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RESUMO

O objetivo desta tese é o estudo de formagao de fuligem em chamas laminares de difusao.
Para o modelo de formagao de fuligem é escolhido um modelo semi-empirico de duas
equacgoes para prever a fracao massica de fuligem e o nimero de particulas de fuligem.
O modelo descreve os processos de nucleacao, de crescimento superficial e de oxidacao
das particulas. Para o modelo de radiagao, a perda de calor por radiagdo térmica (gas
e fuligem) é modelada considerando o modelo de gas cinza no limite de chama optica-
mente fina (OTA - Optically Thin Approzimation). Sao avaliados diferentes modelos de
célculo das propriedades de transporte (detalhado e simplificado). Em relagao a cinética
quimica, tanto modelos detalhados quanto reduzidos sao utilizados. No presente estudo, é
explorada a técnica automaética de reducao conhecida como Flamelet Generated Manifold
(FGM), sendo que esta técnica é capaz de resolver cinética quimica detalhada com tempos
computacionais reduzidos. Para verificar o modelo de formacao de fuligem foram realiza-
dos uma variedade de experimentos numéricos, desde chamas laminares unidimensionais
adiabaticas de etileno em configuracao tipo jatos opostos (counterflow) até chamas lam-
inares bidimensionais com perda de calor de etileno em configuragao tipo jato (coflow).
Para testar a limitacao do modelo os acoplamentos de massa e energia entre a fase sol-
ida e a fase gasosa sao investigados e quantificados para as chamas contra-corrente. Os
resultados mostraram que os termos de radiacao da fase gasosa e solida sao os termos de
maior importancia para as chamas estudas. Os termos de acoplamento adicionais (massa
e propriedade termodinamicas) sdo geralmente termos de efeitos de segunda ordem, mas
a importancia destes termos aumenta conforme a quantidade de fuligem aumenta. Como
uma recomendacgao geral o acoplamento com todos os termos deve ser levado em conta so-
mente quando a fragao massica de fuligem, Yg, for igual ou superior a 0.008. Na sequéncia
a formacao de fuligem foi estudada em chamas bi-dimensionais de etileno em configuragao
jato laminar usando cinética quimica detalhada e explorando os efeitos de diferentes mod-
elos de calculo de propriedades de transporte. Foi encontrado novamente que os termos
de radiagao da fase gasosa e solida sao os termos de maior importancia e uma primeira
aproximagao para resolver a chama bidimensional de jato laminar de etileno pode ser feita
usando o modelo de transporte simplificado. Finalmente, o modelo de fuligem é imple-

mentado com a técnica de redugao FGM e diferentes formas de armazenar as informacgoes



sobre o modelo de fuligem nas tabelas termoquimicas (manifold) sao testadas. A melhor
opgao testada neste trabalho é a de resolver todos os flamelets com as fases solida e gasosa
acopladas e armazenar as taxas de reacao da fuligem por area de particula no manifold.
Nas simulag¢oes bidimensionais estas taxas sao entao recuperadas para resolver as equagoes
adicionais de formacao de fuligem. Os resultados mostraram uma boa concordancia qual-
itativa entre as predigdoes do FGM e da solu¢ao detalhada, mas a grande quantidade de
fuligem no sistema ainda introduz alguns desafios para a obten¢ao de bons resultados
quantitativos. Entretanto, este trabalho demonstrou o grande potencial do método FGM
em predizer a formagao de fuligem em chamas multidimensionais de difusao de etileno em

tempos computacionais reduzidos.

Palavras-chave: Chama laminar de difusao; modelo de formagao de fuligem; radiagao;

acoplamento de massa e energia; Flamelet Generated Manifold (FGM)

