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KURZFASSUNG

Die Arbeit befasst sich mit der Flamelet Modellierung für die Verbrennung von Kohlenstaub.
Dabei liegt der Fokus sowohl auf der detaillierten Betrachtung der Gasphasenchemie als auch
auf der Interaktion der Kohle mit der Gasphase. Ziel der Arbeit ist die Entwicklung einer
Methode für die Simulation großtechnischer Kohlestaubfeuerungen.
Die energetische Umsetzung von Kohle läuft in drei wesentlichen Schritten ab: Verdamp-

fung der Feuchtigkeit, Ausgasung der Kohle (Pyrolyse) und schließlich der Koksabbrand. Da
die Struktur der Kohle als fossiler Brennstoff hoch komplex ist, existieren viele prädiktive,
rechenaufwändige Modelle zur Beschreibung dieser Prozesse [1–4]. Diese Modelle können
nicht direkt in numerischen Strömungssimulationen genutzt werden, dienen aber zur Kali-
brierung einfacherer kinetischer Modelle. Diese in der Arbeit angewendete Prozedur wird in
[5] beschrieben.
Zur detaillierten Beschreibung des Abbaus der entstehenden höheren Kohlenwasserstoffe

werden in der Simulation große Reaktionsmechanismen benötigt. Die Benutzung solcher
Mechanismen ist mit großen Rechenzeiten verbunden und daher bleibt deren Anwendbarkeit
auf einfache Anwendungsfälle beschränkt. Der Vorteil der Flamelet Modellierung besteht
darin, dass unter bestimmten Voraussetzungen der komplette thermo-chemische Zustand,
bestehend aus Temperatur, Druck und Zusammensetzung, mit nur wenigen charakterisieren-
den Kontrollvariablen abgebildet werden kann. Durch Vorgabe und Variation der Kontroll-
variablen können diese Zustände mittels kanonischer Flammenkonfigurationen vorberechnet
und in sogenannten Flamelettabellen abgespeichert werden. Für das klassische Flamelet / Fort-
schrittsvariablen Modell [6] wird der thermo-chemische Zustand über Mischungsbruch und
Fortschrittsvariablen parametriert, dabei bestimmt der Mischungsbruch den Anteil an Brenn-
stoff im Gemisch und die Fortschrittsvariable den Fortschritt der chemischen Reaktion. Die
Kontrollvariablen werden in der numerischen Simulation transportiert, an Stelle der Energie-
und Speziesgleichungen. Dies stellt für große Mechanismen eine dramatische Reduktion der
zu lösenden Gleichungen dar. Der thermo-chemische Zustand ergibt sich per Look-up aus
den Flamelettabellen.
Im Zuge der Verbrennung trockener Kohle werden zwei Brennstoffe durch Pyrolyse und

Koksabbrand freigesetzt. Für die Flamelet Modellierung bedeutet dies entsprechend je einen
Mischungsbruch für Pyrolysegas und Produkte aus dem Koksabbrand. Neben der Fortschritts-
variablen wird ebenfalls die Enthalpie der Gasphase als Kontrollvariable benötigt aufgrund
des intensiven Wärmeaustauschs zwischen Kohle und Gasphase. In der Arbeit erfolgt die
Vorstellung der benötigten Transportgleichungen sowie die Beschreibung verschiedener Meth-
oden zur Integration nicht-adiabater Zustände in Flamelettabellen. Dabei unterscheiden sich
die vorgestellten Tabellierungstrategien hauptsächlich in der betrachteten Verbrennungsart.
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Erfolgt die Mischung von Brennstoff und Oxidationsmittel erst in der untersuchten Flam-
menkonfiguration, spricht man von Diffusionsflammenstrukturen; sind beide schon gemischt,
so entstehen Vormischflammenstrukturen. Die Detektion solcher Strukturen erfolgt in der
Arbeit anhand einer Flammenstrukturanalyse mittels Flammenmarker. Die prinzipielle Über-
tragbarkeit des Flamelet / Fortschrittsvariablen Modells auf turbulente Kohlestaubfeuerung
wurde von Watanabe [7] gezeigt, jedoch ist die Bewertung der eingesetzten Flamelet Model-
lierung in Grobstruktursimulationen nicht ohne weiteres möglich. Deshalb werden zur Veri-
fizierung der entwickelten Tabellierungstrategie in der Arbeit einfache Flammenkonfiguratio-
nen betrachtet, die es erlauben, direkte Chemielösungen mit den Lösungen der tabellierten
Chemie zu vergleichen. Für den entsprechenden Vergleich erfolgt die Vorstellung zweier Ana-
lysen. Bei der a priori Analyse wird der thermo-chemische Zustand der detaillierten Lösung
mit dem tabellierten Zustand verglichen. Für den Look-up werden dabei die Kontrollvariablen
der direkten Chemiesimulation benutzt. Die a posteriori Analyse ist der Vergleich einer voll
gekoppelten Rechnung unter Benutzung der Tabellierungstrategie mit der zugehörigen detail-
lierten Rechnung.
Die erste untersuchte Konfiguration stellt eine Gegenstromanordnung mit vorgewärmter

Luft und Kohlebeladung dar. Die Hauptergebnisse dieser rein numerischen Studie wurden
bereits veröffentlicht [8] und es konnte die erfolgreiche Applikation der vorgestellten Tabel-
lierungstrategie in dieser Anordnung für Tabellen basierend auf Diffusionflammenstrukturen
gezeigt werden.
Für die Validierung der detaillierten Rechnungen erfolgt die Nutzung experimenteller Daten

[9, 10] für magere Methan-Sauerstoff-Stickstoff Mischungen in Staupunktströmungen. Es
zeigt sich, dass diese Konfigurationen stark von den vorgemischten Gasflammen dominiert
werden und somit Tabellen basierend auf Vormischflammenstrukturen einzusetzen sind. Die
entwickelte Tabellierungsmethode ist in der Lage, auch diese Flammenstrukturen abzubilden.
Abschließend wird numerisch eine Parametervariation hinsichtlich Einlassgeschwindigkeit

und Kohlebeladung vorgestellt, um die Robustheit und breite Anwendbarkeit der entwickelten
Tabellierungstrategie aufzuzeigen.

Zusammenfassend konnte mittels Flammenstrukturanalyse für jede vorgestellte Konfiguration
der zu verwendende Typ der Tabelle bestimmt werden. In den untersuchten Konfigurationen
führte deren Anwendung zu einer guten Übereinstimmung mit den detaillierten Rechnun-
gen. Damit legt diese Arbeit den Grundstein für weiterführende Betrachtung zur Simulation
großtechnischer Kohlestaubfeuerungen.
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ABSTRACT

The dissertation addresses the flamelet modeling of pulverized coal combustion. The focus
will be on a detailed consideration of the gaseous phase kinetics as well as the interaction of
coal with the gaseous phase. The aim of this work is to develop a method for the simulation
of large scale pulverized coal combustor.
The coal conversion proceeds in three important steps: vapor evaporation, the devolatiliza-

tion process and finally the char burnout. As a fossil fuel, coal has a complex structure;
therefore, there are several detailed, computationally expensive models to describe these pro-
cesses [1–4]. These models cannot be directly applied for computational fluid dynamics (CFD)
simulations, but can be used to calibrate easier kinetic models. This procedure, described in
[5], is used throughout this thesis.
In order to characterize the breakdown of the released higher hydrocarbons in simulations,

large reaction schemes are necessary. Such mechanisms are connected with high computa-
tional costs and therefore, only affordable in simple configurations. The advantage of flamelet
modeling is the possibility to describe the thermo-chemical state, consisting in the temper-
ature, pressure and composition, under certain assumptions with only few characterizing
control parameters. By prescribing and varying the parameters, these states can be, by us-
ing canonical flame configuration, precalculated and finally tabulated. This tables are called
flamelet look-up tables. For the classical Flamelet/Progress Variable (FPV) [6] approach the
thermo-chemical state is parameterized by the mixture fraction and progress variable. The
mixture fraction specifies the ratio of fuel in the mixture and the progress variable tracks the
chemical reaction. The control variables are transported in the numerical simulation instead
of energy and species equations. For large mechanisms this means a dramatic decrease in the
number of transport equations. The thermo-chemical state is looked up in the flamelet tables
depending on the control parameters.
Two fuel streams formed by pyrolysis and char burnout are released during the combustion

of dry coal. For flamelet modeling, this means one mixture fraction for the volatiles and one
for the products of char burnout. Beside the progress variable, the enthalpy is also necessary
to describe non-adiabatic conditions due to the exchange of heat between the coal particles
and gaseous phase. This thesis presents the corresponding transport equations and describes
different models to deal with the integration of non-adiabatic states in the flamelet tables.
The proposed tabulation strategies mainly depend on the burning mode considered. If the
mixing of fuel and oxidizer takes place within the flame configuration investigated then a
non-premixed flame structure is obtained, whereas if they are already mixed then a premixed
flame structure follows. The detection of such structures throughout this work is carried out
with a flame structure analysis by investigating flame markers. The theorectical portability of
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the FPV approach for modeling turbulent pulverized coal combustion was shown by [7], but
the evaluation of the flamelet modeling used in large eddy simulations is not straightforward.
Therefore, one aim of this thesis is to directly analyse the selected tabulation strategy. To
verify the tabulation strategies proposed, simple configurations are considered in the thesis,
which allow detailed chemistry solutions to be compared with results obtained for tabulated
chemistry. For this comparison, two analyses are presented. The a priori analysis compares
the thermo-chemical state of the direct chemistry simulation with the tabulated one. For the
look-up, the control variables from the detailed simulation are used. The a posteriori analysis
is the comparison of a detailed simulation with the corresponding fully coupled calculation
by using the tabulation strategy.
The first configuration investigated is a counterflow with preheated air and coal loading.

The main results of this numerical study have already been published [8] and the applicability
of the proposed tabulation method is shown for this non-premixed-driven setup.
To validate of the detailed simulations, experimental data [9, 10] on lean methane-oxygen-

nitrogen mixtures in stagnation flows are used. It becomes apparent, that these configurations
are dominated by the premixed gaseous flames and therefore tables based on premixed flames
have to be applied. The tabulation strategy developed has the ability to capture this flame
structures.
Finally, a parametric study of inlet velocity and coal loading is conducted numerically to

show the robustness of the proposed tabulation strategy.

In conclusion, based on the respective flame structure analysis it was possible to determine
the necessary burning mode for the table for the configurations investigated. The application
of these tables in a fully coupled simulation leads to good agreement with the detailed calcu-
lation results. Therefore, this thesis lays the foundation for further investigations aimed at
simulating large-scale pulverized coal combustors.
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1
I N T RO D U C T I O N

In recent years, huge efforts have been made to replace fossil fuels by utilizing renewable
resources such as wind, water, geothermal heat and sunlight. However, utilizing fossil fuels
such as coal to produce power is still and will remain a dominant activity as visualised in
Figure 1.1. The demand for energy is also increasing all over the world wide despite the new
energy-saving technologies. The development of new technologies and the optimization of
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Figure 1.1.: Energy consumptions by source: facts and predictions [11].

existing ones requires a deeper understanding of physics behind them. The complex interplay
of necessary models for pulverized coal combustion is given in Figure 1.2 and discussed here-
after. Tools are required to accurately predict the conversion of coal. For important steps for

Figure 1.2.: Overview of selected submodels for PCC modeling. The dashed region marks the
region of interest in this thesis.

conversion are drying, devolatilization and char burnout. The corresponding rates depend
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on the structure of coal, which is highly complex and consists of several modular units, nu-
clei, bridges and chains as illustrated in Figure 1.3. Predictive models for the coal conversion

Figure 1.3.: Illustration of modular units, nuclei, bridges and chains in a coal molecule
[12]. Unit A: aromatic nucleus, Unit B: partially hydrogenated nucleus, Unit
C: biphenyl nucleus.

process dealing with these structural differences have been developed over recent decades. De-
tailed models for the devolatilization process are the Chemical Percolation Devolatilization
(CPD) method [1], the combination of the functional group method and the depolymerization-
vaporization-cross-linking (FG-DVC) method [2] and FLASHCHAIN [3]. For char burnout
the Carbon Burnout Kinetics (CBK) models are usually utilized, version CBK/E being used
for combustion [4] and CBK/G for gasification [18] are usually utilized. These models also
consider pore diffusion, bulk diffusion and ash inhibition. Two aspects which are generally
not considered are fragmentation during pyrolysis and catalytic effects of the ash. However,
the methods’ direct usage for computational fluid dynamic (CFD) reactor modeling is gener-
ally too computationally expensive. Following the strategy presented by Vascellari et al. [5],
the results of advanced models are used to calibrate kinetic parameters of simplified models,
which are valid only for certain conditions. This approach has been successfully applied by
Vascellari et al. [19] to simulate the gasifier from Brigham Young University (BYU) [20] and
in a comprehensive study by Stein et al. [21] on a laboratory-scale pulverised coal burner
from the Central Research Institute of Electric Power Industry (CRIEPI) [22–24].
Laboratory- and industrial-scale reactors are usually driven by turbulent combustion, hence

predictive turbulence modeling is also important for simulations. Different approaches exist
with different degrees of resolution, as illustrated in Figure 1.4. Only the mean quantities are
obtained for the Reynolds-averaged Navier–Stokes (RANS) approach, while the large eddy
simulation (LES) approach resolves fluctuations bigger than a specified filter width. For direct
numerical simulation (DNS), no turbulence model is necessary, because all spatial and tempo-
ral scales are resolved. The computational effort increases along with the resolution, therefore
DNS is nowadays not applicable for laboratory-scale reactor simulations. The first pioneering
work on LES for pulverized coal combustion (PCC) was performed with a relatively simple
one-step chemistry approach by Kurose and Makino [25]. LES have became more and more
popular for pulverized coal combustion in the last few years [21, 26–30]. Despite the signifi-
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Figure 1.4.: Details on resolution quality for different turbulence modeling. Adapted from
[13].

cantly improved description of the flow and mixing field, these studies usually approximate
volatile matter with simplified approaches, neglecting the influence of large hydrocarbons,
and use global reaction schemes to reduce computational costs.
However, to predict emissions of pollutants such as NOx, soot or higher hydrocarbons, de-

tailed reaction schemes are necessary. The regulations on pollutant emissions are becoming
more and more stringent in order to slow down the green-house effect, so a lot of effort has
been put into for clean coal technologies (CCTs). For gaseous combustion, a huge variety
of models exist to account for turbulence-chemistry interaction (TCI) such as PDF methods
[31], conditional moment closure [32], linear eddy modeling [33] and tabulation-based methods
such as the laminar non-premixed flamelet [34], flamelet/progress variable (FPV) [6], flamelet
generated manifold (FGM) [35] and the flame prolongation of intrinsic low-dimensional mani-
fold (FPI) [36], which use only a few representative parameters to obtain the thermo-chemical
state and other additional quantities, such as source terms or transport properties. Eaton
et al. [37] presented a review paper on modeling strategies applied for coal combustion in
1999. Similar papers were published more recently by Chen et al. [38] and Edge et al. [26] on
the oxy-fuel combustion of pulverized coal and by Tabet and Gökalp [39] on co-firing of coal
and biomass. Oxy-fuel combustion is a prominent candidate for carbon capture and storage
(CCS) technologies and therefore for CCT.

The first applications of the FPV method for PCC were performed by Watanabe and
Yamamoto [40] and Watanabe et al. [7]. To validate the proposed tabulation strategy for
devolatilization and char burnout, a comparison was made between the detailed chemistry
solution and the FPV solution [40]. The FPV method had problems in predicting the ignition
distance to the nozzle. However, the general flame structure is similar. In [7] they enhanced
their FPV method for turbulent combustion and drying of the coal. This method is compared
against images of two experiments. There is still no detailed validation of the proposed
method. Another unresolved issue is how to deal with the drop in enthalpy due to heat
exchange between the gaseous phase and the dispersed phase. These points will be addressed
in the thesis.
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Several radiation models exist, differing significantly in their complexity and computa-
tional effort, even accounting for turbulence-radiation interaction (TRI) [41]. It was found
that gaseous radiation can play a significant role [42, 43], especially if reabsorption occurs.
However, particle radiation prevails over gas radiation [44], especially in PCC.
There are many coal experiments [23, 45–47] in the literature, but often not all boundary

conditions are well defined for numerical modeling. Following the success story of the In-
ternational Workshop on Measurement and Computation of Turbulent Non-premixed flames
(TNF) [48] the Workshop on Measurement and Simulation of Coal and Biomass Conversion
(CBC) [49] was recently found to improve the discussions between experimentalists and people
performing simulations.

The objective of this work is to propose a predictive and computationally affordable method
to model PCC and briefly analyse the sensitivity of this approach in well-defined laminar
cases.

