structure species concentration

d [m] diameter

dP [m] particle diameter

dpore [m] pore diameter

f [N] force vector

g [ m
s2 ] gravity vector

h [ J
kg ] enthalpy

hBL,m [m2

s ] convective mass transfer coefficient

hi [J] species enthalpy

k [m2

s2 ] turbulent kinetic energy

kR [ kg
m2s

] kinetic conversion rate

kapp [ kg
m3s

] apparent conversion rate

keff [ kg
m3s

] effective rate

kext [ kg
m3s

] external rate

kint [ kg
m3s

] internal rate

kint,∞ [ kg
m3s

] intrinsic rate at ambient conditions

kintr [ kg
m3s

] intrinsic conversion rate

ksg [m2

m2 ] dispersed phase turbulence modulation

kspring [ N
m ] spring stiffness

l [m] length

ld [m] diffusion zone thickness

lη [m] Kolmogorov length scale

lλ [m] Taylor length scale
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Symbol Unit Description

lr [m] vortex length scale

lt [m] turbulence length scale

mc [kg] char mass

mm [kg] moisture mass

mo [kg] oxidizer mass

mp [kg] particle mass

mv [kg] volatile mass

n [−] reaction order

np,i [−] number of particles per parcel

p [Pa] static pressure

p̄ [Pa] mean static pressure

pi [Pa] species partial pressure

p′ [Pa] pressure fluctuations

r [m] radius

rr [m] radial position reaction front

rs [m] particle radius

s [−] shape specific coefficient (0 = flat plate, 1 = cylinder, 2 = sphere)

s0
L [m

s ] laminar flame speed

t [s] time

u [m
s ] velocity vector

u [m
s ] mean velocity vector

up [m
s ] particle velocity vector

ur [m
s ] mean relative phase velocity vector

ui [m
s ] velocity vector

ūi [m
s ] mean velocity vector

u′
i [m

s ] velocity fluctuation vector

u [m
s ] mean velocity magnitude

u′ [m
s ] turbulent velocity fluctuation magnitude

x [kmol
kmol ] mole fraction

xp [m] particle position

xi [m] spatial coordinate(s)
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Symbol Unit Description

xw [m] wall distance

∆Hdev [ J
kg ] enthalpy of devolatilization

∆Hr [ kJ
(k)mol ] heat of reaction

∆Hvap [ J
kg ] enthalpy of vaporization

∆tDEM, crit [s] critical Discrete Element Method (DEM ) time step

Γ [m2

s ] diffusivity

Γφ [m2

s ] diffusion coefficient

Γt [m2

s ] turbulent diffusivity

Ω [m
s ] diffusion rate

Ω0 [ m2

K0.75s
] reference diffusion coefficient

Ω
∗
i [ kg

m3s
] diffusion species mass transfer term

Ψ [−] pore structure parameter

Ψφ
ϕ [suitable units] source term

Ψstoich [−] stoichiometric fuel oxidizer ratio

R [ J
molK ] ideal gas constant

Σ [m2] control surface

Θ [−] angle between the dispersed and the relative velocity

Θ
∗
i [ kg

m3s
] dynamic equilibrium specie mass transfer term

α [−] conversion

αϕ [m3

m3 ] phase fraction

β [−] relative temperature variation

χ [−] reacting fine structure share

χ̇ [1
s ] scalar dissipation rate

δBL [m] boundary layer thickness

δf [m] effective flame thickness

δp [m] preheat zone thickness

δr [m] reaction zone thickness

ǫ [−] porosity

ǫ0 [−] initial particle porosity

ǫ∞ [−] bulk porosity

ǫ̃φ [m2

s3 ] dissipation rate
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Symbol Unit Description