vi



ABSTRACT

The objective of this thesis is to study soot formation in laminar diffusion flames. For
soot modeling, a semi-empirical two equation model is chosen for predicting soot mass
fraction and number density. The model describes particle nucleation, surface growth and
oxidation. For flame radiation, the radiant heat losses (gas and soot) is modelled by using
the grey-gas approximation with Optically Thin Approximation (OTA). Different trans-
port models (detailed or simplified) are evaluated. For the chemical kinetics, detailed and
reduced approaches are employed. In the present work, the automatic reduction tech-
nique known as Flamelet Generated Manifold (FGM) is being explored. This reduction
technique is able to deal with detailed kinetic mechanisms with reduced computational
times. To assess the soot formation a variety of numerical experiments were done, from
one-dimensional ethylene counterflow adiabatic flames to two-dimensional coflow ethylene
flames with heat loss. In order to assess modeling limitations the mass and energy cou-
pling between soot solid particles and gas-phase species are investigated and quantified
for counterflow flames. It is found that the gas and soot radiation terms are of primary
importance for flame simulations. The additional coupling terms (mass and thermody-
namic properties) are generally a second order effect, but their importance increase as the
soot amount increases. As a general recommendation the full coupling should be taken
into account only when the soot mass fraction, Yg, is equal to or larger than 0.008. Then
the simulation of soot is applied to two-dimensional ethylene co-flow flames with detailed
chemical kinetics and explores the effect of different transport models on soot predictions.
It is found that the gas and soot radiation terms are also of primary importance for flame
simulations and that a first attempt to solve the two-dimensional ethylene co-flow flame
can be done using a simplified transport model. Finally an implementation of the soot
model with the FGM reduction technique is done and different forms for storing soot
information in the manifold is explored. The best option tested in this work is to solve
all flamelets with soot and gas-phase species in a coupled manner, and to store the soot
rates in terms of specific surface area in the manifold. In the two-dimensional simulations,
these soot rates are then retrieved to solve the additional equations for soot modeling.
The results showed a good qualitative agreement between FGM solution and the detailed

solution, but the high amount of soot in the system still imposes some challenges to obtain

Vil



good quantitative results. Nevertheless, it was demonstrated the great potential of the
method for predicting soot formation in multidimensional ethylene diffusion flames with

reduced computational time.

Keywords: Laminar diffusion flame; soot modeling; radiation; mass and energy coupling;

Flamelet Generated Manifold (FGM)
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1 INTRODUCTION

Combustion is one of the most important energy conversion process in the world.
The world primary energy supply, in the year of 2014, by fuel type, was oil, 31.3%,
coal /peat, 28.6%, natural gas, 21.2%, biofuels and waste, 10.3%, nuclear, 4.8%, hydro,
2.4%, and others, 1.4%, accordingly to IEA, 2016. This means that combustion processes
are, directly or indirectly, responsible for around 90% of the world total energy supply.
Even for countries with important renewable energy sources as Brazil (41.2%) (EPE, 2016)
combustion is still the major conversion process (in Brazil it amounts up to about 80%).
On the other hand combustion is responsible for the major part of human emissions
of gaseous pollutants and particulate matter to the atmosphere, resulting in negative
impacts to the environment and health of humans and animals. Thus, many research
and development efforts are driven by the increasing need to enhance the efficiency of
combustion processes and to reduce pollutant emissions. In order to achieve these goals a
fundamental understanding of the major phenomena of combustion processes is required.
In this scenario modelling tools that are able to predict the main characteristics of the
process with low computational cost are of great interest and is one of the objectives of
this work.

Combustion can be classified by the reactants mixing. The two extreme situations
are premixed and non-premixed flames. In premixed flames the reactants are molecularly
mixed before reaching the flame region. For non-premixed flames the reactants are sep-
arated and meet only at the flame front where reactions take place. The intermediary
situation is that of a partially premixed flame where some fuel and oxidant are premixed
prior to combustion, but another part is separated. Then, this situation combines char-
acteristics of premixed and non-premixed flames. Industrially non-premixed flames are
preferred due to hazard concerns since separated feeding streams of fuel and oxidant are
safer.

Some devices that use combustion as the conversion energy process are internal
combustion engines, gas turbines, boilers and furnaces. In these devices the flame is
usually confined in a combustion chamber and /or stabilised on a burner head. In constant
pressure situations (burners in general), the energy released by combustion is converted

into hot gases and thermal radiation, then is through surface convection and radiation



heat transfer that the energy is in fact used to heat up a charge or the walls of the confining
chamber. In engines and gas turbines the gas expansion is the responsible for the work
production. In all these cases the thermal radiation heat transfer may plays an important
role in the energy transfer or on the device operation. Then the ability to predict the
radiation emission by flames is required in order to design more efficient devices.