The thesis is structured as follows: Chapter 2 yields a overview on the models utilised for the
coal conversion processes, followed by the general governing equation for reactive flow systems
for the gaseous and solid dispersed phases. The detailed modeling of the two phases is called
the fully coupled chemistry and transport (FTC) model. Section 2.3 covers the original
Flamelet/Progress Variable (FPV) model and examines how to account for non-adiabatic
effects in flamelet look-up tables (FLUT), which is important for flamelet modeling of coal
flames. Finally, the FPV approach is proposed for the gas and coal phases.
The applications of the previously described models are given in Chapter 3, which is divided

into three parts. The first, Section 3.1, deals with the purely numerical investigation of dry,
devolatilizing coal particles in a counterflow and the applicability of a FLUT in that case.
Section 3.2 covers the numerical results in a stagnation flow flame, which was experimentally
investigated by Xia et al. [9]. Finally, in Section 3.3 the validation of the models is shown for
a modified stagnation flame, accounting for both pyrolysis and char burnout.
Concluding remarks are given finally in Chapter 4.

All calculations in this thesis were carried out with the in-house solver ULF [50].

4



2

PHYS ICAL MODEL FORMULATIONS

This work mainly highlights two models: the fully coupled transport and chemistry (FTC)
model and the flamelet/progress variable (FPV) model. In both models, the flow field and
coal particles are obtain by solving governing equations for mass, momentum and energy for
each phase. In the FTC model, additional transport equations for each species are solved,
where as in the FPV model the chemical state is obtained from pre-calculated tables using a
limited set of transported scalars.
This chapter is structured as follows: First the general coal conversion process will be

discussed. The obtained models will be used for the FTC model for gaseous and solid phase.
Section 2.3 introduces the basics of the FPV-model for gaseous phase. In order to apply
the FPV model for coal and gas phase, the heat exchange between the phases has to be
considered. Methods to deal with this non-adiabatic effect are afterwards presented. Finally,
the FPV-model for the gas and solid phases is presented.

2.1 coal models

In general, the coal conversion process consists of several stages - drying, devolatilization,
char burnout and ash inert heating - which may, but do not necessarily occur simultaneously.
There are many subprocesses which occur during these stages, such as film and pore diffusion,
pore evolution, intra-particle reaction and diffusion, thermal annealing or ash inhibition. Fur-
thermore, coal is a fossil fuel and has different structures and rank. Coal is usually classified
by proximate and ultimate analysis. The proximate analysis describes the fraction of major
constituents - volatile matter, fixed carbon moisture and ash - while the ultimate analysis
contains the elemental balance. The following ranks of coals are listed in decreasing volatile
and increasing carbon content:

• lignite,

• sub-bituminous coal,

• bituminous coal,

• anthracite.

Based on the types of coal, several detailed models have been developed for coal pyrolysis,
e.g. CPD [1], FG-DVC [2], FLASHCHAIN [3], and for char burnout, e.g. CBK/E [4] and
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CBK/G [18], to deal with the structural differences when predicting the relevant subprocess
during coal conversion. As the direct usage of these models in Computational Fluid Dynamics
(CFD) is too computationally expensive, they are used to fit ordinary kinetic models [5, 19].
This procedure is also utilized here and will be described in the following sections.

2.1.1 Thermodynamic coal properties

The coal model introduced here highlights three components - dry-ash-free coal, char and ash
- and does not include moisture. Their corresponding mass fractions Yp,coal, Yp,char and Yp,ash

describe the current stage of the thermal conversion process for coal. The sensible enthalpy
and specific heat of the dry-ash-free coal components are modelled according to Merrick [51]

cp,coal(Tp) =

(
Rg
Mdaf

)[
g1

(
θ1
Tp

)
+ 2g1

(
θ2
Tp

)]
, (2.1)

hs,coal(Tp) =

(
Rg
Mdaf

)[
θ1

(
g0

(
θ1
Tp

)
− g0

(
θ1
Tref

))
(2.2)

+2θ2

(
g0

(
θ2
Tp

)
− g0

(
θ2
Tref

))]
, (2.3)

where the functions g0 and g1 are defined as

g0(z) =
1

ez − 1 , (2.4)

g1(z) =
z2ez

(ez − 1)2 , (2.5)

and the characteristic temperatures θ1 and θ2 equal to 380K and 1800K, respectively. The
definition of the mean molecular mass Mdaf is given by

1
Mdaf

=
Ne∑
i=1

yi,daf
Mi

, (2.6)

where yi,daf is the dry-ash-free mass fraction of the element i.
All thermodynamic properties of the char are provided from the graphite thermo object which
is included in the Cantera chemistry software package [52].
The sensible enthalpy and the specific heat of the ash are modelled as

cp,ash(Tp) = a0,ash + a1,ash Tp , (2.7)

hs,ash(Tp) =
∫ Tp

Tref
cp,ash dTp = a0,ash (Tp − Tref) +

a1,ash
2 (T 2

p − T 2
ref) , (2.8)

where a0,ash = 754 J
kg K and a1,ash = 0.586 J

kg K2 [51].
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The overall sensible enthalpy and specific heat of the coal particle are expressed as the mass-
weighted sum of dry-ash-free coal, char and ash:

cp,p = Yp,coal cp,coal + Yp,char cp,char + Yp,ash cp,ash , (2.9)

hs,p = Yp,coal hs,coal + Yp,char hs,char + Yp,ash hs,ash . (2.10)

2.1.2 Thermo-chemical conversion of coal

The overall mass transfer from the coal particles to the gas phase is given by

ṁp = ṁvol + ṁchar , (2.11)

where the subscript “vol” denotes the mass-based devolatilization rate due to coal pyrolysis
and the subscript “char” the consumption rate of char due to burnout. Devolatilization is
represented by the mass-based balance equation

dry coal→ yvol volatiles + (1− yvol) char . (2.12)

The devolatilization rate of the coal particles is modeled by the Single First Order Reaction
(SFOR) model [53]

ṁvol = mp Yp,coal yvolAe
(−E/RTp) , (2.13)

where Yp,coal is the mass fraction of coal in the particle and yvol is the total volatile yield per kg
coal (daf). The kinetic constants A, E, the total volatile yield yvol and the composition of the
volatile matter are determined by the Pyrolysis Kinetic Preprocessor (PKP) [5]. Usually, the
volatile composition varies during the devolatilization process and depends on the coal and
the conditions (i.e. temperature, heating rate, etc.). However, the assumption of constant
volatile matter is commonly used in numerical simulations of pulverized coal combustion [54–
57] and this assumption is also made here. The volatile composition is defined using the
method developed by Genetti [58], assuming C6H6 as tar.
To restore the energy balance of the lower heating values (LHVs) for (2.12) pyrolysis heat is
introduced:

∆hpyr(Tref) =
1
yvol

((1− yvol)LHVchar + yvolLHVvol − LHVcoal) , (2.14)

where the LHV of coal is calculated based on Dulong’s formula [59] and the reference temper-
ature is Tref = 298.15K. With this definition ∆hpyr is negative for an exothermic pyrolysis
process and positive for an endothermic, and it is based on the mass rate of volatiles released.
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To further account for the sensible enthalpies of coal, char and volatiles, the heat of pyrolysis
is evaluated at the current particle temperature

∆hpyr(Tp) = ∆hpyr(Tref) +
1
yvol

[
(1− yvol) (hchar (Tp)− hchar (Tref))

+yvol

Ns∑
k=1

Yk,vol (hk (Tp)− hk (Tref))− (hcoal (Tp)− hcoal (Tref))

]
.(2.15)

For the char conversion the heterogeneous reaction with oxygen to CO is considered:

C + 0.5 O2 → CO . (2.16)

The char burnout rate is described by the Baum and Street model [60]

ṁchar = Ap pox
D0R
D0 +R

, (2.17)

which is a simple model accounting for the different combustion regimes for coal in air, namely
diffusion and kinetic controlled regimes. In the above equation, Ap is the particle surface area,
pox is the partial pressure of the oxidant species, D0 the diffusion rate and R the kinetic rate.
The rates are given as

D0 = C1
([Tp + Tg]/2)0.75

dp
, (2.18)

R = C2e
−E/RTp , . (2.19)

where the corresponding model constants C1 = 5× 10−12, C2 = 0.002 and E = 7.9× 107 are
taken from [61].
The heat release of the char burnout ∆hcb is obtained by balancing the total enthalpies of

char, O2 and CO

∆hcb(Tp) =
MCOhCO (Tp)− 1

2MO2
hO2

(Tp)

MC
− hchar (Tp) (2.20)

Furthermore, particle swelling is coupled to the devolatilization progress by the empirical
relation [60]

dp
dp,0

= 1 + (Sw− 1) mcoal,0 −mcoal
mcoal,0

, (2.21)

with the swelling coefficient Sw and mi = mpYp,i for i ∈ {coal, char, ash}.
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2.2 conservation equations for laminar reactive flows

This section deals with governing equations for the investigated strained flow flame configura-
tion and is structured as follows: First the general three-dimensional equations and details on
the diffusion modeling utilised are presented. This general equations are than transformed for
strained one-dimensional flames. Finally the exchange with the dispersed phase is discussed.
Throughout this section the Einstein Notation will be used.

2.2.1 Equations for gaseous phase

The conservation of mass, momentum, energy and species are given as follows:

∂ρg
∂t

+
∂

∂xi
(ρgug,i) = 0 , (2.22)

∂

∂t
(ρgug,j) +

∂

∂xi
(ρgug,iug,j) = −

∂p

∂xi
+
∂τij
∂xi

+ ρggj , (2.23)

∂

∂t
(ρghg) +

∂

∂xi
(ρgug,ihg) = −

∂

∂xi

(
Ns∑
k=1

hg,kVk,i

)
+

∂

∂xi

(
λg
∂Tg
∂xi

)
+ Q̇R , (2.24)

∂

∂t
(ρgYk) +

∂

∂xi
(ρgug,iYk) = −

∂Vk,i
∂xi

+ ω̇k , (2.25)

where ρg is the density, ug the velocity vector of the gas phase, p the pressure, g the gravity
force, hg the total enthalpy of the gas, Tg the gas temperature, λg the thermal conductivity
and Yk the mass fraction of species k. The viscous tensor τ is calculated for Newtonian fluids
applying Stokes’s law:

τij = −
2
3µ

∂uk
∂xk

δij + µ

(
∂ui
∂xj

+
∂uj
∂xi

)
. (2.26)

There are several radiation models for the radiative source term Q̇R, which differing signif-
icantly in their complexity and computational effort. It was found that gaseous radiation
can play a significant role [42], especially if reabsorption occurs. However, particle radiation
prevails over gas radiation [44], therefore Q̇R will be neglected throughout this thesis, unless
otherwise stated.
The definition of the laminar diffusion flux V k for the species k in general is given by

V k = ρgukYk, (2.27)

where the species diffusion flux uk is composed of a thermal uT ,k, a diffusive uD,k and a
correction velocity uc

uk = uD,k + uT ,k + uc. (2.28)
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In this work two approaches are used to calculate the diffusive species velocity uD,k:

uiD,k = −Dm,k
Xk

∂Xk

∂xi
(mixture-averaged), (2.29)

uiD,k = − λ

ρcpYk

∂Yk

∂xi
(Le = Lek = 1), (2.30)

where Dm,k is the pseudo-Fickian diffusion coefficient of species k into the mixture m by
using the Hirschfelder and Curtis approximation [62]. The Le = 1 method assumes equal
diffusivity of all species as well as the energy, whereas the mixture-averaged approach allows
for individual mixing of the species. Another common approach is to substitute Dm,k in
Eq. (2.29) by the corresponding Lewis number

Lek =
λ

ρcpDm,k
. (2.31)

The second term in Eq. (2.28) uT ,k describes the species diffusion caused by a temperature
gradient. This Soret effect is neglected here. The sum of all diffusion fluxes has to be zero
[63] otherwise the mass conservation is not fulfilled. Therefore, the correction velocity uc is
introduced:

uc = −ρg

Ns∑

k=1
(uD,k + uT ,k) Yk . (2.32)

The three-dimensional governing equations for reactive flows can be simplified for the sta-
tionary strained flow flames (Figure 2.1) investigated here. On the left-hand side the typical

(a) Schematic of a counterflow flame. (b) Schematic of stagnation flow flame.

Figure 2.1.: Schematics for the gaseous strained flow configurations investigated by [9, 14].

counterflow configuration is shown, where two counterflowing streams forms a stagnation
plane. The strained flow on the right-hand side is formed by introducing a stream at the inlet
which than impinging with a wall.

Kee et al. [14] proposed a one-dimensional equation set for strained counterflow flames, by
introducing a stream function which satisfies the continuity equation. Based on this stream
function, the axial velocity v is then only a function of the axial coordinate x and the radial

10
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velocity u varies linearly with the radius r, while u = rU(x) holds. Based on these findings it
is assumed that all other properties, such as the temperature and mass fractions, are also just
functions of the coordinate x. Following these assumptions the general three-dimensional,
equations reduce to the following set of one-dimensional equations

2ρgUg +
∂ρgvg
∂x

= 0 , (2.33)

ρgU
2
g + ρgvg

∂Ug
∂x

=
∂

∂x

(
µg
∂Ug
∂x

)
+ J , (2.34)

ρgcpgvg
∂Tg
∂x

=
∂

∂x

(
kg
∂Tg
∂x

)
−
(
Ns∑
k=1

ρgYkVk cp,k

)
∂Tg
∂x
−

Ns∑
k=1

hkω̇k , (2.35)

ρgvg
∂Yk
∂x

= − ∂

∂x
(ρgYkVkx) + ω̇k , (2.36)

where the subscript g denotes gas phase quantities and the eigenvalue J = −1
r

∂p

∂x
fulfills

the radial momentum conservation equation. This assumption can be proven by a similarity
analysis as in Kee et al. [64].

2.2.2 Equations for dispersed solid phase

The conservation of mass, momentum, energy and number density for the disperse phase are
given as follows:

∂npmp

∂t
+

∂

∂xi
(npmpup,i) = −ṁp , (2.37)

∂

∂t
(npmpup,j) +

∂

∂xi
(npmpup,iup,j) = +npmpfj , (2.38)

∂

∂t
(npmphp) +

∂

∂xi
(npmpup,ihp) = −np (q̇+ ṁvol∆hpyr(Tp) + ṁchar∆hcb(Tp)) , (2.39)

∂np
∂t

+
∂

∂xi
(npup,i) = 0 , (2.40)

(2.41)

where fj are forces such as drag or gravity. The heat transfer q̇ by the particles can be broken
down into the convective heat transfer q̇conv with the gas phase and the radiative heat transfer
q̇rad to the surroundings

q̇conv = htAp (Tp − Tg)
z

ez − 1 , (2.42)

q̇rad = εApσ
(
T 4
p − T 4

s

)
, (2.43)

11
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where Ap is the particle surface area, ε is the emissivity of coal particles (fixed at 0.85), σ is
the Stefan-Boltzmann constant. The convective heat transfer coefficient is given by

ht =
λgNu
dp

, (2.44)

and the non-dimensional blowing factor z

z =
cp,g

2πdpλg
ṁp . (2.45)

With the same assumptions as in Section 2.2.1, the stationary transport equations for the
particles reduce to:

vp
∂mp

∂x
= −ṁp , (2.46)

mpU
2
p +mpvp

∂Up
∂x

= −Fr
r

, (2.47)

mpvp
∂vp
∂x

= −Fx , (2.48)

mpvpcp,p
∂Tp
∂x

= −q̇conv − q̇rad − ṁvol ∆hpyr(Tp)− ṁchar ∆hcb(Tp) , (2.49)

2npUp +
∂npvp
∂x

= 0 , (2.50)

where radial and axial components of the drag force are described with Stokes law:

Fx = 3πµgdp (vp − vg) , (2.51)

Fr = 3πµgdp (up − ug) . (2.52)

2.2.3 Fully coupled Transport and Chemistry (FTC) model for gas and solid phase

The investigated one dimensional flame configurations are shown in Figure 2.2, where the
coal particles are introduced at the upper nozzle of the configurations. In order to accounting
for the disperse coal particles, additional coupling terms Ṡα are introduced in the stationary
equation from Section 2.2.1 to ensure the conservation of mass, momentum and energy for
both phases [8, 9, 65, 66]. These terms are marked in red in the following equations

2ρgUg +
∂ρgvg
∂x

= Ṡρ , (2.53)

ρgU
2
g + ρgvg

∂Ug
∂x

=
∂

∂x

(
µg
∂Ug
∂x

)
+ J + Ṡu , (2.54)

ρgcpgvg
∂Tg
∂x

=
∂

∂x

(
kg
∂Tg
∂x

)
−
(
Ns∑
k=1

ρgYkVk cp,k

)
∂Tg
∂x
−

Ns∑
k=1

hkω̇k + ṠT , (2.55)

ρgvg
∂Yk
∂x

= − ∂

∂x
(ρgYkVkx) + ω̇k + ṠY ,k , (2.56)

12
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Coal + 
primary air

Secondary air

(a) Schematic of a counterflow flame with
coal particles.

(b) Schematic of stagnation flow flame
with coal particles.

Figure 2.2.: Schematics for the particle loaded strained flow configurations investigated by
[8, 9].

where the subscripts g and p denote gas phase quantities and particle quantities, respectively.
The set of this equations ((2.53)-(2.56)) combined with set of equations for coal particles
((2.46)-(2.50)) is called the fully coupled transport and chemistry (FTC) model for gas and
coal phase.