ε [m2

s3 ] turbulent dissipation rate

εij [m2

s3 ] turbulent dissipation rate tensor

ηeff [−] effectiveness factor

ηk [m] Kolmogorov length scale

γ [−] reaction rate sensitivity to temperature

γ∗ [−] fine structure share

γ∗
equ [−] equilibrium fine structure volume fraction

γL [−] fine structure length scale

κ [−] combustion efficiency correction

κth [m2

s ] thermal diffusivity

λ [ W
mK ] thermal conductivity

µ [Pas] dynamic viscosity

µt [Pas] dynamic turbulent viscosity

µvol [Pas] dynamic volume viscosity

ν [m2

s ] kinematic viscosity

νt [m2

s ] turbulent kinematic viscosity

ω̇∗
i [1

s ] fine structure species consumption/production rate

ω̇C [1
s ] progress variable source term

ω̇Z [1
s ] mixture fraction source term

ωp [1
s ] angular speed

ω̇h [ J
m3s

] enthalpy source term

ω̇i [ kg
m3s

] species consumption/production rate

φT h,i [−] Thiele modulus

φ̃′′2 [m2

s2 ] variance

ρ [ kg
m3 ] density

ρ∗ [ kg
m3 ] fine structure density

ρ [ kg
m3 ] mean density

ρ◦ [ kg
m3 ] surrounding density

σϕ [m3

m3 ] mean Cauchy stress tensor

σε [−] turbulence model constant (value = 1.3)

σk [−] turbulence model constant (value = 1.0)
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Symbol Unit Description

τ∗ [s] fine structure residence time

τD [s] diffusion time scale

τL [s] Lagrangian integral time scale

τ̄ij [Pa] mean stress tensor

τ [Pa] stress tensor

τc [s] chemical time scale

τη [s] Kolmogorov time scale

τmix [s] mixing time scale

τp [s] particle relaxation time scale

τres [s] residence time

τeddy [s] characteristic energetic eddy time scale

τt [s] turbulent time scale

ξ [−] proportional constant
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List of Acronyms

AJHC Adelaide Jet in Hot Coflow

ARA Alternative Reducing Agent

ARM Apparent Rate Model

AUSM Advection Upstream Splitting Method

CFD Computation Fluid Dynamics

CFD-DEM Computation Fluid Dynamics-Discrete Element Method

DEM Discrete Element Method

DNS Direct Numerical Simulation

EDC Eddy Dissipation Concept

E-E Euler-Euler

E-L Euler-Lagrange

EPaSR Extended Partially-Stirred Reactor Model

EU European Union

FANS Favre-Average Navier-Stokes

FGM Flamelet Generated Manifold

FPI Flame Prolongation of Intrinsic Low-Dimensional Manifolds

FPVM Flamelet/Progress Variable Model

FS Fine Structures

FVM Finite Volume Method

ILDM Intrinsic Low-Dimensional Manifolds

IMF Implicit Multifield Method

IPSA Interphase Slip Algorithm

IPSA-C Interphase Slip Algorithm-Coupled

ISAT In-Situ Adaptive Tabulation

KTG Kinetic Theory of Gases

KTGF Kinetic Theory of Granular Flow
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162 List of Acronyms

LES Large Eddy Simulation

LHS left hand side

LM Layer Model

LTS Local Time Stepping

MFM Multi-Fluid Model

MILD Moderate or Intense Low-oxygen Dilution

MPPIC Multiphase Particle-in-Cell

MULES Multidimensional Universal Limited Explicit Solver

PaSR Partially-Stirred Reactor Model

PCI Pulverized Coal Injection

PDF Probability Density Function

PEA Partial Elimination Algorithm

PEFR Pressurized Entrained Flow Reactor

PFR Plug Flow Reactor

PIMPLE Pressure-Implicit Method for Pressure Linked Equations

PISO Pressure-Implicit Method with Splitting of Operators

PIT Partially Implicit Treatment

PSR Perfectly Stirred Reactor

RANS Reynolds-Average Navier-Stokes

RHS right hand side

RPM Random Pore Model

RWM Race Way Model

SIMPLE Semi-Implicit Method for Pressure Linked Equations

SINCE Simultaneous Solution of Non-Linearly Coupled Equations

SLFM Steady Laminar Flamelet Model

SSKM Solid-State Kinetic Model

TBM Thiele Based Model

TFM Two-Fluid Model

WSGGM Weighted Sum of Grey Gases Model

ZBS Zehner-Bauer-Schlünder Model
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