Apart from the main gas pollutants produced by combustion (CO, NO,,, SO, and
un-reacted hydrocarbons, UHC), soot particles are of great concern. Soot is an agglomer-
ation of particles, mainly formed by carbon with other elements in small quantities such
as hydrogen and oxygen. It is formed especially in non-premixed flames under fuel-rich
conditions at high temperatures. These particles are carcinogenic and produce deposits
of solid matter that may compromise the device operation. On the other hand, for the
major part of combustion devices thermal radiation is linked to the presence soot. Soot
solid particles emit radiation in a broad wavelength range and frequently dominates the
radiation emission in flames (gaseous species as C'Oy and H2O emit radiation in restricted
bands of the wavelength spectrum). Therefore, soot formation is an important issue in
combustion both from the environmental and energy heat transfer point of views.

To address all the phenomena present in combustion process can be a major chal-
lenge either for experimental or for theoretical approaches. The scenario is further compli-
cated by the flow turbulence that interacts with chemical reactions and thermal radiation.
However, studies in laminar flames, where turbulence effects are not present, permit a de-
tailed validation of models. For this reason the present study will be concerned with
laminar non-premixed flames where soot formation and radiation emission are of interest.
Those aspects are clearly found on ethylene diffusion flames, in which high amount of soot
is formed and radiative heat loss plays an important role. The approach of this work is
theoretical and will employ numerical simulations to study soot formation in either ethy-
lene counterflow laminar diffusion flames and ethylene coflow laminar flames. Priority will
be given for models that are capable of producing detailed information about the process
with reduced computational requirements. For soot modeling, a semi-empirical model is
chosen since it combines important steps for soot formation, accurate predictability of
global soot variables and low computational time, specially for practical combustion sys-
tems. For flame radiation, the radiant heat losses (gas and soot) will modeled by using the

grey-gas approximation, i.e., there is no dependence on the wave number, and Optically



Thin Approximation (OTA) , i.e., the medium does not scatter nor absorb radiation. For
the chemical kinetics, either detailed and simplified approaches will be employed. In the
present work, an automatic reduction technique known as Flamelet Generated Manifold
(FGM) will be explored. This reduction technique is able to deal with detailed kinetic

mechanisms with reduced computational times.

1.1 Literature review:

Soot is commonly found in diffusion flames of hydrocarbon fuels. The presence of
soot particles increases the radiant heat losses, decreases the flame temperature and gives
a characteristic yellowish luminosity to the flame. The increased radiant heat transfer is
not desirable for devices such as gas turbines and diesel engines due to a decrease of the
device performance, but may be of interest in industrial furnaces where high heat transfer
rates are required. In flares of petrochemical plants or off-shore platforms the presence of
soot influences the intensity of the radiant heat flux at the ground level which determines
the minimum stack height to protect personnel and equipment. In all cases, emissions
of soot particles to the atmosphere are limited by law due to environmental and health
concerns. Therefore, the capability of predicting soot formation in flames is important
for many applications.

In Kennedy, 1997, the models for soot prediction are grouped in three categories:
(i) empirical correlations, (ii) semi-empirical models and (iii) models with detailed chem-
istry. In the first category, models rely on global rate equations for soot generation and
destruction adjusted to reproduce experimental data in specific combustion devices. They
are easy to implement and are computationally fast, but since they do not describe soot
formation steps, their validity is restricted to the conditions and devices for which they
were developed. In the second category, the models attempt to incorporate some fun-
damental steps of the soot formation process, i. e., precursor formation, soot inception,
particle growth, coagulation and oxidation. Two typical examples of this model are the
one from Leung et al., 1991, and the one from Fairweather et al., 1992. These models
usually take acetylene-based nucleation, instead of the more complex Polycyclic Aro-
matic Hydrocarbons (PAHs)-based nucleation, since the later requires the use of large
gas-phase reaction mechanisms. The soot-particle dynamics is usually simplified, with

the soot particles follow a mono-disperse distribution that is described by a two-equation