The source terms Ṡα for the equations describing the gas phase read

Ṡρ = np ṁp , (2.57)

Ṡu = np
Fr

r
+ np ṁp (Up − Ug) , (2.58)

ṠT = np q̇conv + np

Ns∑

k=1
(ṁvolYk,vol + ṁcharYk,cb) (hk(Tp) − hk(Tg)) , (2.59)

ṠY ,k = np (ṁvol (Yk,vol − Yk) + ṁchar (Yk,cb − Yk)) , (2.60)

where the source terms ṁp, ṁvol and ṁchar calculated according to the coal models previously
defined in Section 2.1. The source terms Ṡα couple the equations for the solid phase Eqs. 2.46-
2.50 and the equations for the gas phase Eqs. 2.53-2.56. The mass fractions Yk,vol are the
fixed volatile composition described in section 2.1.2, whereas Yk,cb is defined according to
eq. (2.16)

Yk,cb =

⎧
⎪⎪⎨

⎪⎪⎩

MCO
MC

, for k = CO

−0.5
MO2
MC

, for k = O2
0, else

. (2.61)

The direct solution of the complete FTC model for coal is numerically not very robust. There-
fore an iterative procedure suggested by Continillo and Sirignano [65] is applied here:

(i) the gas phase is solved first with a damped, hybrid Newton solver

(ii) then the solid phase is integrated with the pseudo particle residence time using the
previously computed gas phase solution in the coupling terms.
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Steps i and ii are repeated until user-defined tolerances are reached. A more detailed discus-
sion on the solution procedure is given in Appendix A.1.

2.3 flamelet modeling and tabulation strategies

The scope of this section is to introduce the general idea of flamelet modeling based on
canonical premixed and non-premixed flame configurations. These will be applied to create
tables for particle-loaded flames. This section starts with the introduction of flamelet models
for non-premixed flames and premixed flames. Section 2.3.3 shows how to use the flamelet
model and the canonical flame to create tables for gaseous flames. Due to the strong heat
exchange between gas and coal particles enthalpy modeling has to be included in tables for
coal. Different approaches to reach various enthalpy levels are presented in 2.3.5. And finally
the Flamelet/Progress Variable (FPV) model for gas and coal is proposed.

2.3.1 Flamelet modeling for laminar non-premixed flames

The flamelet model for laminar non-premixed flames was originally developed by Peters [34]
and is a widely used and heavily extended approach for combustion simulations [67–71].
The mixture fraction Z is one of the key parameters in flamelet modeling. Originally this
parameter was introduced as the ratio of fuel mass flux and total mass flux:

Z =
ṁfuel

ṁfuel + ṁox
(2.62)

By definition, the mixture fraction becomes zero on the oxidizer side and one for pure fuel.
A transport equation for the mixture fraction was derived [70] and reads:

∂

∂t
(ρgZ) +

∂

∂xi
(ρgug,iZ) =

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
, (2.63)

The connection between the well-known equivalence ratio φ and the mixture fraction Z is
given by

φ =
Z

1−Z
1−Zst
Zst

(2.64)

where Zst is the mixture fraction at stoichiometry. Another key parameter is the progress
variable (PV) Yc, which is well-known from premixed flames. The definition applied here is
the weighted sum of mass fractions

Yc =
Ns∑
k=1

αkYk . (2.65)
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The transport equation for PV is derived by using the same weighting factors αk and adding
up the corresponding species transport equations (2.25)

∂

∂t
(ρgYc) +

∂

∂xi
(ρgug,iYc) = −

Ns∑
k=1

αk
∂Vk,i
∂xi

+
Ns∑
k=1

αkω̇k︸ ︷︷ ︸
=:ω̇c

. (2.66)

Figure 2.3 shows a sketch of a typical non-premixed flame, where the fuel stream enters in
the middle and oxidizer enters separately from the side. The classical non-premixed flamelet

Figure 2.3.: Sketch of typical non-premixed flame.

model assumes the following:

• Reactive zone has smaller length scales (asymptotically) than surrounding mixture field

• Changes are mainly in orthogonal direction on iso-mixture fraction surfaces

Based on these assumptions, Equations (2.24)-(2.25) are transformed from physical space to
mixture fraction space. Therefore, a coordinate transformation from the Euclidean system
(t,x1,x2,x3) to a local system (τ ,Z,Z2,Z3), which is perpendicular to the stoichiometric
mixture surface (see Figure 2.3), is outlined in Appendix A.2 for the Le = 1 approach. The
obtained flamelet equation for Le = 1 reads:

ρg
∂hg
∂τ

=
ρgχ

2
∂2hg
∂Z2 + Q̇R , (2.67)

ρg
∂Yk
∂τ

=
ρgχ

2
∂2Yk
∂Z2 + ω̇k , (2.68)

(2.69)

where χ is the scalar dissipation rate (SDR) defined by

χ = 2DZ
∂Z

∂xi

∂Z

∂xi
. (2.70)

The SDR χ could be interpreted as an inverse mixing time and links the flow field with
the mixing field. Flamelet equations are also available for variable Lewis numbers [70, 72]
and were recently extended to include tangential diffusion effects on the iso-mixture fraction
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surfaces [73]. However, in the remainder of this thesis, only Le = 1 flamelet equations are
investigated.
The flamelet equation can be solved online [74], but a advantage in computational perfor-

mance can be achieved by pre-tabulating over the SDR profile χ(Z). In order to specify χ(Z),
a presumed function f(Z) is used and the value χst = χ (Zst) for the SDR at stoichiometry
is selected

χ = χst
f (Z)

f (Zst)
. (2.71)

For one-dimensional mixing layers, an analytical expression for f(Z) was derived by [72]

f(Z) = exp
(
−2
(
erfc−1(2Z)

))
. (2.72)

The thermo-chemical state ϕ depends only on the mixture fraction Z and stoichiometric SDR
χst

ϕ = ϕ (Z,χst) . (2.73)

2.3.2 Flamelet modeling for laminar premixed flames

In line with Section 2.3.1 equations [75] exist to simulate premixed flames directly in compo-
sition space; however, this is not very common due to stability issues. This work focusses on
a physical space solution for tabulation strategies based on premixed flame structures, which
can be transformed into composition space using Eq. (2.65) afterwards. Beside the strained
flames introduced in Section 2.2.1 other classes of canonical flames are freely propagating
(FP) and burner-stabilized (BS) flames. A typical appearance of these premixed flames is
shown in Figure 2.4. In addition to Eqs. (2.35) and (2.36), an Equation (2.74) for the mass

(a) freely propagating flame (b) burner-stabilized flame

Figure 2.4.: Sketch of canonical premixed flames.
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flux Mflux is solved for the FP flames. For the sake of completeness, the equations reads:

Mflux = ρvg = const , (2.74)

ρgcpgvg
∂Tg
∂x

=
∂

∂x

(
kg
∂Tg
∂x

)
−
(
Ns∑
k=1

ρgYkVk cp,k

)
∂Tg
∂x
−

Ns∑
k=1

hkω̇k , (2.75)

ρgvg
∂Yk
∂x

= − ∂

∂x
(ρgYkVkx) + ω̇k . (2.76)

The numerical results of a freely propagating flame are usually generated keeping the flame
front on a particular point and fixing the temperature at that point. From the obtained mass
flux Mflux and the fresh gas density ρg,fr, the laminar burning velocity sl is evaluated:

sl =
Mflux

ρg,fr
. (2.77)

In conclusion, the state ϕ of a freely propagating flame depends on the mixture fraction Z
and the physical coordinate x

ϕFP = ϕFP (Z,x) . (2.78)

The main difference between burner-stabilized flames and freely propagating flames is that
the flow rate Mflux is no longer an unknown value of the system, but a parameter1. For
the burner-stabilized flame (Fig. 2.4b), first an isothermal zone is introduced and a velocity
smaller than sl is prescribed. Within this isothermal zone, a reduction in enthalpy takes
place, which will be discussed in detail in Section 2.3.5. The corresponding thermo-chemical
state ϕ of a burner-stabilized flame is determined by Z, x and the selected Mflux

ϕBS = ϕBS (Z,x,Mflux) . (2.79)

It is important to emphasize, that for the state ϕBS of a BS flame with Mflux = slρg the
following holds

ϕBS (Z,x,Mflux = slρg) = ϕFP (Z,x) . (2.80)

2.3.3 Flamelet tabulation and coupling strategies

This section addresses the procedure to create tables, based on the solutions obtained in
Sections 2.3.1 and 2.3.2. There are several reasons for tabulating the thermo-chemical state
ϕ, such as:

• Reduction in number of transport equations,

• Reduction of stiffness in the system,

• Accounting for Turbulence Chemistry Interaction (TCI)[6, 76].

1 Eq. (2.74) for Mflux is not solved for a burner-stabilized flame.
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Typical flamelet table parameters for gaseous flame applications are based on the mixture
fraction Z and the progress variable Yc[6]. By definition, the limits of Z are between zero
and one, while the limits of PV Yc,min and Yc,max depends on the corresponding mixture as
visualised in Figure 2.5. In order to avoid invalid data in the tables, it is necessary to span

0.0 0.2 0.4 0.6 0.8 1.0

Mixture fraction

0.0

0.1

0.2

0.3

P
ro
gr
es
s
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ri
ab

le ϕ (Z, yc)

invalid region

Figure 2.5.: The hatched region shows the valid states ϕ (Z, Yc) for a methane-air mixture
with an initial temperature of 300 K. The grey region contains no valid solutions.
The PV is defined as Yc := YCO + YCO2

+ YH2
+ YH2O.

the tables for Z and the normalized progress variable C

C =
Yc − Yc,min

Yc,max − Yc,min
, (2.81)

to obtain a regular parameter set. The established way to request such pre-calculated tables is
to solve transport equations for Z and Yc and use these values to retrieve the thermo-chemical
state ϕ by performing multi-dimension interpolation during the runtime (see Figure 2.6).
This flexible framework allows for more state variables such as enthalpy or additional mixture

Figure 2.6.: Workflow of look-up properties from FLUT. Adapted from [15]

fractions, also for further solution variables such as thermo-physical and transport properties,
and was successfully applied to model laminar and turbulent flames [43, 77–79]. FLUTs
have grown exponentially in size with the number of input parameters, whereas the available
memory per core in high-performance computing has fallen over recent years [80]. In order to
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use high-dimensional tables the memory management methods developed by Weise et al. [80,
81] are directly integrated into the the workflow described above. In addition, a polynomial
representation of the FLUT [15] offering additional runtime benefits is also selectable.

In order to retrieve the thermo-chemical state ϕ from such a table for Z and Yc, the values
Yc,min(Z) and Yc,max(Z) also have to be tabulated. For the first look-up, a value has to be
assumed for C, which is then corrected for the second look-up as shown in Eq. (2.81) by
taking the extrema of PV for the current Z from the first look-up.

The generation of such tables depends on the underlying canonical setups. A so called
flamelet look-up table (FLUT) based on premixed flames is called a PFLUT, whereas a
DFLUT is based on diffusion flames. The next two sections will provide details on the
creation of a DFLUT and PFLUT respectively.

Tabulation strategy for a DFLUT

The steady-state solution of the flamelet equations contains the thermo-chemical state ϕ for
the entire Z space at fixed χst with the presumed function f from Eq. 2.72. For a self-ignitable
mixture the so-called S-shaped curve (Fig. 2.7a) can be obtained with the variation of χst.
This curve describes the influence of SDR on the steady flamelet solution and shows the

(a) Sketch of the S-shaped curve for an self-
ignitable mixture.
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T
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K

burning branch

quenched branch

(b) The lower (dashed) and upper (solid) branch
for a methane-air mixture for an initial tem-
perature of 300 K.

Figure 2.7.: The S-shaped curve is obtained by plotting the maximum temperature Tmax over
the inverse of the SDR in logarithmic scale of the abscissa.

interplay of reaction progress and diffusion effects. The upper part of the curve beginning at
the non-strained burning solution (χ = 0) and ending at the quenching SDR χq is called the
burning branch. The lower branch starting from a quenched solution (χ > χq) and ending at
the ignition SDR (χig) is known as the quenched branch, where diffusion effects are stronger
than reaction progress. The dashed line contains unstable solutions. Therefore, it is denoted
as unstable branch. In Fig. 2.7b the burning branch for a stoichiometric methane-air mixture
with an initial temperature of 300 K is shown as a solid line. Self-ignition does not occur in
this mixture in the SDR range considered, thus the lower branch is a flat line (dashed line
Fig. 2.7b).
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The problem of tabulating ϕ as a function of Z and χst is to obtain the value for the
stoichiometric SDR for all positions in the flame configuration considered. At an arbitrary
position, Z and χ(Z) are available, while the SDR is based on the gradient of Z, so a high-
resolution in space is needed. For the current flame configuration, using a presumed function
f to calculate χst can be very error-prone [82]. Thus it was suggested by Pierce and Moin [6]
to use the PV as an independent variable

ϕ (Z, χst) �→ ϕ (Z, Yc) . (2.82)

Figure 2.8 shows different PV profiles obtained with Eq. (2.65) in mixture fraction space on
the left and as a function of stoichiometric SDR on the right for a methane-air mixture. The
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Figure 2.8.: Selected curves of a DFLUT for a methane-air mixture for an initial temperature
of 300 K. The PV is defined as Yc := YCO +YCO2

+YH2
+YH2O. Left: PV profiles

for three selected χst over Z, right: PV profiles for two selected Z over χst.

principal concept of mapping (2.82) is to switch the axis in the right-hand plot of Fig. 2.8.
Problems could occur if this mapping is not injective2, therefore different approaches [83, 84]
were presented to optimize the weighting factors αk in Eq. 2.65 to ensure a proper mapping.
The Yc profile for Z = Zst on the right-hand side of Fig. 2.8 is an example of a non-injective
mapping. However, the affected thermo-chemical states are almost equal here.

The procedure presented in this section is known as the Flamelet/Progress Variable (FPV)
method.

Tabulation strategy for a PFLUT

Throughout this thesis an adiabatic PFLUT is created based on FP flames (Sec. 2.3.2). By
specifying a different equivalence ratio φ or mixture fraction Z3, different thermo-chemical
states ϕ are reached. An important issue for FP flames is the flammability limit, bounded by
Zmin and Zmax, shown for a stoichiometric methane-air mixture with a fresh gas temperature
of 300 K in Fig. 2.9b. Outside of the flammability region no flame can be established, so a

2 A function f : X �→ Y is called injective, if the following holds: ∀a, b ∈ X, f(a) = f(b) ⇒ a = b.
3 Z and φ are directly linked by Eq. (2.64)
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(a) Temperature profiles in physical space for
Zmin, Zst, Zmax.
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Figure 2.9.: Flammability limits [Zmin, Zmax] for a stoichiometric premixed methane-air flame
with Tfr = 300 K.

linear interpolation of the thermo-chemical state is performed between the nearest burning so-
lution and pure fuel or oxidizer conditions, respectively, inside the table. In line with the FPV
approach, a mapping from the axial coordinate x to the PV Yc, again using Equation (2.65),
is carried out in this work.

ϕ (Z, x)
(2.65)�−→ ϕ (Z, Yc) . (2.83)

Similar approaches for building PFLUTs are the FGM [35] or the FPI method [36].

2.3.4 Flamelet tabulation for turbulent flames

This part is a short excursion on turbulent flamelet modeling and provides some indications
on how to enhance laminar flamelet look-up tables for the modeling of turbulent flames.

The thermo-chemical state ϕ is not longer resolved in a turbulent simulation. For a large
eddy simulation (LES), the state is decomposed into a resolved Favre-averaged state ϕ̃ and
an unresolved residual state ϕ′′

ϕ (x, t) = ϕ̃ (x, t) + ϕ′′ (x, t) (2.84)

The FPV model for turbulent gaseous flames proposed by Pierce and Moin [6] provides
equations for the filtered mixture fraction Z̃, the filtered progress variable Ỹc and the subgrid
variance of mixture fraction Z̃ ′′2. The laminar state ϕ (Z, C) has to be filtered to obtain ϕ̃

ϕ̃ =
∫ ∫

ϕ (Z, C) P̃ (Z, C) dZdC , (2.85)
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where P̃ (Z,C) is the joint-PDF of Z and C. Assuming that these parameters are statistically
independent allows the joint PDF to be separated into two independent PDFs

P̃ (Z,C) = P̃ (Z)P̃ (C) . (2.86)

Filtering (Eq. (2.85)) is performed by applying a presumed β-PDF for Z and a δ-PDF for C
[6]. The β-distribution for Z is given as

P̃ (Z; Z̃, Z̃ ′′2) = Γ(β1 + β2)

Γ(β1)Γ(β2)
Zβ1−1(1−Z)β2−1 , (2.87)

where

β1 = Z̃

 Z̃
(
1− Z̃

)
Z̃ ′′2

− 1

 , (2.88)

β2 =
(
1− Z̃

) Z̃
(
1− Z̃

)
Z̃ ′′2

− 1

 (2.89)

and Γ denotes the gamma function

Γ (β) =
∫ ∞

0
xβ−1e−xdx (2.90)

Filtering can be performed in advance and the filtered quantities can be stored in FLUTs.
The filtered thermo-chemical state is represented by

ϕ̃ = ϕ̃(Z̃, Z̃ ′′2, C̃). (2.91)

2.3.5 Non-adiabatic flamelet look-up tables

This section addresses how to include different enthalpy levels in a FLUT. The necessity of
including various enthalpy levels in the tables for coal applications is due to enormous heat
exchange between coal particles and gaseous phase and requires an additional parameter in
the tables.
The enthalpy defect ∆h represents the difference between the actual enthalpy and the

enthalpy of an adiabatic flame, see e.g. [67, 85, 86]

∆hg = hg − hg,ad . (2.92)

Beside gaseous radiation, an other typical source of an enthalpy defect is the heat exchange
with the disperse phase.