model, one for soot mass fraction Ys and another for soot number density Ng. Usually
the rate equations that describe the soot formation processes are still dependent on the
experimental conditions used to fit the model, but they are not dependent on specific
devices. These models have demonstrated good agreement with experiments on global
soot characteristics, like soot volume fraction and soot number density, but they lack
detailed soot properties such as aggregate structure and size distribution [Kim and Kim,
2015]. In the third category, the models are improved with detailed kinetic mechanisms
that can track the evolution of PAHs and with detailed soot dynamics that take into
account the soot particle size distribution. The detailed gas-phase kinetic mechanisms
are required to model PAHs formation and consumption as well as their interaction with
the particle surface. The nucleation process involves collisions of molecules of benzene
(CsHg) [Violi, 2004], naphthalene (CjoHg) [D’Anna and Kent, 2006], pyrene (Ci6H1o) [Ap-
pel et al., 2000; Skjgth-Rasmussen et al., 2004; Chernov et al., 2014, or multiple PAHs
[Wang et al., 2015]. Similarly, different species may participate in the PAHs evolution and
particle surface growth process. The particle dynamics are modeled by many approaches,
including the sectional method [Pope and Howard, 1997; Zhang et al., 2009], the method
of moments [Pitsch et al., 2000; Frenklach, 2002| and stochastic methods [Balthasar and
Frenklach, 2005; Chen et al., 2013|. Since models in this category are more fundamental,
they are likely to work in different combustion situations. The drawback of this approach
is the difficult implementation and high computational costs [Raj et al., 2009], and even
for these accurate models it is necessary to include some tunings parameters [Chernov
et al., 2014].

Special attention must be payed to the consumption and formation of some gas-
phase species during soot nucleation, growth and oxidation, requiring additional reaction
source terms to be included in the species mass conservation equations and correction of
the mixture density. On the other hand, the presence of soot particles implies additional
energy source terms in the energy equation. For example, the radiant heat loss from
soot is a well know effect that reduces the flame temperature [Hall, 1994; Liu et al.,
2002; Sivathanu and Gore, 1994; Liu et al., 2004|, and soot particles release heat when
oxidized. Some works neglect the mass and energy coupling between gas and solid phases
considering that the amount of soot within the flame is so small that it does not change

the flame composition and enthalpy [Moss et al., 1995; Bennett et al., 2009]. But most



soot research includes mass and energy coupling terms [Sivathanu and Gore, 1994; Liu
et al., 2004; D’Anna and Kent, 2006; Charest et al., 2014, 2010; Mehta et al., 2009; Zhang
et al., 2009; Domenico et al., 2010; Chen et al., 2013|, although the importance of this
choice is not always clear and frequently the implementation of such coupling terms are
not clearly described. Thus, when modeling soot formation in flames one has to decide
how these interactions should be accounted for.

The interaction between soot and gas-phase species was investigated by the fol-
lowing authors: Kennedy et al., 1996, studied the soot formation in a laminar coflow
ethylene-air diffusion flame. They used a semi-empirical model based on acetylene as the
soot precursor and considered the mass coupling between the phases. Additional terms
for CoHy, OH and CO in the gas-phase chemistry were accounted for due to soot reac-
tions. The coupling was evaluated by comparing the solution of the gas-phase chemistry
only, without radiation, against the solution of gas and soot, with mass coupling and soot
radiation (no gas radiation). The authors found that the inclusion of soot in a coupled
manner has a significant impact on the structure of the flame, specially near the flame tip
where the soot amount was substantial. However, they did not quantify such impact on
the flame. Carbonell et al., 2009, studied the soot formation in a laminar coflow methane-
air diffusion flame. They chose the Leung et al., 1991, model for soot prediction based on
acetylene as the soot precursor. The authors compared versions of flamelet approaches,
which included or not the effect of soot on the gas-phase chemistry, against a full coupled
detailed solution. The decoupled flamelet model, E-EDFM, obtained decoupling the soot
mechanism from the gas-phase mechanism, over-predicted the maximum soot volume frac-
tion, fymaz, by 27.65% when compared with the most detailed version. According to the
authors this happened because there was an excess of CsHs in the flame which increases
soot nucleation and growth. They conclude that the coupling was important, but, again
no quantification of the differences was presented and they didn’t explore their model
in different conditions. Domenico et al., 2010, proposed a new soot formation model,
based on a sectional approach for the description of PAHs and a two-equation model for
soot. The model was validated for diffusion and partially premixed flames in a coflow
burner for methane, ethylene and kerosene. They included the mass coupling between
the soot and the gas-phase and soot radiative heat loss only. For the partially premixed

ethylene case, they found that profiles of acetylene and benzene were slightly changed



when soot radiation model was accounted for, despite the temperature variations. Wang
et al., 2015, developed a PAH-based soot model based on the method of moments to sim-
ulate soot formation in ethylene counterflow diffusion flames. The soot model included
thirty-six nucleation reactions from eight PAH molecules, particle surface growth from
modified HACA growth mechanism, PAH condensation and particle-particle coagulation.
The consumption and formation of soot related gas-phase species was accounted for as
source terms to update gas-phase species concentrations. In a comparison between only
gas-phase solution and a solution with soot model (with mass and radiation coupling
terms) they found that the coronene (pyrene) concentration was reduced by 30.5% (10%).
Nevertheless, they did not quantify the soot coupling impact on other flame scalars and
did not explore their model in different conditions.

Then, the question that still remains is what are the conditions for which a full
description of the gas- and solid-phase interactions is mandatory.

Another important aspect is the prediction of the thermodynamic state of the
system and the gaseous species that are precursors of the soot particles. For this task
usually large kinetic mechanisms are used, but they imply in high with a computational
cost. For one-dimensional flames the use of such mechanisms are conceivable, but for
multidimensial flames it can be a computational burden. In such conditions is important
a method which reduces the complexity and therefore the time involved to predict the
state of the system. Such reduction may be obtained by employing steady state and
partial equilibrium assumptions, but automatic reduction techniques based on tabulated
chemistry are usually preferred. Among the automatic reduction techniques, the flamelet
approach is one of the most popular. In this approach, it is assumed that the flame
may be represented by one-dimensional flames (flamelets) whose solutions are stored in a
look up table for further use in the solution of multidimensional flames. Such approaches
include the Flame-Prolongation of ILDM (FPI) [Gicquel et al., 2000], Flamelet Generated
Manifold (FGM) [van Oijen and de Goey, 2000] and the Flamelet/Progress Variable Model
(FPV) [Pierce and Moin, 2004]. The first two approaches are quite similar, all of them
based on the mixture fraction and progress variable as the controlling parameters. More
details about these models will be given in Chapter 2.

In this thesis the FGM reduction technique will be employed. According to van

Oijen and de Goey, 2000, for multidimensional simulations this approach is able to reduce



computational the time of up to 100 times with good quality results. The FGM method
was created first to solve premixed flames (e.g. van Oijen and de Goey, 2000, 2002; van
Oijen et al., 2001) and has been extended to to partially premixed and non-premixed
laminar flames with success (e.g. Fiorina et al., 2005; Delhaye et al., 2008; Verhoeven,
2011; Verhoeven et al., 2012; van Oijen and de Goey, 2004).

The steady flamelet approach relies on the assumption that the unsteady terms are
much smaller than the other terms in the species transport equations. For slow process
as VO and soot formation this assumption may not be accurate. For the NO it has been
shown [van Oijen et al., 2016] that improved results are obtained with the inclusion of
an additional transport equation for NO with the source term being retrieved from the
manifold. For modeling soot with FGM approach it is expected that a similar approach
have to be employed.

Few works have been done combining soot modeling and flamelet approach and
most have done on slightly sooting flames ( e.g. Steward et al., 1991; Balthasar et al.,
1996; Pitsch et al., 2000; Carbonell et al., 2009; Mueller and Pitsch, 2012; Demarco et al.,
2013; Kim and Kim, 2015) and even less specifically in the FGM/FPI framework ( e.g.
Strik, 2010; Lecocq et al., 2014). Also, it has been found a lack of studies in soot modeling
using tabulated chemistry for cases with a high production of soot, like ethylene flames,
and frequently the available models are poorly described.

Steward et al., 1991, studied soot formation in non-premixed kerosine/air flames
employing the flamelet combustion model. A simplified soot model was used and in-
corporated the influences of nucleation, surface growth and coagulation on soot volume
fraction and number density. Experimental measurements were compared with detailed
flowfield predictions to fit the parameters of the soot model and then good agreements
were obtained. In this work the soot was treated as a small perturbation on the gas-
phase composition (f, < 10 ppm) and decoupled the mixture fraction from the soot solid
phase. However, the authors suggested that for higher soot amounts the mixture fraction
should not be decoupled from the soot. Balthasar et al., 1996, studied soot formation
in a acetylene/nitrogen-air laminar diffusion flame employing the flamelet concept. The
fuel stream of the chosen flame consisted of 68.25 mol % N, and 31.75 mol % acetylene
and the oxidizer was air. The soot mass fraction was post-processed from the gas-phase