An easy way to cover heat losses is just to decrease temperatures of the reactants. When
reaching enthalpy levels of real flames, unphysical boundary temperatures (below 270K) could
occur. Methods of avoiding unphysical boundary conditions for non-adiabatic flames will be
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presented for premixed and non-premixed flames below. Finally, there is a discussion of how
to create and assess the table.

Enthalpy defect modeling in non-premixed flames

The non-premixed flamelet equations can be solved in a Lagrangian or an Eulerian way. For
the Lagrangian flamelet approach [87, 88], heat losses are obtained by transient calculation.
The choice of the Lagrangian time could drastically influence the total heat loss. Estimating of
the Lagrangian time is not straightforward, so the Eulerian approach is used in this work. In
the following, only methods dealing with enthalpy defects within Eulerian flamelet approaches
are described.

enthalpy shift in steady laminar flamelets In this approach, the flamelet
equations are solved without an additional sink term in the energy equation. Instead, a shift
of enthalpy at the boundaries is applied to cover the enthalpy defect. For the simulation it is
common to specify the temperature instead of the enthalpy, so the temperature drop ΔT is
calculated from the enthalpy shift Δhg

ΔT =
Δhg

cp,g
. (2.93)

In order to avoid unrealistic low temperatures at Z = 0 and Z = 1, the mixture fraction
range covered can be reduced as proposed by Hossain et al. [67]. The basic idea is to take
an adiabatic solution (Δhg = 0) and calculate a temperature profile according to Eq. (2.93).
The new mixture fraction range [Zmin, Zmax] is then obtained from the intersection of this
temperature profile and the Z axis. Figure 2.10 gives a brief idea of this procedure. The
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Figure 2.10.: Results of flamelet profiles for temperature showing solutions for an adiabatic
flamelet and a flamelet with constant enthalpy shift over mixture fraction range.

composition at Zmin and Zmax are taken from corresponding points of the adiabatic solution.
Hossain et al. [67] showed that relatively small errors are introduced.

A flamelet solution is obtained for each selected enthalpy defect Δhg and stoichiometric
SDR χst. By varying the two parameters, table for the thermo-chemical state ϕ can be
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produced. In line with the discussions in Section 2.3.3, a mapping based on Equations (2.65)
and (2.92) is performed for this method

ϕ (Z, χst, Δhg)
(2.65)�−→
(2.92)

ϕ (Z, Yc, hg) (2.94)

enthalpy reduction with unsteady laminar flamelets For this proce-
dure an adiabatic steady flamelet solution is used to initialise a transient flamelet calculation.
The energy equation is therefore solved with an additional source term such as the radiation
source term Q̇R. The outcome of this method is a time-varying enthalpy defect which is
distributed differently over the calculation domain. A typical example of this approach is
visualised in Fig. 2.11. This method was already successful applied by Ihme and Pitsch [89]
in a LES simulation of the turbulent methane/air jet flame Sandia D [90]. The state ϕ in
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Figure 2.11.: Results of transient flamelet profiles for temperature at different times obtained
for an stoichiometric methane-air mixture.

this method is characterised by the time t and stoichiometric SDR χst. For each time t an
enthalpy profile hg (Z, χst, t) is obtained. This profile and Eq. (2.65) are used for the following
mapping

ϕ (Z, χst, t)
(2.65)�−→ ϕ (Z, Yc, hg) (2.95)

factorized temperature source term in steady laminar flamelets
The idea of this method, proposed by Rieth [91], is to take the Heat Release Rate (HRR) ω̇T

as in Eq. (A.39), multiply it with a chosen parameter α ∈ [0, 1] and solve the steady flamelet
equations. Equation (2.96) shows the modified transport equation for the temperature.

ρgcpg

∂Tg

∂τ
= ρgcpg

χ

2
∂2Tg

∂Z2 − αω̇T . (2.96)

Stoichiometric methane-air mixture results for different choices of α are shown in Figure 2.12
by way of example. The adiabatic solution is obtained for α = 1, whereas pure mixing occurs
for α = 0, since the HRR is neglected.
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Figure 2.12.: Results of steady flamelet profiles for temperature at different values of the
scaling factor α.

As in the previous method, there is a connection between α and the hg-profile, so the
mapping reads

ϕ (Z, χst, α)
(2.65)�−→ ϕ (Z, Yc, hg) (2.97)

It is important to emphasizes that this method can be used, whenever the temperature
equation is solved.

In conclusion, three methods are proposed to include non-adiabatic effects in DFLUTs.
The obtained thermo-chemical states ϕ (Z, Yc, hg) are similar for the methods. Throughout
this work the enthalpy shift method is used.

Enthalpy defect modeling in premixed flames

As already discussed in Section 2.3.2 the simulations used to generate a PFLUT are performed
in physical space. The candidates considered for this generation are the freely propagating
flames and the burner-stabilized flames introduce in Section 2.3.2.

In order to understand the enthalpy loss of a burner-stabilized flame, the explanation from
Fiorina et al. [17] is adapted in this section. For simplicity, the Lek = 1 assumption for
all species k is used, but the discussion on the heat loss is also valid for mixture-averaged
diffusion modeling. In Figure 2.13, hfr denotes the enthalpy of the fresh mixture, h(x = 0)
the enthalpy of the gases after the isothermal zone and hbr the enthalpy of the burnt gases.
The heat flux occurs at the end of the isothermal zone, therefore for Le = 1 holds

h(x) = hbr = h(x = 0), for x ≥ 0 . (2.98)

At the same position (x = 0) a conductive heat transfer Q̇ is assumed

Q̇ = −λ
∂T

∂x

∣∣∣∣
x=0

. (2.99)
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Figure 2.13.: Detailed sketch of a burner-stabilized flame.

Within the isothermal zone the heat flux Q̇ is exchanged with the surroundings

Q̇ =Mflux (h(x = 0)− hfr) . (2.100)

The new enthalpy level h(x = 0) can be obtained from

h(x = 0) = hbr = hfr −
λ

Mflux

∂T

∂x

∣∣∣∣
x=0

. (2.101)

By decreasing Mflux the enthalpy h(x = 0) decreases until the flame is extinguished.
To verify that two premixed flames with the same enthalpy level have the same flame struc-

ture, the example given by Fiorina et al. [17] is reproduced here. The boundary conditions
for the freely propagating flame and the burner-stabilized flame are listed in Tab. 2.1. The

Table 2.1.: Boundary conditions of premixed stoichiometric methane-air flames [17].

flame type T in K hfr in J
kg h (x = 0) in J

kg

FP 600 8.2× 104
8.2× 104

BS 1000 5.8× 105

mass flow rate is adjusted to reach the same enthalpy level after the isothermal zone as in
the freely propagating flame. Both flames are stoichiometric premixed laminar methane/air
flames and the corresponding results are given in Figure 2.14. The temperature profiles on
the left-hand side of Figure 2.14 (solid line for the freely propagating flame and circles for
the burner-stabilized flame) show different trends over the physical coordinate x, as was to
be expected. The profiles plotted in composition space can be found on the right-hand side
of Fig. 2.14, where PV Yc is selected to be the mass fraction of CO2 (Yc = YCO2

). The
temperature and the species profiles4 are in very good agreement. This verifies that for the
same enthalpy levels, the flame structure is not affected by the flame type and so both burner-
stabilized and freely propagating flames can be used to generate a PFLUT. Furthermore, the
enthalpy defect can be included in a PFLUT and used to reproduce any type of heat losses.

4 YOH chosen as in [17]
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Figure 2.14.: A freely propagating flame with an initial temperature value of 600 K and burner-
stabilized flame with an initial temperature value of 1000 K expressed in physical
space (left) and composition space (right). The solid lines are solutions for the
FP flame and the circles correspond to the BS flame. The temperature is marked
in red whereas the mass fractions of OH are denoted in blue.

The thermo-chemical state ϕ of a BS flames is obtained for a fixed mixture fraction Z and
the selected Mflux. Based on Equations (2.65) and (2.101), the following mapping is defined
for the PFLUT.

ϕBS (Z, x, Mflux)
(2.65)�−→
(2.101)

ϕ (Z, Yc, hg) (2.102)

Coupling strategy for non-adiabatic FLUT

The remaining question of this section is: How can the different enthalpy levels be included
in a FLUT? This question will be answered in this section.

By accounting for non-adiabatic conditions, the enthalpy hg varies over the mixture fraction
Z. It is important to note, that the progress variable Yc changes with Z and hg. In line with
the discussion in Sec. 2.3.3 on the advantages of using the normalized PV C instead of Yc, a
normalized enthalpy H is introduced

H =
hg − hg,min(Z)

hg,max(Z) − hg,min(Z)
. (2.103)

Similarly to the PV the minimum of the enthalpy hg,min(Z) and the maximum hg,max(Z)

also have to be included in a non-adiabatic FLUT.
For a FLUT defined for Z, H and C, at least three look-ups have to be performed in

order to retrieve the thermo-chemical state ϕ based on the available parameters Z, hg and
Yc. The procedure is outlined in Figure 2.15. The first interpolation is necessary to correct
the normalized enthalpy H based on Eq. (2.103), the second one to calculate the normalized
progress variable C as in Eq. (2.81) and finally the theoretically last look-up to obtain the
state ϕ.
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Figure 2.15.: Workflow of look-up properties from non-adiabatic FLUTs.

In practice it turns out that, due to the different mappings, H also depends on C, so
additional interpolations need to be done for an iterative procedure until the following holds

Z ≈ ZFLUT ,

hg ≈ hFLUTg , (2.104)

Yc ≈ Y FLUT
c .

In this work not more than five interpolations were necessary to reach the above conditions.

2.3.6 Flamelet/Progress Variable (FPV) model for laminar coal flames

For flamelet modeling for laminar gaseous flames, two-dimensional tables are mostly sufficient
[36, 69, 82, 88]. However, coal releases two different fuel streams for pyrolysis and char
burnout, respectively, resulting in two mixture fractions Zvol, Zchar describing the process by
which the fuel stream mixes with the oxidizer. They are defined by

Zvol =
mg,vol

mg +mg,vol +mg,char
, (2.105)

Zchar =
mg,char

mg +mg,vol +mg,char
, (2.106)

where the massmg measures the mass of the gas stream introduced into the domain separately
from coal particles, mg,vol and mg,char denote the mass of the released volatiles and char gases,
respectively.
The thermo-chemical state ϕ in a coal calculation is parametrized by the progress variable

Yc, the mixture fraction for the volatiles Zvol, the mixture fraction for the char Zchar and the
total gas enthalpy hg

ϕ = ϕ (Yc,Zvol,Zchar,hg) . (2.107)
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For all four parameters a transport equation5 is solved

ρgvg
∂Zvol
∂x

=
∂

∂x

(
ρgDZvol

∂Zvol
∂x

)
+ ṠZvol , (2.108)

ρgvg
∂Zchar
∂x

=
∂

∂x

(
ρgDZchar

∂Zchar
∂x

)
+ ṠZchar , (2.109)

ρgvg
∂Yc
∂x

=
∂

∂x

(
ρgDc

∂Yc
∂x

)
+

Ns∑
k=1

αkω̇k + ṠYc , (2.110)

ρgvg
∂hg
∂x

=
∂

∂x

(
kg
∂Tg
∂x

)
−

Ns∑
k=1

∂

∂x
(ρgYkVkhk) + Ṡh , (2.111)

where the corresponding source terms Ṡα, which describe the particle-gaseous phase interac-
tions, are given by

ṠZvol = np (ṁvol(1−Zvol)− ṁcharZvol) , (2.112)

ṠZchar = np (ṁchar(1−Zchar)− ṁvolZchar) , (2.113)

ṠYc = np

(
ṁvol

Ns∑
k=1

αk (Yk,vol − Yk) + ṁchar

Ns∑
k=1

αk (Yk,cb − Yk)
)

, (2.114)

Ṡh = np q̇conv + np

Ns∑
k=1

(ṁvolYk,vol + ṁcharYk,cb) hk(Tp)− np ṁp hg . (2.115)

In contrast to pure gaseous applications the mixture fractions are non-conserved scalars due
to the source terms from the dispersed phase.
In addition, the particle Equations (2.37) to (2.40) are solved for the FPV model for laminar

coal flames suggested here.
The principal concept of using two mixture fraction has already been applied in the context

of multiple fuel injections in diesel engines [92, 93]. In order to obtain a regular parameter
set, two parameters were introduced according to the authors’ suggestions

Zsum = Zchar + Zvol , (2.116)

Y =
Zvol
Zsum

, (2.117)

where Zsum is the sum of the mixture fractions for volatiles and char burnout and Y describes
the ratio of volatiles in the total fuel mixture. The mapping region is visualised in Figure 2.16.
The ratio Y completely occupies the range [0, 1], whereas Zchar could never reach the value
of one, because oxygen is needed to produce CO in the heterogeneous reaction (Eq. (2.16)).
Therefore the modified mixture fraction Z∗ is introduced as follows

Z∗ = Zsum (Y + (1 + αcb) (1− Y )) , (2.118)

5 For the sake of convenience only the equations for one-dimensional strained flow coal flames are reported.
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Figure 2.16.: Transformation of mixture fractions Zvol and Zchar into Zsum-Y space. The
valid region of the mixture fraction is limited to the necessity of oxygen for char
burnout. For air thus follows that αcb ≈ 5.72 and Zchar,max ≈ 0.149.

with the mass ratio of consumed oxidant mox,cb per converted carbon mC,cb defined by

αcb =
mox,cb
mC,cb

=
Mox

2XO2
MC

. (2.119)

The ratio αcb is based on the full consumption of oxygen in the oxidizer for char burnout

C + 0.5

⎛

⎝O2 +
Ns∑

k=1∧Mk �=O2

XMk,ox

XO2,ox
Mk

⎞

⎠

︸ ︷︷ ︸
oxidizer

→ CO +
Ns∑

k=1∧Mk �=O2

XMk,ox

XO2,ox
Mk

︸ ︷︷ ︸
char gas

, (2.120)

where Mk denotes the chemical symbol for the species subscript k. The modified mixture
fraction Z∗ occupies the whole [0, 1] domain.

The concept of using pure gaseous flamelet look-up tables for two phase flows was originally
introduced by Franzelli et al. [66] for spray flames. This concept is adapted in this work for
coal flames. The flamelet look-up tables are now produced according to the procedures
discussed in the previous sections, employing Z∗ as the mixture fraction Z. The definition of
the oxidizer does not change. The mass fractions Yk,fuel for the fuel are obtained with

Yk,fuel =
Y Yk,vol + (1 + αcb) (1 − Y ) Yk,char

Y + (1 + αcb) (1 − Y )
, (2.121)

where Yk,vol is the volatile composition and Yk,char is the char gas composition and depends
on the applied oxidizer. The char gas composition is defined similarly to [7, 40]

Yk,char =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0, for k = O2

MCO

(
1+

XCO,ox
2XO2,ox

)

MC(1+αcb)
, for k = CO

MkXk,ox

2XO2,oxMC(1+αcb)
, else

(2.122)

30



physical model formulations

and were derived from Eq. (2.120). The temperature for the fuel is set to the particle tem-
perature Tp at the inlet.
In order to assess the applicability of the tables, the a priori and the a posteriori analysis

are introduced in the following.

A priori analysis

The scope of the a priori analysis is to work out the stand-alone error of retrieving the thermo-
chemical state ϕ using the table parameters from the FTC results directly in the workflow
introduced in Section 2.3.3. The thermo-chemical state ϕFLUT

(
ZFTC ,Y FTC

C , etc.
)
can be

directly compared to the corresponding state ϕFTC of the FTC solution. The procedure is
outlined in Figure 2.17. This method allows to evaluation of whether a FLUT can correctly

Figure 2.17.: Sketch of the a priori analysis for FLUTs.

reproduce the results, assuming that the flow behaviour is identical, instead of performing a
fully coupled FPV simulation.

A posteriori analysis

In an a posteriori analysis a fully coupled simulation is performed using the thermo-chemical
state ϕ obtained from a FLUT for the FPV model. For a converged FPV solution the state
ϕFPV is then directly compared to the corresponding state ϕFTC of the FTC simulation
(Fig. 2.18). This analysis allows the cumulated error for the applied FLUT to be quantified
at the tested conditions.
Usually the cumulated error of an a posteriori analysis is expected to be greater than the

stand-alone error of an a priori analysis.

2.3.7 Flamelet tabulation for turbulent coal flames

Like Section 2.3.4 this is just brief glance at how to enhance flamelet modeling for turbulent
coal flames. A LES has to provide filtered mixture fractions Z̃vol, Z̃vol, the filtered progress
variable Ỹc, filtered enthalpy h̃g and subgrid variance of the sum of the mixture fractions
Z̃ ′′2sum.
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Figure 2.18.: Sketch of the a posteriori analysis for FLUTs.