solution flamelets. Then the rates for particle inception, surface growth (normalized with



f») and oxidation (also normalized with f,) were stored in the flamelet library. So in the
two-dimensional flow, an additional equation for soot volume fraction was solved, which
source term was reconstructed by these rates stored in the library. The authors declared
that this approach was limited to flames in which soot formation has only little effect on
flame structure, such as the one investigated. Their simulation found a f, ;4. = 4 ppm.
They only compared their f, at the centerline results to experimental data, i.e., no evalu-
ation to a more detailed solution. Pitsch et al., 2000, studied the influence of preferential
diffusion of soot particle on a turbulent ethylene-air diffusion flame employing the flamelet
concept. The equation for soot was derived considering preferential diffusion of soot in
the mixture fraction space. Comparison with experimental data showed good agreement.
The two phases were coupled only by radiation heat loss (soot and gas). Their simula-
tion found a fy, mee = 1.7 ppm. Carbonell et al., 2009, studied the soot formation in a
laminar coflow methane-air diffusion flame employing a variation of the unsteady flamelet
model (Pitsch et al., 1998, and derived approaches). The authors tested some methods
for storing and retrieving the soot information from the flamelet table. The best option
was solving each flamelet coupling both phases (gas and soot), storing in the database
the soot rates divided by the specific area and then solving the soot equations retrieving
those specific soot rates from the database. It is important to note that methane flame
produced small amounts of soot (fymez = 0.5 ppm), rendering the coupling effects less
problematic. Strik, 2010, studied the application of FGM in a engine model with turbu-
lence and chemical kinetics of high order hydrocarbons in combination with a complex
geometry. The author focused in the auto-ignition behavior, adapting the model for EGR
conditions and extending it with NOx and soot predictions, employing an empirical soot
model. No description is given about the influence of soot in the tabulated chemistry.
The soot model was not be able to predict quantitative correct results without tuning the
pre-exponential constants of the model. Mueller and Pitsch, 2012, studied soot formation
in a turbulent non premixed flame. They used Large Eddy Simulation (LES) with the
Flamelet /Progress Variable combustion model. For soot modeling a Hybrid Method of
Moments was used. In this work the authors included a source term in the element frac-
tion based mixture fraction Z to account the removal of PAH from the gas-phase to the
soot formation. The comparison with experimental data showed good agreement with the

temperature profile, nevertheless the soot volume fraction was not able to reproduce the



experimental data. The maximum soot volume fraction reported was less then 0.1 ppm.
Demarco et al., 2013, studied the influence of thermal radiation on soot production in
laminar axisymmetric diffusion flames. They used the Steady Laminar Flamelet (SLF)
of Peters, 1984, method, with a semi-empirical soot model and two radiation models, a
more detailed Statistical Narrow Band Correlated-k model (SNBCK) and optically thin
approximation (OTA). In this work the authors tested the numerical model in a wide
range of flames, from low (methane flames) to high (propane flames) production of soot.
Nevertheless they did not provide details about the coupling method between the flamelet
table and the soot modeling. Additionally, they only compared their numerical results to
experimental data, i.e., no evaluation relative to a reference solution is presented. Lecocq
et al., 2014, used the FPI approach to studied soot prediction and radiation in complex
industrial burners. The authors used a semi-empirical two-equation soot model to pre-
dict soot mass fraction and number density. They performed a Large Eddy Simulation
of a combustion chamber of a helicopter engine with kerosene being the fuel of interest.
Their main focus was in the radiative coupling effect of soot and gas, neglecting the mass
coupling of soot and the gas-phase species. Therefore the flamelets only accounted for
the gas-phase species and the heat loss from gas and soot emission. The tridimensional
soot field was then reconstructed from the gas-phase species stored in the flamelet library.
Also, neither comparison with experimental data nor detailed simulation were performed
to assess the validity of the FPI approach with soot and radiation effects. Kim and Kim,
2015, improved the model of Carbonell et al., 2009, with an approach which simultane-
ously considers gaseous radiation and soot radiation in the same mixture fraction space
while it circumvents the unphysical diffusion of soot distribution by treating the diffu-
sivity of soot particles as practically zero. Its flamelet approach was then compared to
detailed chemistry solution and experimental data of an atmospheric methane/air laminar
non-premixed flame and good agreements were found. Here again the interaction of soot
was mild, with f, e = 0.55 ppm.

The modeling of soot with flamelet approaches allows different forms of implemen-
tation and no method is widely recognised as the best one. Particularly, there is little
information about the implementation of soot models with the FGM approach or other
flamelet approaches based on mixture fraction and progress variable. The importance of

the coupling terms between gas and solid phases are also not totally clear. This thesis
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will explore these aspects in one-dimensional and in multidimensional flame simulations.

1.2 Objectives

The objective of the present thesis is to study the implementation of a semi-
empirical soot formation model with detailed kinetic mechanisms and with the Flamelet
Generated Manifold reduction technique.

Some basic questions that will be addressed along the thesis are:

1. To find the conditions for which a full description of the gas- and solid-phase inter-

actions is mandatory.

2. To find the best method for storing soot information in the FGM tables to appro-

priately simulate high soot loads.

3. To quantitatively show the impact of different transport models in soot predictions.

1.3 Outline

After the Introduction chapter, the present thesis is organised in more five chapters.
Chapter 2 presents the basic formulation for modeling laminar diffusion flames. Chapter
3 explores the coupling terms between the gas and solid phases in one-dimensional coun-
terflow flames. This chapter was published in 14 Oct 2016 in the Combustion Theory and
Modelling (DOI:10.1080/13647830.2016.1238512). Chapter 4 shows the simulation of soot
in two-dimensional co-flow flames with detailed chemical kinetics and explores the effect
of different transport models on soot predictions. Chapter 5 brings an implementation
of the soot model with the FGM reduction technique, were different forms for storing
soot information in the flamelet table are explored. Finally, in Chapter 6, the general

conclusions are summarised and ideas for future works are suggested.
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2 MODELING DIFFUSION FLAMES

2.1 Conservation equations

In this section the equations describing chemically reacting flows are presented.
The main approximations used for the case of laminar atmospheric diffusion flames are
highlighted. The reacting flow is governed by a set of equations that account for the
conservation of total mass, mass of species, momentum and energy. Mixture properties
and closure equation are also required. The derivation of the conservation equations for
a reacting gas mixture can be found in Williams, 1985, Poinsot and Veynante, 2005, and

in Law, 2006. This section only presents the resulting equations.

Continuity equation

The overall mass conservation (continuity) for a system in the vector form can be
expressed as

dp
T Liv. = 2.1

where p is the mixture density and v is the flow velocity.

Momentum transport equation

The momentum conservation for the flow is represented by the compressible form
of the Navier-Stokes equations
d(pv)

T—FV'(pVV):—Vp—V'T—F,OZKfi, (2.2)

where p is the pressure, 7 is the stress tensor, Y; is the mass fraction of species ¢ defined

as Y; = p;i/p, with p; the partial density of species i, and f; is the body force.

Species transport equation

In a reacting flow the transport equation for the mass fraction of species i, Y;, is

expressed as
9(pY:)
ot

+V - [p(v+ V)Y =w;, i=1,..,N, (2.3)
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where V; is molecular diffusion velocity of species i and w; is reaction source term, which
represents the net chemical production/destruction of the species i. The species transport

equation is solved from ¢ =1 to N, with N being the total number of chemical species.

Energy transport equation

The energy conservation equation can be written in terms of the total specific

enthalpy of the mixture, h, as

d(ph) _ . Dp
T‘i‘v-(pvh)— V~q+T.Vv+E+S (24)

where q is the heat flux vector, 7 : Vv represents the enthalpy production due to viscous

Dp

effects, 5f

is the pressure material derivative and S is the volumetric heat source, which
in this thesis accounts for the radiation heat loss. The radiation model is explained in the

Section 3.1.2.

2.1.1 Constitutive relations

In order to solve the equation system, the stress tensor 7, the diffusion velocity Vj,
the chemical source term w; and the heat flux vector q must be defined. The chemical
source term wj is defined in the Section 2.2 and the remainings terms are now presented:

Stress tensor: For a Newtonian fluid, assuming the Stokes hypothesis, the viscous

stress tensor 7 has the following form:
T 2
T=—p[Vv+ (Vv)'] + §“<V -v)I, (2.5)

where I is the identity tensor , u is the dynamic viscosity. This term accounts for diffusion
of linear momentum.