The laminar state has to be filtered to obtain the filtered state

ϕ̃ =
∫ ∫

ϕ (Y ,Z∗,C,H) P̃ (Y ,Z∗,C,H) dY dZ∗dCdH . (2.123)

Assuming statistical independence allows the joint PDF P̃ (Y ,Z∗,C,H) to be separated into
three PDFs

P̃ (Y ,Z∗,C,H) = P̃ (Y ,Z∗)P̃ (C)P̃ (H) . (2.124)

Filtering (Eq. (2.123)) is performed by applying a two-dimensional presumed β-PDF for
P (Y ,Z∗) and a δ-PDF for P (C) and P (H). The two-dimensional β-distribution for Zvol and
Zchar is given as [94]

P̃ ∗(Zvol,Zchar) =
Γ(β1 + β2 + β3)

Γ(β1)Γ(β2)Γ(β3)
Zβ1−1

vol (Zchar)
β2−1(1−Zvol −Zchar)

β3−1 , (2.125)

where

β1 = Z̃vol

[1− S
Q
− 1

]
, (2.126)

β2 = Z̃char

[1− S
Q
− 1

]
, (2.127)

β3 =
(
1− Z̃vol − Z̃char

) [1− S
Q
− 1

]
(2.128)

and

1− S
Q

=
Z̃i − Z̃2

i

Z̃ ′′2i

∀ i ∈ {vol, char, sum} . (2.129)
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Based on the mapping from (Zvol,Zchar)-space into (Y ,Z∗)-space, the joint-pdf P̃ (Y ,Z∗)
reads [92]

P̃ (Y ,Z∗) = 1
J (Zvol,Zchar)

P ∗ (Zvol,Zchar) (2.130)

where J (Zvol,Zchar) is the determinant of the Jacobian for the mapping

J (Zvol,Zchar) = det


∂Z∗

∂Zvol

∂Z∗

∂Zchar

∂Y

∂Zvol

∂Y

∂Zchar

 = det


1 1 + αcb

Zchar
Z2

sum
− Zvol
Z2

sum

 = − Z∗

Z2
sum

. (2.131)

Filtering can be performed in advance and the filtered quantities can be stored in FLUTs.
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RESULTS

In this section the complexity of coal modeling is increased in following steps:

1. a purely numerical study of strained counterflow flames without char combustion (Sec. 3.1),

2. a strained stagnation flow flame with almost no char burnout (Sec. 3.2),

3. a modified stagnation flow flame with detectable char conversion (Sec. 3.3).

For the strained counterflow flame of devolatilizing coal particles, the principal applicability of
the FPV approach for coal flames is shown. Further, the necessity of including non-adiabatic
solutions in the tables is discussed with the help of an a priori analysis.
A flame structure analysis is performed to identify the corresponding flame type and to

discover which FLUT type is the most promising for which of the flames considered. After-
wards an a posteriori analysis will show the cumulated error of the selected FLUT in each
case.
The validity of the proposed look-up tables for pulverized coal flame modeling including

char oxidation will be given in Section 3.2, in addition to section 3.1.
The available experimental data for the strained stagnation flames in Section 3.2 are uti-

lized to validate the FTC simulations for pure gaseous simulations as well as for simulation
including coal modeling.
Finally, a parametric study on coal loading and inlet velocity is conducted to demonstrate

the applicability of the FPV approach using a posteriori analysis.

3.1 counterflow flames

The purpose of this section is to investigate strained counterflow flames with pulverized coal
flames as outlined in Figure 2.2a in order to show the applicability of the proposed tabulation
strategy. The discussion on this type of flames follows and extends the discussion of Messig
et al. [8]. In this purely numerical setup, highly volatile bituminous Pittsburgh coal is fed
at the upper nozzle with preheated air. The temperatures of the coal and air are set to
700K in order to create favorable conditions for starting the thermal conversion of the raw
coal. This study uses a mono-disperse distribution of the particles with an initial diameter
of 100 µm and an initial apparent density of 1000 kg

m3 . The ultimate and proximate analyses
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Table 3.1.: Proximate and ultimate analysis of Pittsburgh coal as received.

Proximate analysis Ultimate analysis

Volatile matter 35.89 C 75.23
Fixed carbon 56.46 H 5.16
Moisture 0.47 O 9.83
Ash 6.95 N 1.43
HHV 30.94 MJ

kg S 2.00

of the coal, which is introduced are the same as in [46, 77] and reported in Table 3.1. The
SFOR parameters and the volatile composition are listed in Table 3.2. Here, the CPD model
[1] was used to obtain the parameters from the fitting procedure which were described in
[5]. Similar results were obtained considering the models FG-DVC [2] and FLASHCHAIN
[3], respectively. The heating value of the coal as received is also reported in Table 3.1, while

Table 3.2.: Parameters of the SFOR devolatilization model and volatile composition for the
Pittsburgh coal fitted according to [5].

SFOR model

A 72.0549× 103 1
s

E 54.285 kJ
mol K

yvol 0.54
Volatile composition (% mass)

CH4 0.547%
C6H6 22.433%
C2H4 37.044%
CO 37.696%
H2 0.236%
N2 2.044%

the value for the volatile matter is calculated from the enthalpy of formations of the species,
reported in Table 3.2. Based on Eq. 2.14, the heat of pyrolysis ∆hpyr(Tref) is calculated
as 0.269 MJ

kg . The stoichiometric mixture fraction for the reaction of the prescribed volatile
composition with air is then given by Zst = 0.096. A swelling factor of Sw = 1.05 is applied
to all simulations.
The lower nozzle is fed with secondary pre-heated air at same temperature as the primary

air. The distance between the two nozzles is fixed at 0.02m. In order to establish different
flame regimes, the initial coal-to-oxidizer ratio αin and the inlet velocity vin are varied. The
selected values are reported in Table 3.3. The second case is the reference case, the first
case then shows the effect of reduced loading and the third case that of increasing the inlet
velocity.

For the cases considered, a reduced version of the CRECK kinetic mechanism [95] is used,
which contains 52 species and 452 reactions. This mechanism was developed by applying the
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Table 3.3.: Input conditions for the reference cases.

Name αin vin in m
s

case 1 0.2 0.3
case 2 0.5 0.3
case 3 0.5 0.7

automatic reduction techniques described in [96] to predict the ignition of single coal particles
[97]. For the species diffusion the Le = 1 approach, is used in this section.
Char oxidation is much slower compared to the devolatilization of coal particles and requires

the presence of oxygen. Due to the relatively low residence time and the consumption of
oxygen during volatiles combustion, char oxidation is negligible for these counterflow flames.
Therefore, throughout this section char burnout is not considered, so the mixture fraction Z
and the mixture fraction for volatiles Zvol are used synonymously.

3.1.1 Flame structure analysis in strained counterflow coal flames

A flame structure analysis is performed in order to determine the burning mode of the con-
figuration in order to suggest the appropriate tabulation strategy. The results of the FTC
simulations for the reference cases are reported in Fig. 3.1 showing several profiles of solid
and gas phases properties in physical space. In all the plots, the position of the stagnation
plane (vg = 0) is marked by the vertical dashed lines, while the horizontal lines in the third
row denote the stoichiometric mixture fraction (Zst = 0.096). All cases show a slow release
of volatiles directly after injection. As soon as an ignitable mixture is reached, the gas tem-
perature rises because of chemical reactions. Due to the convective heat transfer the particle
temperature also increases, accompanied by an acceleration of the devolatilization process.
While the particles are heating up, the local coal-to-oxidizer ratio α increases in all the cases,
caused by the higher inertia of the coal. With the increased mass transfer by devolatilization
from the particles to the gas phase α decreases. Finally, the ratio increases again because
of the inertia near the stagnation plane. Apart from the last case, the volatiles are released
completely.
The mixture fraction profile in the first case reaches values slightly above stoichiometry. In

the other cases, significantly higher values of mixture fractions are obtained, which leads to
different flame structures. The first case just shows one temperature peak, while the other
cases have two peaks with a temperature decrease for high values of Zvol.
Similar results are found for the product species CO2 and H2O. Typically of near - stoi-

chiometric flames such as the first case typically, one peak of H2O and nearly one of CO2 are
observed in the flame. In the region above stoichiometry, a small peak of CO compared to
CO2 is also found. The other fuel-rich cases exhibit two peaks of CO2 and H2O, while CO
reaches values higher than CO2 in the centre of the configuration. Oxygen is also completely
consumed for the second and third cases.
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To gain insights into the flame structure two flame markers are investigated: the heat
release rate and the chemical explosive mode. First, positive peaks in the heat release rate
ω̇T (see Eq. (A.39)) can identify the existence of a reaction zone [98, 99]. Then, the flame type
can be determined using Chemical Explosive Mode Analysis (CEMA) [100, 101]. CEMA is
based on an evaluation of the largest non-conservative eigenvalues λe of the chemical Jacobian
Jc

(Jc)i,j =



∂ω̇i
∂Yj

, for i, j ∈ {1, . . . ,Ns}
∂ω̇i
∂T , for i ∈ {1, . . . ,Ns} and j = Ns + 1
∂ω̇T
∂Yj

, for j ∈ {1, . . . ,Ns} and i = Ns + 1
∂ω̇T
∂T , for i = Ns + 1 and j = Ns + 1

. (3.1)

The mixture is chemically explosive if the real part of λe (Re (λe)) is positive, otherwise it is
chemically non-explosive [100]. A premixed flame is identified by the zero-crossing of Re (λe),
which represents the transition from the chemically explosive state of the reactants to the
chemically non-explosive state for the products. On the other hand, a diffusion flame can
be identified by positive peaks of ω̇T close to the stoichiometric conditions with the chemical
non-explosive mode Re (λe) < 0.
For visualisation purposes the chemical mode γe proposed by Shan et al. [101] is used

γe = sign(Re(λe)) · log10 (1 + |Re(λe)|) , (3.2)

where “sign” is the sign function. The heat release rate ω̇T and the chemical mode γe are
reported in the last row of Fig. 3.1. The zero-crossing of γe combined with the first ω̇T peak
indicates a lean premixed flame in all cases. The connected temperature increase supports
the release of further volatiles and vice versa. Therefore a non-premixed flame, identified by
the second ω̇T peak at stoichiometric conditions with negative γe, can be established near
the first premixed flame. Due to the availability of more volatiles in the cases with higher
particle loadings, a fuel-rich mixture is produced towards the centre of configuration. Near
the stagnation plane, this mixture comes into contact with the secondary air and establishes
a second non-premixed flame.
In conclusion, the cases depict complex flame structures with combinations of premixed

and non-premixed reaction zones, which is challenging when it comes to applying a suitable
tabulation strategy. Therefore, the next section evaluates the suitability of a PFLUT and a
DFLUT according to the a priori analysis described in Section 2.3.6.
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Figure 3.1.: The flame structure analysis of the strained coal counterflow flames for the cases
listed in Table 3.3. The vertical dashed lines mark the stagnation planes. The
horizontal dashed lines in the third row indicate the stoichiometric mixture (Zst =
0.096). The horizontal dashed lines in the last row show γe = 0 and the marked
points indicate the zero-crossing of γe.
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3.1.2 A priori analysis of flamelet look-up tables

This section addresses the a priori analysis for the three counterflow coal cases listed in
Table 3.3. The results for the temperature and selected species of the a priori analysis for
both tables (PFLUT and DFLUT) are reported in Figure 3.2. The thermo-chemical state
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Figure 3.2.: The a priori analysis of a DFLUT (circles) and a PFLUT (squares) for all the
three cases (Tables 3.3). FTC results (solid lines) are used as reference solutions.
The vertical dashed lines mark the stagnation planes. The horizontal dashed
lines in the first row indicate the stoichiometric mixture fraction (Zst = 0.096).

obtained from a DFLUT agrees very well with the thermo-chemical state of the FTC solution
in all cases. The PFLUT approach works sufficiently well for the first case, but shows large
differences in temperature and the species CO and CO2 for cases with higher particle loading
in the fuel-rich region compared to the corresponding FTC results. According to the previous
flame structure analysis (Section 3.1.1) this is the region between the two non-premixed
flames, which cannot be captured in tables based on premixed flames.

3.1.3 Influence of different enthalpy levels in the flamelet look-up table

As shown in Section 2.3.5, it is possible to include enthalpy losses in flamelet look-up tables.
The question arises of whether it is necessary to account for the enthalpy defect in the tables
for coal-loaded flames.

The large influence of the heat transfer between the particles and gas phase is visualised in
the first row of Figure 3.3. The dashed lines show pure mixing of air and volatiles, where solid
lines are the calculated total enthalpies. The enthalpy defect increases as the strain rises. A
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Figure 3.3.: A priori analysis using a DFLUT. Circles (H ) show the results for a table
with multiple levels of enthalpy. Squares (No corr.) and triangles (T corr.)
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respectively. The vertical dashed lines mark the stagnation plane.

common way to account for heat losses in purely gaseous simulations is to correct only the
gas temperature [8, 102]

T corr
g = T FLUT

g (Z, C) +
hFTC

g − hFLUT
g (Z, C)

cFLUT
p (Z, C)

(3.3)

and update all temperature-dependent mixture properties. The last two rows of Figure 3.3
show the a priori analyses for a DFLUT accounting for the enthalpy defect (indicated by
circles) and an adiabatic DFLUT with and without temperature correction according to
Eq. (3.3) (indicated by triangles and squares, respectively). As expected, an overestimation
of the temperature (up to 300 K) in the flame zone is observed when the enthalpy effects
(squares) are ignored. Similarly to previous findings for the total enthalpy, the deviations
in temperature is more evident with higher strain and particle loading. By performing a
temperature correction (triangles) the opposite trend is obtained, although the deviations
are less significant with respect to the non-corrected temperature profiles. The results of the
a priori analysis for the species are shown in last row. As for the temperature, significant
differences can be seen in regions of high enthalpy defect. Especially the overestimation of
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CO in connection with the underestimation of CO2 could be related to the dissociation of
CO2 for higher temperatures. However, to recapitulate the findings from Section 3.1.2, very
good agreement is obtained for DFLUT accounting for enthalpy losses.
In conclusion, non-adiabatic look-up tables are necessary to correctly describe the progress

of the thermo-chemical state in the coal flames considered here.

3.1.4 The a posteriori analysis for a non-adiabatic DFLUT

Based on the results of the a priori analysis (Section 3.1.2), only the reasonable results of
the FPV with the non-adiabatic DFLUT are considered for the a posteriori analysis (see
Sec. 2.3.6). The results for the transported variables Zvol and YC is visualised in the first row
of Figure 3.2 for all three cases. The general trend of this parameters is reproduced very well
by the FPV-method compared to the FTC solution. The slight over-prediction of PV near the
coal inlet is caused by differences in the PV source term ω̇c due to the interpolation between
the quenched and the first burning solution in the non-premixed table. In addition, the flame
analysis (Section 3.1.1) shows a lean premixed flame structure in this zone which cannot be
captured perfectly with non-premixed flames. In all other parts of the domain only minor
differences can be observed. The a posteriori analysis also compares relatively well in terms of
the temperature, species and progress variable source term. The small deviations are directly
linked to differences for PV. In conclusion, the FPV model with the non-premixed table is
able to predict strained counterflow coal flames and the chemical state is a very sensitive with
respect to the PV.
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3.1.5 Intermediate summary for counterflow flames

The major findings of section 3.1 for the strained counterflow coal flames considered here can
be summarized as follows:

• The flame structure analysis indicates that there is a weak lean premixed flame near
the coal inlet, followed by a non-premixed flame caused by the volatiles mixing with the
primary air. A second non-premixed reaction zone is established near the stagnation
plane for higher coal loadings.

• The applicability of a DFLUT for the cases considered here is proven using the a priori
analysis. The results of this analysis agree very well with the FTC simulations. The
predictions of the PFLUT depict a rather poor agreement in the fuel-rich region.

• The a priori analysis further shows the need to include non-adiabatic flames in tables
for coal flames, especially for predicting the species profiles. The temperature correction
approach is found not to be sufficient here.

• And finally the a posteriori analysis confirms that the FPV model with the non-
premixed look-up table is able reproduce complex flame structures with up to three
reaction zones in these coal flames.

Despite the good results obtained for the a priori and the a posteriori analysis of the cases
considered here, future investigations are required to evaluate the influence of char oxidation.

3.2 stagnation flow flames reported by Xia et al. [9]

This section examines the strained stagnation flow flame configuration originally reported by
Xia et al. [9] in order to validate the FTC-method. Photographs of the experiments are given
in Figure 3.5. For the purely gaseous flame in Fig. 3.5a a typical blue flame for methane is

(a) Methane-air case. (b) Coal-methane-air.

Figure 3.5.: Direct views on the investigated flames [16].

visible, whereas a yellow/orange flame is observed for the coal-loaded case on the right. This
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yellow/orange flame is typical of coal-loaded flames due to particle radiation. A sketch of the
setup with coal was already presented in Figure 2.2b on page 13.
A lean premixed methane-air stream (equivalence ratio φ = 0.82) is injected at ambient

pressure with or without coal particle loading. The stream then impacts on an isothermal
wall at 600K. The initial temperatures for gaseous phase is 310K and initial the coal particle
temperature is assumed to be the same [9]. The distance between the nozzle and the wall is
10mm. The coal particles are injected at a gas flow velocity of 1.6 m

s .
Xia et al. [9] reported experimental normalized species profiles for OH, CH· and C2· radicals.

They used planar laser-induced fluorescence (PLIF) for the OH radicals and imaging of CH·,
C2· spontaneous emissions to identify the flame structure. For more details on the diagnostic
techniques used, please refer to [9].
In the following Section the purely methane-air flame is investigated to validate the de-

veloped code for gaseous flames. In Section 3.2.2 the sensitivity of parameters for the coal
modeling on the results is discussed.

3.2.1 Methane-air flame

This section introduces the sensitivity of the gas phase modeling to the mechanism used,
as well as the diffusion modeling approach considered. Afterwards, the flame structure is
analysed and finally an a posteriori analysis of this setup is performed to show, that the
classical FPV-method works for this gaseous flames.
The first mechanism used is the same as in Section 3.1 and will be called “CRECK-based”

in the following. To be able to compare the numerical results against all measured species
profiles, the same mechanism is applied as in [9], where is named Xia-Mech. Finally, the
well-known and established methane mechanism GRI-3.0 [103] is also investigated in order
to evaluate the performance of the other two mechanisms. Important to note, that the GRI
3.0 cannot be used for the coal calculation due to the higher hydrocarbons contained in the
volatiles. The number of species and number of reactions for the mechanisms investigated
are given in Table 3.4 . The three mechanisms show almost identical results and are in very

Table 3.4.: Details on mechanisms used to validate FTC model for methane-air stagnation
flame.

mechanism name # species # reactions

CRECK-based [97] 52 452
Xia-Mech [9] 131 916
GRI 3.0 [103] 53 325

good agreement in terms of predicting the OH peak compared to the non-coal experiments
as reported in Figure 3.6. However, GRI-3.0 captures the flame front the best, Xia-Mech
performs best for the peak value position and finally the CRECK-based mechanism is slightly
off compared with the others. The deviations near the wall and before the flame front are
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Figure 3.6.: Comparison of profiles in physical space for the mechanisms listed in Table 3.4:
left plot: temperature, right plot: normalized OH mole fraction profiles compared
to experiments [9].

also present in the numerical results by Xia et al. [9]. The temperature profiles for Xia-Mech
and GRI-3.0 are almost identical, while the CRECK-based mechanism is shifted towards the
inlet and shows higher temperatures compared to the others.

In contrast, the impact of diffusion modeling in the results is much higher, as visualised
in Figure 3.7. The prediction of the flame front for the temperature is shifted towards the

6 7 8 9 10

x in mm

500

1000

1500

T
em

p
er
at
ur
e
in
K

6 7 8 9 10

x in mm

0.00

0.25

0.50

0.75

1.00

no
rm

al
iz
ed

X
O
H mixture-average

Le=1

exp. w/o coal

Figure 3.7.: Comparison of profiles for different diffusion modeling approaches using GRI-3.0
mechanism: left plot: temperature, right plot: normalized OH mole fraction
profiles compared to experiments [9].

wall for the Le = 1 approach compared to the mixture-average approach. The prediction of
the OH peak position are almost the same, while the OH profile for the Le = 1 approach is
narrower and enclosed by the mixture-average profile.

Validation for the methane-air stagnation flow flame

As above stated, the GRI-3.0 and CRECK-based mechanisms do not contain the measured
radicals CH· and C2·. Therefore the validation for these radicals is only performed for Xia-
Mech. The numerical result for the measured radicals show contrary trends compared to the
experimental profiles (see Fig. 3.8). While the numerical prediction the for CH· radical a slight
shift towards the wall, the comparison for the C2· radical exhibits a shift towards the nozzle.
In general, the predictions show a narrower profile compared to the experiments, which could
be related to the high noise-to-signal ratio [10]. However, these findings are consistent with the
numerical profiles reported in [9]. It is important to note that there are relatively small maxi-
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Figure 3.8.: Comparison of normalized CH· (left) and C2· (right) mole fraction profiles be-
tween numerical and experimental results using Xia-Mech mechanism.

mum values for the calculated radicals
(
max (XCH·) = 1.33 × 10−11, max

(
XC2·

)
= 1.19 × 10−10

)
,

which are in the same range as the specified tolerances in the simulations.
In conclusion, the modeling of the gaseous phase is able to predict the flame front and

general trends of the experiments.

Flame structure analysis for the methane-air stagnation flow flame

Similarly to Section 3.1.1 a flame structure analysis is performed for the methane-air stagna-
tion flame. For the pure premixed gaseous setup, one single premixed flame is expected. This
anticipation is shown with results in Fig. 3.9, where the chemical mode γe and the HRR are
displayed in the lower right plot. Both the peak of HRR and the zero-crossing of the chemical
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Figure 3.9.: The flame structure analysis of the strained methane-air stagnation flow for Xia-
Mech.

mode are aligned at same position, identifying a premixed flame front.
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The locally calculated equivalence ratio φlocal (upper right plot) and available oxygen (lower
left plot) illustrate the lean character of the premixed flame. The fluctuations in the ratio
is due to the mixture-average diffusion. The volatile mixture fraction Zvol (upper right plot)
stays at zero over the whole domain, because no coal is introduced in this setup.

In the upper left plot of Fig. 3.9 the almost aligned temperature and progress variable
profiles in the ignition zone again demonstrate a purely premixed flame front.

Based on the flame structure analysis, an a posteriori analysis is applied for a PFLUT for
this case without coal loading.

The a posteriori analysis for the methane-air stagnation flow flame

The a posteriori analysis results in Fig. 3.10 for the temperature and OH depict a slight shift
in the profiles towards the nozzle. This is a well-known issue when using tables based on
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Figure 3.10.: The a posteriori analysis for the strained methane-air stagnation flow for
mixture-averaged diffusion modeling and CRECK-based mechanism.

premixed flames with mixture-average diffusion modeling. Additionally, a big deviation can
be observed near the wall for the normalized XOH profile in the right plot. Due to the cooled
wall, a huge enthalpy defect is introduced, which is greater than the included ones in the table.
Therefore, the temperature has to be adjusted according to Eq. (3.3), otherwise a maximum
error of 1000 K would occur near the wall when comparing the corrected and uncorrected
temperatures of the FPV model in the left plot. No correction is known for species, therefore
the deviations in the species profile start exactly at the point where a temperature correction
needs to be applied.

In order to verify the general procedure, the Le = 1 approach is additionally applied for the
a posteriori analysis. As a result, no shift in the profiles can be observed in Fig. 3.11, which
is again consistent with the literature [36]. The deviation in the species profile on the right
is again due to a huge enthalpy effect as discussed above for the mixture-average approach.

In conclusion, the non-adiabatic FPV approach is able to reproduce the FTC results for a
methane-air stagnation flow flame well, as long as the enthalpy level is valid for table. The
correction of the temperature has to be applied in this configuration, otherwise an error in
temperature of 1000 K will occur for the PFLUT considered.
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Figure 3.11.: The a posteriori analysis for the strained methane-air stagnation flow for Le=1
diffusion modeling and CRECK-based mechanism.

3.2.2 Coal-methane-air flame

In the following, the missing coal parameters are described, which are necessary to perform
the calculations considering coal in the configuration. A flame structure analysis and an a pos-
teriori analysis are performed for the default parameters. Afterwards, the results’ sensitivity
to the selected parameters is discussed.

A grounded high volatile lignite called Heizprofi (HP) is used in the experiments and the
corresponding ultimate and proximate analyses are given in Table 3.5 [9]. The parameters

Table 3.5.: Proximate and ultimate analysis of Heizprofi (HP) lignite [9].

Proximate analysis Ultimate analysis
Volatile matter 50.6 C 69.0
Fixed carbon 45.1 H 5.0
Moisture 19.0 O 24.7
Ash 4.3 N 0.8

S 0.5

for the SFOR model and volatile composition in Table 3.6 are obtained using the calibrating
procedure with the CPD model as discussed by Vascellari et al. [5]. The reported Sauter
mean diameter (SMD) is 15 μm and an emissivity of ε = 0.85 is used.

By assuming that the particles are spherical, the coal-to-oxidizer ratio α can be calculated
from the number density np, particle density ρp, particle diameter dp and gas density ρg:

Vp =
1
6

πd3
p , (3.4)

α = npVp
ρp

ρg
. (3.5)

For the recorded values [9] the coal-to-oxidizer ratio α has a value of 0.0666 kgcoal
kgair

.
The reference case is performed using the Xia-Mech mechanism and a mono-disperse distri-

bution with an initial diameter equal to the reported SMD. The comparison of the cases with
and without coal is shown in 3.12 for the temperature and normalized XOH profile. The igni-
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Table 3.6.: Parameters of the SFOR devolatilization model and volatile composition for
Heizprofi (HP) lignite.

SFOR model
A 236.012 × 103 1

s
E 47.0827 kJ

mol K
yvol 0.67

Volatile composition (% mass)
CO2 45.796%
CO 6.477%
H2 4.213%
C6H6 42.316%
N2 1.198%
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Figure 3.12.: Influence of introducing coal on the position of the flame front in the coal-
methane-air stagnation flow flame using MA-diffusion approach and the Xia-
Mech mechanism. Left plot: temperature profiles, right plot: normalized XOH
profiles.

tion zone of the coal flame is shifted towards the nozzle, due to the additionally available fuel
from the coal compared to the purely gaseous configuration. The slope of the temperature
profiles in the ignition zone is not affected. The temperature profiles near the wall are almost
similar, so cooling by the wall is dominant in this region. An increase in the temperature
peak is also visible when coal particles are introduced.

As well as the XOH profile shifting, it also becomes more narrow compared to the gaseous
configuration. This is an indication, that the volatiles are released in a very small region in
the reference case.

Flame structure analysis for the coal-methane-air stagnation flow flame

The results of the flame structure analysis for the reference case are displayed in Fig. 3.13.
The profiles for the gaseous and particle temperature, as well as the PV are shown in the
upper left plot. The ignition of the gaseous phase promotes the release of volatiles and the rise
in the particle temperature. Near the wall, the cooling of the isothermal wall is dominant, as
a consequence of which the temperatures are almost identical. The progress variable Yc rises
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Figure 3.13.: Flame structure analysis for the coal-methane-air case investigated by Xia et al.
[9]. Upper left: temperature of gaseous phase and dispersed phase as well as
the PV, upper right: flamelet parameters Zvol, Zvol,Y and the local equivalence
ratio φlocal, lower left: major species profiles, lower right: flame markers γe and
ω̇T .

immediately near the ignition zone and stays almost constant afterwards, which is similar to
the purely gaseous setup.

When coal is introduced to methane-air flame, the equivalence ratio φlocal (upper right plot)
becomes greater than one, so the flame characteristic changes from lean to fuel-rich. This
finding is supported by oxygen vanishing near the wall (lower left plot). The upper right plot
of Fig. 3.13 also indicates the importance of pyrolysis modeling in this setup, because the
value of Y is almost identically one, and consequently Zchar remains zero, therefore no char
oxidation occurs in this setup.

The flame markers - the chemical mode γe and the HRR ω̇T - in the lower right corner
indicate that there is just one premixed flame, similarly to the purely gaseous setup. The
only peak of HRR and the zero-crossing of the chemical mode are both aligned at the same
position, illustrating that there is a premixed flame front.

As with to the pure gaseous setup discussed before, the a posteriori analysis is performed
for a PFLUT. The result of this analysis is described in the following section.

The a posteriori analysis for the coal-methane-air stagnation flow flame

The results of the a posteriori analysis for the reference case are shown in Figure 3.14.
Similarly to the discussion for the pure gaseous calculation a little shift in the ignition zone
is observed for the temperature (lower left plot) and XOH (lower right plot) profiles. The
maximum temperature for the FPV solution is lower compared to the FTC solution, which
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Figure 3.14.: The a posteriori analysis with a PFLUT for the reference case. Upper left:
flamelet parameters Zvol, Zvol, Yc, upper right: total enthalpy hg, lower left:
temperature, right: normalized XOH profiles.

was not visible for the methane-air flame. However, the general trend is well reproduced if a
temperature correction is considered.

The peak position of the XOH profile is captured well by the FPV calculation, while the
profile is wider towards the wall. The deviations for the OH occur exact in the same region,
where temperature is underestimated.

The same shift is also observable for the control variables Zvol, Yc and hg (first row).
The trends of total enthalpy hg profiles (upper right plot) are inline with the findings for the
temperatures as expected. The regions with deviations in PV are aligned with the occurrence
of the deviations for the temperature profile. Based one these findings it is assumed that
discrepancies are mostly connected to the definition of the PV and the corresponding source
term, which is tabulated in the applied PFLUT.

Comparison with experiments

The comparison of all experimental profiles for OH, C2· and CH· in Fig. 3.15 indicates that
there is a mismatch in the prediction of the peak positions prediction of OH (upper right) and
CH· (lower left). While the numerical XOH profile is shifted towards the nozzle compared
to experiments, the numerical XCH· profile is shifted towards the wall. Additionally, the
contrary trends of the peak predictions for the CH· and C2· profiles are consistent with the
discussion on Fig. 3.8.

In conclusion, with the current coal parameters the wideness and the general trend of the
experimental profiles cannot be reproduced. Therefore, the results’ sensitivity to changes in
the numerical setup will be investigated in the following.
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Figure 3.15.: Comparison of coal-methane-air stagnation flow with experiments including coal
[9].

Influence of mechanism

Including higher hydrocarbons like tar (here simplified as C6H6) the GRI-3.0 mechanism
cannot be used any more for the coal cases. The results for mechanisms study are available in
Fig. 3.16 for the CRECK-based mechanism and the Xia-Mech mechanism. From pure gaseous
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Figure 3.16.: Comparison of profiles for two mechanisms, left plot: temperature, right plot:
normalized OH mole fraction profiles compared to experiments [9].

simulations almost no influence could be observed for the mechanisms used. This changes with
the injection of coal particles. The ignition position of the flame for CRECK-based simulation
is shifted even further away from the wall compared to the shift between experiments and
the results for the Xia-Mech mechanism. Maybe this originates in the reduction process from
the CRECK mechanism [95] to the CRECK-based mechanism discussed by Tufano et al. [97],
which was performed for other operating conditions.

Influence of particle size distribution

In all other calculations up to now, a mono-disperse distribution of coal particles with a
diameter of 15 μm has been used, as suggested by Xia et al. [9]. However, in practical
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applications a particle size distribution is observed for grounded coal. Therefore, this study
will use the Rosin-Rammler-Sperling-Bennett (RRSB) distribution in its original formulation
[104]

RRSB − PDF (dp) = 1 − exp
((

− dp

dp,0

)n)
(3.6)

to investigate the influence of the particle size distribution on the results. The value of this
probability density function (PDF) for a diameter dp describes the probability of finding
particles with that diameter or smaller values. An approximation of this distribution for a
fixed spread parameter n = 5 was obtained by optimizing dp0 for nine particle classes in
order to achieve a Sauter Mean Diameter (SMD) of 15 μm reported in the experiments [9].
The corresponding mass fractions for the particle classes is given in Table 3.7 for n = 5 and
dp,0 = 14.895. For a visual impression, Fig. 3.17 illustrates the distribution (left) and the

Table 3.7.: Mass fractions of the particle size distribution based on RRSB.

dp in μm 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Mass fraction 0.0001 0.0031 0.0253 0.1100 0.2719 0.3521 0.1987 0.0372 0.0016

mass fraction (right) of the selected particle classes. For the given parameters, the probability
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Figure 3.17.: The RRSB distribution. Left: RRSB-PDF as in Eq. (3.6) and the corresponding
approximation, right: mass fractions of particle classes as in Table 3.7.

of finding particles with a diameter greater than 17.5 μm is below 20%. The distribution of
the mass fractions is skewed to the left, meaning that the mass of the distribution is more
concentrated on the right-hand side of the figure.

The calculated SMD of this distribution is 16.21 μm and therefore comparable to the mea-
sured value [9].

The results of this study is shown in Figure 3.18. The overall behaviour of the simulations
does not change significantly, as shown for the gas temperature and normalized XOH profiles.
In conclusion, the assumption of using a mono-disperse distribution is valid in this flame
configuration; only minor deviations occur in the region where OH is consumed after the
ignition zone. It is important to note that the influence of the spread parameter n and the
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Figure 3.18.: Comparison of mono-disperse distribution and the RRSB distribution. Left:
temperature, right: mole fraction of OH.

influence of number of particle classes was not investigated here, because no information on
the particle size distribution were given for the experiments.

The poly-disperse simulation provides some insights into the particle behaviour for different
particle diameters. The particle temperatures of five selected particle classes are visualised
in the left-hand side of Fig. 3.19. It is interesting to note that the mono-disperse particle
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Figure 3.19.: Comparison of mono-disperse distribution and the RRSB distribution. Left:
Particle temperatures, right: mixture fractions and φlocal.

temperature shows a similar trend compared to the corresponding particle size class of the
poly-disperse simulation. The fact that bigger particles need more time to heat-up than
smaller ones is not surprising at all.

The greatest deviation can be observed for the locally calculated equivalence ratio φlocal.
Based on that ratio, the RRSB case releases more fuel. This is to due the fact that small
particles were able to use the available oxygen for char combustion. Overall, however, there
is still not sufficient char burnout, due to the lack of oxygen for the majority of the particles.
However, for the other reported quantities, the mixture fractions Zvol, Zchar and the ratio Y ,
there are just minor changes in Zvol,

Influence of coal type / SFOR parameters

The flame structure analysis showed that pyrolysis plays an important role. In a first step
a comparison is made between the HP coal and South Beulah (SB) lignite. Afterwards, the
SFOR parameters were optimized in order to match the experimental data [9].
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The ultimate and proximate analyses for the SB is given in Table 3.8 and are comparable
to corresponding values for the HP coal. The SB coal contains more ash and less volatiles
compared to HP based on proximate analysis. The SB coal was investigated numerically by

Table 3.8.: Proximate and ultimate analysis of South Beulah (SB) lignite [9].

Proximate analysis Ultimate analysis
Volatile matter 38.6 C 71.8
Fixed carbon 47.7 H 4.7
Moisture 18.1 O 19.2
Ash 13.7 N 1.4

S 2.9

[9], the corresponding parameters for SFOR model and volatile composition (Tab. 3.9) were
obtained by personal communication with Xia [10]. The kinetic rates kvol = Ae(−E/RTp) for

Table 3.9.: Parameters of the SFOR devolatilization model and volatile composition for South
Beulah (SB) lignite.

SFOR model Volatile composition (% mass)
A 1.58 × 108 1

s CH4 3.4% C2H4 1.04%
E 1.28 × 102 kJ

mol K CO 17.0% C2H6 1.04%
yvol 0.6 CO2 15.0% C3H6 1.04%

H2 0.66% C3H8 0.52%
H2O 12.0% C6H6 48.3%

both coal are plotted in Arrhenius diagram Fig. 3.20. The kinetic rate for the SB coal is much
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Figure 3.20.: Arrhenius diagram for kinetic rates kvol for both coals HP and SP.

smaller for lower temperature compared to the HP rate. Therefore, a shift of the ignition
zone towards the wall is expected when the coal is changed from HP to SB.

The results for the influence of coals and their parameters are given in Fig. 3.21 for Xia-
Mech. The general trends of the temperature and the species profiles are similar, but the
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Figure 3.21.: Influence of coal types on the position of the flame front, left plot: temperature,
right plot: normalized OH mole fraction profiles compared to experiments [9].

ignition zone of the flame is shifted towards the wall when the results for the SB coal are
compared with the results for the HP coal, which is consistent with the findings on Figure 3.20.

The peak in the experimental data for the normalized XOH is exactly between the numerical
profiles. The sensitivity of the XOH peak position to the SFOR parameters is high, so this
strained stagnation flame is mainly driven by the pyrolysis process, which is also consistent
with the findings from the flame structure analysis.

The SFOR parameters were optimized using the same genetic algorithm as described in
Vascellari et al. [5]. For the objective function, the deviations between simulation and exper-
imental XOH data was used. The optimized parameters obtained are listed in Table 3.10. A

Table 3.10.: Optimized parameters of the SFOR devolatilization model and volatile composi-
tion for Heizprofi (HP) lignite.

SFOR model Volatile composition (% mass)
A 3.31 × 108 1

s CO2 8.8705%
E 9.48 × 101 kJ

mol K CO 73.3584%
yvol 0.41 H2 11.6339%

C6H6 2.6116%
N2 3.5256%

comparison of the simulations with the optimized parameters and the experimental data is
given in Fig. 3.22. The peak position of the OH profile in the upper right plot is now captured
well, but the second hump of the experimental XOH profile is still not captured. The reasons
for this could be related to the pyrolysis model used and the corresponding assumptions

• fixed volatile composition,

• tar is considered to be C6H6 only.

For the CH· profile a similar trend to the experiments can observed; however, the position
of the peak is not captured. Finally, the numerical XC2· shows a completely different trend
than the experimental profile, but there are similarities compared to the reported numerical
profiles [9].
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Figure 3.22.: Results of coal-methane-air stagnation flame with the optimized parameter com-
pared with experiments including coal [9].
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3.2.3 Intermediate summary for stagnation flow flames reported in [9]

The major findings for the strained stagnation flow flames considered can be summarized as
follows:

• The developed code was first validated for pure gaseous cases.

• The coal-loaded case reported by [9] shows almost no char burnout.

• The assumption of using only mono-dispersed distribution is valid in the flame investi-
gated here.

• The flame structure analysis indicates one premixed flame for both experimental setups.

• The cooled wall produces huge enthalpy loss in the flames which were not completely
covered by the applied PFLUT.

• The overall trend of the flames was reproduced by an a posteriori analysis.

• Numerical results show high sensitivity to the SFOR parameters; for the optimized
parameters the general trend and the peak position for species OH were reproduced.

3.3 modified stagnation flow case for enhanced char-burnout

The stagnation flow case originally investigated [9] did not show any char burnout. Different
adaptations are possible to increase char-burnout, such as

• Increasing oxygen-to-coal ratio, by increasing O2 content of the system or reduction of
coal loading,

• Increasing residence time of the particles, by decreasing vin or increasing the domain.

In order to achieve char burnout, new experiments were performed and kindly provided by
Xia [10]. They increased the distance between the nozzle and the wall from 10 to 20mm
and the inlet velocity from 1.6 to 2.6 m

s . The coal-to-oxidizer ratio αin = 0.066 was kept the
same, while a leaner methane-oxidizer mixture with φin = 0.563 was used compared to the
original value of 0.82. The oxidizer was now enriched air with an oxygen volume fraction of
30%. They again investigated a purely gaseous case and a coal-loaded case. Both cases were
used to finally validate the in-house code ULF [50] for coal-loaded flames. Measurements are
available for the radicals OH·, CH· and C2·. Furthermore, a purly numerical parametric study
was carried out to investigate the limits of the FPV approach for the gas and coal phases.
All the calculations in this section were performed with the Xia-Mech mechanism. In the
coal-loaded experiments the lignite Heizprofi was again used. For the numerical setup, the
previously obtained SFOR parameters listed in Table 3.6 are used throughout this section.
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3.3.1 Validation

For the validation process, the pure methane-air configuration is investigated first like in the
previous setup. The comparison of the experimental data with the obtained results and the
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Figure 3.23.: Comparison of numerical results and experimental data for the case of the mod-
ified methane-enriched-air stagnation flow. Upper left: temperature of the gas-
phase, upper right: normalised XOH· profiles, lower left: normalised XCH· profile
and lower right: normalised XC2·

temperature of the gaseous phase is given in Fig. 3.23. For all three radicals, the peak position
is slightly shifted towards the wall and the experimental profiles are wider than the numerical
profiles. For the latter the noise-to-signal ratio is relatively high [10]. However, the numerical
species profiles are in fairly good agreement with the experiments, which is consistent with
the findings from the previous section.

When coal is introduced into the system, the ignition zone is shifted towards the nozzle
as with the original stagnation flow setup as shown in Fig 3.24. This shift is caused by the
higher availability of fuel for the coal-loaded case. For the pure gas-phase calculation, the
ignition with respect to temperature takes place between 15 and 16 mm and in the case of
coal this is shifted by 1 mm towards the nozzle.

For the peak position for the radicals CH· (lower left) and C2· (lower right), the same
discussion holds as in Section 3.2. While the simulation predicts the peak of XCH· before the
corresponding experimental data peak, the prediction for XC2· is reversed. In contrast to the
original setup, the trends of numerical profiles for these two radicals are comparable to the
experimental trends. For CH· the numerical profile is even broader than in the experiments,
while in the previous study it was impossible to reach the breadth of the experimental data.

The numerical XOH· profile shows a completely contrary trend. The peak position is shifted
1.0 mm from the experimental prediction. The shape is also completely different compared

59



results

500

1000

1500

2000

T
em

p
er
at
ur
e
in
K ULF Tg

ULF Tp

0.010 0.012 0.014 0.016 0.018 0.020

x in m

0.00

0.25

0.50

0.75

1.00

no
rm

al
iz
ed

X
C
H
·

0.010 0.012 0.014 0.016 0.018 0.020

x in m

0.00

0.25

0.50

0.75

1.00

no
rm

al
iz
ed

X
O
H
·

ULF

exp.

0.00

0.25

0.50

0.75

1.00

no
rm

al
iz
ed

X
C
2
·

Figure 3.24.: Comparison of numerical results and experimental data for the case of the modi-
fied coal-methane-enriched-air stagnation flow case. Upper left: particle temper-
ature and temperature of the gas-phase, upper right: normalised XOH· profiles,
lower left: normalised XCH· profile and lower right: normalised XC2·

to the experiments. The experimental curve shows one smooth peak, whereas the simulation
show one spiky peak followed by two decreasing humps. The reasons for this deviations could
be due to a high noise-to-signal ratio [10]. It is more likely that the used sub-mechanism
for OH· fails to predict the experimental profile. The applied sub-mechanism was originally
developed by Panoutsos et al. [105] for methane-air flames. Alviso et al. [106] showed the
applicability of the sub-mechanism for spray-methane-air flames, the behaviour on enriched
air and other higher hydrocarbons such as C6H6 remains unclear.

However, considering the uncertainties in the experiments and the parameter sensitivity in
the simulation, the overall agreement is sufficient.

3.3.2 Parametric study

In the parametric study the coal-to-oxidizer ratio αin and the inlet velocity vin are varied in
order to obtain higher char burnout. All available simulations are a combination of the values
listed in Table 3.11, including also the validation case

(
αin = 0.066, vin = 2.6 m

s
)
.

Table 3.11.: Input parameters for the parametric study of the modified stagnation flow cases.

αin vin in m
s

0.033 1.0
0.066 2.0
0.100 2.6
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Flame structure analysis for the parametric study

Two studies will be presented in the following. First the influence of vin is investigated with
a fixed αin = 0.066 and afterwards vin = 2.0 m

s is fixed and αin is varied.

influence of inlet velocity on the flame structure Figure 3.25 illus-
trates the influence of inlet velocity on the flame structure. For all three cases the pyrolysis
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Figure 3.25.: Influence of inlet velocity on the flame structure of a coal-oxidizer stagnation
flame with fixed coal-to-oxidizer ratio αin = 0.066.

process is finished, indicated by the normalized coal content in the particles
(

mcoal
mcoal,0

)
in the

first row. Please remember that in the modeling approach considered, coal is transformed
to char and volatiles (see Eq. (2.12)), therefore in every case first a maximum value for nor-
malized char content

(
mchar
mcoal,0

)
is reached caused by the pyrolysis process. Afterwards the

content decreases due to char burnout. As expected, the case with the longest residence time
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(
vin = 1.0 m

s
)
reaches the highest level of char burnout. The local coal-to-oxidizer ratio α

slightly increases towards the ignition zone for all cases caused by the higher inertia of the
particles. As soon as the particles reach the flame the α profile drops due to the pyrolysis pro-
cess. The slight decrease in α towards the wall is caused by char burnout. In the immediate
vicinity of the wall it increases again, because of the inertia of the particles.

The general influence of the inlet velocity on the visualized cases is that the ignition zone
is shifted towards the wall and the profiles became smaller when the inlet velocity is higher.
This general trend is as expected. For the temperature profiles in the second row the general
shape and maximum value is the same, just the width of flame grows as the inlet velocity
decreases. The behaviour of the major species (row three) is similar in all cases; in line with
the temperature profile, only width of the reaction zone becomes smaller with higher velocity.
It is remarkable that in all cases oxygen was available near the wall, so the char-burnout is
mainly suppressed by the cooled wall.
In the last row the flame markers chemical mode γe and HRR ω̇T are shown. The zero-

crossing of γe combined with the single aligned peak of ω̇T indicates just one premixed flame
for all cases.

influence of coal loading on the flame structure The influence of coal
loading on the flame structure for a fixed inlet velocity is depicted in Fig. 3.26. It is interesting
to note that the position of the ignition zone does not significantly change with different coal
loadings: the stabilisation of the flame depends more on the inlet velocity than on αin. The
general trend of α displayed in the first row is similar to the previous studies, except that the
values increase with higher loading as expected. Again, all cases show the complete release
of the volatiles. The highest level of char burnout is reached by the case with the lowest
loading, whereas for the highest loading almost no char burnout occurs due to the oxygen
being consumed near the wall due (row three).
The temperature profiles displayed in the second row are very similar in shape and position,

except thatthe maximum value rises when a higher amount of coal is introduced at the
inlet. This is consistent with an increase in the product species H2O and CO2 with more
coal loading, which corresponds to a decrease of O2 and an overall increase of CO due to
incomplete combustion, as illustrated in the third row.
The flame structure analysis of the case with variations of coal loading does not reveal a

change in the flame type. There is still one premixed flame as indicated by the zero-crossing
of γe and an aligned single peak of the HRR ω̇T shown in the last row.
In conclusion, the influence of inlet velocity on flame position and shape is much greater

compared to influence of the coal loading. Furthermore, the cooling caused by wall prevent
char burnout.
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Figure 3.26.: Influence of coal loading on the flame structure of a coal-oxidizer stagnation
flame with fixed inlet velocity vin = 2.0 m

s .
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The a posteriori analysis for the parametric study

Following the findings of the discussion on the flame structure for the parametric study, an
a posteriori analysis is performed for the whole set of parameters listed in Table 3.11 using
a PFLUT. For the sake of consistency, the same studies will be presented here as in the
previous section.

influence of inlet velocity on the a posteriori analysis The influence of
the inlet velocity vin on the results for the a posteriori analysis is depict in Fig. 3.27. In the
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Figure 3.27.: The a posteriori analysis of a coal-oxidizer stagnation flame with fixed coal-to-
oxidizer ratio αin = 0.066 and a varied the inlet velocity. The dashed lines are
the results of the FPV model and solid lines representing the FTC solutions.

first row, the comparison for the mixture fractions Zvol and Zchar and the progress variable
Yc is shown. For both mixture fractions FTC and FPV models agree very well. The point of
rapid increase in Yc is captured in all three cases however, there are some discrepancies near
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the point of the highest curvature in the PV profiles. The differences increase as the velocity
rises.
The regions with deviations in PV are aligned with the occurrence of the deviations for

the temperature profile displayed in the second row. The underprediction of PV in that
regions is doubtless related to the underprediction of temperature. Beside these regions, the
temperature and major species profiles for the FTC and FPV solutions in the third row agree
well.

Usually, differences in Yc are connected to differences in the source term ω̇c of the progress
variable. Therefore, these profiles are visualized in the last row, but no significant differences
are observable in order to explain the partial mismatch of the corresponding progress variables.
In conclusion, the a posteriori analysis for a PFLUT can reproduce the flame characteristics

very well. Any influence of the inlet velocity is unverifiable.

influence of coal loading on the a posteriori analysis The results for the
influence of coal loading on the a posteriori analysis are summarized in Fig. 3.28. In the first
row the state variables Zvol, Zchar and Yc are shown. The general structure is well reproduced
by the FPV model. However, while the ignition zone of the medium loaded case αin = 0.066
is matched well, a small shift towards the nozzle occurs for the lower coal loading and a shift
towards the wall is visible for the higher loading case. These deviations in position are also
visible also for other reported quantities, such as the gas temperature in the second row, the
major species in the third row and the source term of the PV in the last row. The observed
shift in the profiles could not be verified in an a priori analysis. Maybe the resolution of the
table is to weak for a perfect agreement in an a posteriori analysis.
Similarly to the previous study, the gas temperature (second row) for the FPV model is

slightly underpredicted compared to the FTC solution directly after the ignition, whereas the
maximum temperature and the general trend are similar in both methods.
The highest discrepancies for the species (third row) are found near the ignition zone, which

is consistent with the findings of the previous study for the influence of the velocity and the
discussion on the state variables here. However, the overall progress of the reported species
is captured well by the FPV approach.
The progress and the maximum value of the source term of the PV ω̇c in the last row is

reproduced well, whereas the same shift is also observable as discussed for the other reported
properties.
In conclusion, the influence of the coal loading on the results of the a posteriori analysis

are contradictory. While the overall comparison is good, the prediction of the position for
the ignition varies slightly with the coal loading compared to the FTC results. For the lower
loading case (αin = 0.033) a shift in all the profiles towards the inlet is achieved, whereas the
higher loaded case (αin = 0.1) predicts a shift towards the wall.
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Figure 3.28.: The a posteriori analysis of a coal-oxidizer stagnation flame with fixed inlet
velocity vin = 2.0 m

s by varying the coal-to-oxidizer ratio αin. The dashed lines
are the results of the FPV-model and solid lines representing the FTC-solutions.
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4

SUMMARY AND CONCLUS IONS

The purpose of this work was to propose a predictive and computationally affordable method
for modeling pulverized coal combustion. A tabulation strategy based on gaseous flamelets
was suggested. The advantage of this approach is a detailed description of the chemistry
from flamelet look-up tables (FLUTs) at moderate computational costs, since only a small
set of control parameters has to be transported in CFD. This approach can be transferred to
turbulent coal-loaded flames. The models considered for coal particles are selected to close the
gap between the accurate prediction of the coal conversion process and being computationally
affordable for use in fully coupled simulations. Therefore, simple kinetic models are calibrated
in advance with highly sophisticated, structure-based single particle models. Special focus
is placed on restoring the overall mass and energy balance, further including temperature-
dependent properties for the coal such as enthalpy, heat capacity and the pyrolysis heat. It
was proven that non-adiabatic effects have to be included in the FLUTs due to the intense
heat exchange between the gaseous and dispersed phases.

The thesis reports on tabulation strategies based on diffusion and premixed flame structures.
The applicability of the tabulation strategies was assessed with a priori and a posteriori
analyses. In an a priori analysis the thermo-chemical state of a detailed chemistry solution
is compared with the tabulated one. Therefore, the control variables for the table look-
up are taken from the detailed solution. This analysis enables the standalone error to be
evaluated for a specific table. The a posteriori analysis measures the cumulated error for the
tabulation strategy by comparing the state of a fully coupled simulation with the detailed one.
One-dimensional configurations are considered in the thesis, because only simple, resolved
configurations with well-defined boundary conditions allow the model to be assessed properly.
In all applications considered, the suitable table is identified by flame structure analysis using
different flame markers to determine the burning mode.

The first solely numerical test case observes two preheated, opposing air streams in a coun-
terflow configuration, one stream being additionally loaded with coal. The flame structure
analysis shows a complex interplay of premixed and non-premixed flame structures for the
detailed chemistry solutions. Two tables with different burning modes were evaluated with
an a priori analysis for different inlet velocities and coal loadings. It turns out that the

67
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consideration of non-adiabatic effects is necessary because of an intense transfer of heat and
mass between the gas phase and coal particles. Furthermore, a table based on non-premixed
flame structures is able to reproduce the complex flame structures. The usability of this table
was finally demonstrated with the a posteriori analysis.

The validation of the code and workflow developed and models used was performed against
experimental data for lean methane-oxygen-nitrogen mixtures impinging on a wall. The exper-
iments were carried out with and without coal loading, which allowed for stepwise validation
of pure gaseous phase modeling and the used coal models. It turns out that the most sensi-
tive part of the simulation results was the pyrolysis modeling, while the differences between
the mono-disperse and the Rosin-Rammler-Sperling-Bennett size distribution modeling was
negligible. The domination of premixed flames in all cases was demonstrated by the flame
structure analysis, which suggested the usage of a corresponding FLUT based on premixed
flame structures. The a posteriori analysis for this kind of a table shows good agreement
with the detailed chemistry solutions.

In order to demonstrate the validity and robustness of the tabulation strategy suggested,
a parametric study is presented on the effect of inlet velocity and coal loading on the results.
The greatest influence on the flame structure is based on the inlet velocities. The biggest
deviations in an a posteriori analysis are observed for the coal loading; however, the approach
was still able to reproduce the general trends.

In conclusion, for the laminar configurations considered, tables with different burning modes
are necessary. This could be due to some disadvantages of the tabulation strategies used, as
discussed hereafter. The proposed tabulation strategy based on premixed flame structures
is not able to consider mixing along the mixture fraction direction and does not account for
strain effects. One option for subsequent works could be to consider reactants-to-products
or stratified mixtures in a counterflow configuration. For tables based on steady laminar
flamelets, the gradient of the progress variable is directly linked to the scalar dissipation
rate. Therefore, the rate of mixing determines the reaction progress. The development of
two-dimensional flamelet equations for the mixture fraction and progress variable would solve
that issue.
Throughout the thesis, coal drying was neglected. There are two possible ways of over-

coming this fact. In both approaches, a third mixture fraction is necessary to describe the
mixing of moisture with the other streams. The first approach assumes that drying is fast
and therefore mixing with the oxidizer occurs before the interactions with volatiles and the
products of char burnout. Based on the coal loading, the moisture of the coal could be di-
rectly considered part of the oxidizer for boundary conditions in canonical flame setups for
the tables. The tables are created as proposed in this thesis. In the second approach, all
possible combinations of the three mixture fractions have to be considered when creating the
tables. In subsequent studies both approaches should be evaluated for different configurations
and different coals.
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This thesis addresses laminar configurations for a direct assessment of flamelet tabulation
strategies. For application in turbulent coal flames, the laminar tables have to be filtered, as
briefly discussed in the thesis. Future works will need to filter the tables and evaluate their
applicability in turbulent coal flame simulations. The necessary framework is already coupled
to several turbulent flame solver.
Another interesting point is to further investigate the influence of char burnout. This thesis

considers the reaction of char with oxygen. The application of other heterogeneous reactions
such as the Boudouard reaction or the heterogeneous water gas reaction would lead to more
mixture fractions for tabulation strategies. However, the influence of these reactions could
be investigated in a further study of a detailed chemistry solution.

To close it can be stated that this thesis forms the foundation for further investigations into
the simulation large-scale pulverized coal combustors.
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A
APPENDIX

a.1 detailed description of the solution procedure

This sections deals with solution procedure of the derived stationary equations in Sections
2.2.3 and 2.3.6.

The main idea is to split the equations in two sets and solving the sets iteratively in succes-
sion by fixing the solution of the respective other set [65]. The first set describes the governing
equations for gaseous properties and the second set contains the stationary equations for the
coal particles (Section 2.2.2). The solution procedure of gaseous properties is given in Sec-
tion A.1.1, while the particle equation are solved in the Lagrangian way (Section A.1.2).

a.1.1 Modified damped Newton’s method with pseudo time stepping

For the first set of equations a finite differencing approach is used to obtain an algebraic set
of equation

F (φ) = 0 , (A.1)

where F is the residual vector and φ the solution of the equation set. The Newton’s method
in the original form

φn+1 = φn −
(
∂F

∂φ

)−1

φn

F (φn) (A.2)

is an iteratively process which converges quadratically, if the initial solution φ0 is sufficiently
good1. This procedure is to time consuming and could lead to unphysical intermediate results
therefore the modified damped Newton method is applied here

φn+1 = φn − λn (Jn)−1 F (φn) (A.3)

where, λ ∈ (0, 1] is the damping parameter to ensure validity and the Jacobian Jn is equal
to the previously used Jacobian Jn−1 or reevaluated as Jn =

∂F

∂φ φn

. Instead of computing

the inverse of the Jacobian the linear equation system Jn∆φn = F (φn) is solved, where
∆φn = φn+1|λn=1 − φn is the undamped correction vector. The selection of Jn and λn is

1 The initial solution φ0 has to be placed in the convergence region of the final solution φ.
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governed by a look-ahead procedure to the solution of φn+2. The criterion [107] for accepting
φn+1 is that the undamped steps decrease in magnitude

|(Jn)−1F (φn+1) | < |(Jn)−1F (φn) |. (A.4)

If this criterion is not fulfilled by φn+1, the procedure restarts with a halved damping factor or
a reevaluation of Jn. The damped Newton method stops, if the undamped correction vector
∆φn is below an user selected threshold.
If the procedure is not able solve the system (Eq. (A.1)) within a certain amount of steps,

then pseudo time stepping is performed. Therefore a pseudo-time derivative is defined as the
left-hand side of the residual vector F

∂φ

∂τ
= F (φ) . (A.5)

Let φ0,k be an initial guess and the damped Newton method is not able to converge. The
next potential initial guess φ0,k+1 is obtained by solving the ordinary differential equation
(ODE) system (A.5) for a certain pseudo time step ∆τk with initial state φ0,k.

Pseudo time stepping is performed until the damped Newton solver converges.

a.1.2 Lagrangian tracking

The particle equations do not contain any diffusion terms, therefore they can be transformed
to a Lagrangian framework by introduction a pseudo residence time τ of the particle. Follow-
ing relation is valid for τ

vp
∂φ

∂x
=
∂φ

∂τ
. (A.6)

With relation (A.6) the Lagrangian version of Equations (2.46)-(2.50) read:

∂mp

∂τ
= −ṁp , (A.7)

mp
∂Up
∂τ

= −Fr
r
−mpU

2
p , (A.8)

mp
∂vp
∂τ

= −Fx , (A.9)

mpcp,p
∂Tp
∂τ

= −q̇conv − q̇rad − ṁvol ∆hpyr(Tp)− ṁchar ∆hcb(Tp) , (A.10)
∂np
∂τ

= −2npUp − np
∂vp
∂x

. (A.11)

The solution of the particles are obtained by solving above ODE system with the initial state
of the particles at the inlet. For the sake of simplicity the inlet position of the particles is at x0.
In order to update the particle properties from Lagrangian framework back to the Eulerian
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grid x of the gaseous phase solution, the residence time to reach position xi is calculated
according to

τ0 = 0.0 ,

τi+1 = τi + 0.5
(

1
upi

+
1

upi+1

)
(xi+1 − xi) , (A.12)

and the above ODE system is solved from τi to τi+1. To determine the particle velocity upi+1

the previous/initial solution of the particles is used. All necessary gas-phase properties φ (t)
for t ∈ [τi, τi+1] are linearly interpolated between φi and φi+1, as well as the term ∂vp

∂x
in

Equation (A.11).
The Lagrangian tracking is numerically much more robust compared to Eulerian frame-

work.

a.2 derivation of flamelet model for non-premixed flames

This section includes the derivation of the laminar flamelet equations by using Lek = 1 for
all species k. As a first step the conservative form of the Equations (2.24), (2.25) and (2.63)
are needed. Therefore the product rule for the derivatives of ρgφ

∂

∂y
(ρgφ) = ρg

∂φ

∂y
+ φ

∂ρg
∂y

(A.13)

is applied

ρg
∂Z

∂t
+ Z

∂ρg
∂t

+ ρgug,i
∂Z

∂xi
+ Z

∂

∂xi
(ρgug,i) =

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
, (A.14)

ρg
∂hg
∂t

+ hg
∂ρg
∂t

+ ρgug,i
∂hg
∂xi

+ hg
∂

∂xi
(ρgug,i) = −

∂

∂xi

(
Ns∑
k=1

hg,kVk,i

)
+

∂

∂xi

(
λg
∂Tg
∂xi

)
+ Q̇R ,

(A.15)

ρg
∂Yk
∂t

+ Yk
∂ρg
∂t

+ ρgug,i
∂Yk
∂xi

+ Yk
∂ρgug,i
∂xi

= −∂Vk,i
∂xi

+ ω̇k , (A.16)

With continuity Equation (2.22) this reduces to

ρg
∂Z

∂t
+ ρgug,i

∂Z

∂xi
=

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
, (A.17)

ρg
∂hg
∂t

+ ρgug,i
∂hg
∂xi

= − ∂

∂xi

(
Ns∑
k=1

hg,kVk,i

)
+

∂

∂xi

(
λg
∂Tg
∂xi

)
+ Q̇R , (A.18)

ρg
∂Yk
∂t

+ ρgug,i
∂Yk
∂xi

= −∂Vk,i
∂xi

+ ω̇k , (A.19)
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For Lek = LeZ = 1 it holds

Vk,i = −
λg
cpg

∂Yk
∂xi

, (A.20)

ρgDZ =
λg
cpg

. (A.21)

Equations (A.18) and (A.19) are now rewritten for Le = 1 formulation:

ρg
∂hg
∂t

+ ρgug,i
∂hg
∂xi

=
∂

∂xi

(
Ns∑
k=1

hg,kρgDZ
∂Yk
∂xi

)
+

∂

∂xi

(
λg
∂Tg
∂xi

)
+ Q̇R , (A.22)

ρg
∂Yk
∂t

+ ρgug,i
∂Yk
∂xi

=
∂

∂xi

(
ρgDZ

∂Yk
∂xi

)
+ ω̇k , (A.23)

Equation (A.22) can be further reduced by taking the definition of hg,k, hg and the corre-

sponding derivatives ∂hg,k
∂xi

, ∂hg
∂xi

into account

hg,k(Tg) =
∫ Tg

T0
cp,kdT

′ + h0
f ,k , (A.24)

∂hg,k
∂xi

= cpg,k

∂Tg
∂xi

, (A.25)

hg =
Ns∑
k=1

Ykhk,g , (A.26)

∂hg
∂xi

= cpg
∂Tg
∂xi

+
Ns∑
k=1

hg,k
∂Yk
∂xi

. (A.27)

By usage of Equations (A.21) and (A.27) Equation (A.22) reduces to

ρg
∂hg
∂t

+ ρgug,i
∂hg
∂xi

=
∂

∂xi

(
ρgDZ

∂hg
∂xi

)
+ Q̇R , (A.28)

Now the transformation rules

∂

∂t
=

∂

∂τ
+
∂Z

∂t

∂

∂Z
,

∂

∂x1
=

∂Z

∂x1

∂

∂Z
, (A.29)

∂

∂xβ
=

∂

∂Zβ
+
∂Z

∂xβ

∂

∂Z
(β = 2, 3) ,

are applied step by step to the different terms of a general transport equation

ρg
∂φ

∂t
+ ρgui

∂φ

∂xi
=

∂

∂xi

(
ρgDZ

∂φ

∂xi

)
+ Sφ . (A.30)
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For a general time derivative ∂φ
∂t

it follows

∂φ

∂t
=
∂φ

∂Z

∂Z

∂t
+
∂φ

∂τ
. (A.31)

A general convective term ui
∂φ

∂xi
will be transformed to

ui
∂φ

∂xi
= u1

∂Z

∂x1

∂φ

∂Z
+ uβ

∂Z

∂xβ

∂φ

∂Z
+ uβ

∂φ

∂Zβ︸ ︷︷ ︸
≈0 (asymptotic analysis[108])

, (A.32)

≈ ∂φ

∂Z
ui
∂Z

∂xi
. (A.33)

Finally the transformation of the general diffusion term ∂

∂xi

(
ρgDZ

∂φ

∂xi

)
gives

∂

∂xi

(
ρgDZ

∂φ

∂xi

)
=

∂

∂x1

(
ρgDZ

∂Z

∂x1

∂φ

∂Z

)
+

∂

∂xβ

(
ρgDZ

∂Z

∂xβ

∂φ

∂Z
+ ρgDZ

∂φ

∂Zβ

)
,

(A.29)
= ρgDZ

∂Z

∂x1

∂

∂x1

(
∂φ

∂Z

)
+
∂φ

∂Z

∂

∂x1

(
ρgDZ

∂Z

∂x1

)
+ρgDZ

∂Z

∂xβ

∂

∂xβ

(
∂φ

∂Z

)
+
∂φ

∂Z

∂

∂xβ

(
ρgDZ

∂Z

∂xβ

)

+
∂

∂xβ

(
ρgDZ

∂φ

∂Zβ

)
,

(A.29)
=

∂φ

∂Z

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
+

∂

∂xβ

(
ρgDZ

∂φ

∂Zβ

)

+ρgDZ

(
∂2φ

∂Z2

3∑
k=1

(
∂Z

∂xk

)2
+
∂Z

∂xβ

∂

∂Zβ

(
∂φ

∂Z

))
,

=
∂φ

∂Z

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
+
∂2φ

∂Z2 ρgDZ
∂Z

∂xi

∂Z

∂xi︸ ︷︷ ︸
=:χ2

+
∂

∂xβ

(
ρgDZ

∂φ

∂Zβ

)
+ ρgDZ

∂Z

∂xβ

∂

∂Zβ

(
∂φ

∂Z

)
︸ ︷︷ ︸

≈0 (asymptotic analysis[108])

,

≈ ∂φ

∂Z

∂

∂xi

(
ρgDZ

∂Z

∂xi

)
+
ρgχ

2
∂φ

∂Z
. (A.34)

To retrieve the transformed version of Equation (A.30) the Equations (A.31) to (A.34) has
to be add up

ρg
∂φ

∂τ
+
∂φ

∂Z

(
ρg
∂Z

∂t
+ ρgui

∂Z

∂xi
− ∂

∂xi

(
ρgDZ

∂Z

∂xi

))
︸ ︷︷ ︸

=0, according to Eq. (A.17)

=
ρgχ

2
∂2φ

∂Z2 + Sφ . (A.35)
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The Le = 1-formulation of flamelet equations is obtained for φ = hg and φ = Yk:

ρg
∂hg
∂τ

=
ρgχ

2
∂2hg
∂Z2 + Q̇R . , (A.36)

ρg
∂Yk
∂τ

=
ρgχ

2
∂2Yk
∂Z2 + ω̇k . . (A.37)

Very common is solve the temperature equation instead of enthalpy equation. The derivation
of the temperature equation is based on the linearity2 of the derivative and the definition of
enthalpy Eq. (A.26). Eq. (A.36) can be rewritten as

ρgcpg
∂Tg
∂τ

+ ρg

Ns∑
k=1

hg,k
∂Yk
∂Z

= ρgcpg
χ

2
∂2Tg
∂Z2 +

ρgχ

2

Ns∑
k=1

hg,k
∂2Yk
∂Z2 + Q̇R (A.38)

By using Eq. (A.37) the temperature equation is obtained

ρgcpg
∂Tg
∂τ

= ρgcpg
χ

2
∂2Tg
∂Z2 −

Ns∑
k=1

hg,kω̇k︸ ︷︷ ︸
=:ω̇T

+Q̇R (A.39)

2 A function f : X 7→ Y is called linear, if following hold: ∀a, b ∈ X and constant c: f(ca+ b) = cf(a) + f(b).
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