Diffusion velocity: The multi-component equation for mass diffusion in ideal gas
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mixtures, derived from the kinetic theory, is given by

X X;
VXi:ZDJ(V Vi)
j=1 "

+(Yi - Xj) (vpp)

+(2) imfxﬂ —5) Y

p

N
Dr; Dr\](VT\
) J L =1,.,N
G G5 (r) e

where X; = ;MW /MW, is the molar fraction (where MW is the molecular weight of the

mixture and MW; is the molecular weight of the species i), D, ; is the ordinary binary
diffusion coefficient and Dr; is the thermal diffusion coefficient. The multicomponent
diffuson equation asserts that the concentration gradients are supported by diffusion ve-
locities (the first term in the Right Hand Side (RHS)), the mass diffusion due to the
pressure gradient (second term), the mass diffusion due to the body force f; (third term)
and the mass diffusion due to gradient temperature (Soret effect)(fourth term). Nonethe-
less, in most of cases the concentration gradient term dominates [Law, 2006].

Heat flux: The heat flux vector can be expressed as:

q=-—\VT
N
Vi h
+ ;le i (2.7)
N N
XDy
T iZTi )y
i n, ZZ(MWD>< ).

where A is the thermal conductivity, h; is the specific enthalpy of species ¢ and R, is the
universal gas constant. The heat flux vector q is composed of three terms, the first term
is the heat conduction flux, ruled by Fourier law, and caused by temperature gradient.
The second term is the heat diffusion due to species mass diffusion. And the third term
accounts for the Dufour effect, a second-order diffusion, which represents the heat flux

caused by concentration gradients.
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2.1.2 Auxiliary Relations

The system of N + 5 variables (Y;, p,v and T") through the conservation equations
(Equations 2.1 - 2.4) is only completed with the following auxiliary relations:
Mixture Enthalpy:
T

N
h=>Y Yih, h= h9+/ ¢pi(T)dT (2.8)

i=1 Tref

where h;, hY and c,; are the specific enthalpy, specific enthalpy of formation at reference
temperature 77¢ and specific heat capacity at constant pressure of species 7, respectively.
Note that the effect of chemical reactions is accounted for in the energy conservation,

Equation 2.4, through the changes of the mixture composition in Equation 2.8.

>_ . (2.9)

The thermodynamic properties, e.g., h; or c,;, mixture transport properties of

Ideal Gas Equation of State:

N
pR,T Y
= =
P="T MY <; MW,

Thermodynamic and transport properties:

viscosity p and thermal conductivity A and transport properties of species ¢, e.g. D; ; or
Dy, are not yet defined. These quantities are derived from molecular theory and can be
found in Hirschfelder et al., 1954, Chapman and Cowling, 1970, Williams, 1985, and in
Bird et al., 2002. The thermodynamic properties are well correlated to temperature in
polynomial form and are usually presented in tabulated-format, for example in CHEMKIN
format [Kee et al., 1990]. In contrast, the transport properties depend on temperature
and mixture composition in a very complex way, making their evaluation very expensive.
There are many formulations to deal with these evaluations. In the present work it is

used the semi-empirical formula of Wilke, 1950, for viscosity

N
M
= E N ’
T+ 1/ Xk > 05y o X Py 2.10)

2
. 1 MWk>1/2 (Iu)l/Q (MW>1/4
with @ = — 1+ 14+ (H e ,
& \/§( MW, n MW,

which g; is the viscosity of species i and ®y; is a dimensionless quantity.

The mixture averaged thermal conductivity A, can also be written with the semi-
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empirical formula of Mason and Saxena, 1958:

al A
A= ¥ 7
k=1 1+ 1/Xk Zj:l,j;ék qu)kj

2
ih . 1005 (MW e ey V2w
v KTTR MW, M MW, ’

which \; is the thermal conductivity of species i and ®;; is a dimensionless quantity.

(2.11)

The previous equation for A is not usually used in numerical combustion, instead most
combustion studies used the semi-empirical combination-averaging formula of Mathur

et al., 1967:
N N -1
1 X;

The binary diffusion coefficients, the viscosity and thermal conductivity of a species
t depend on the Lennard-Jones molecular potentials. These properties may be written in
terms of the Lennard-Jones parameters for each species, leading to the complex expres-
sions, or can be written in polynomial form with temperature dependency [Kee et al.,
1986]. The benefit of the later strategy, is that only comparatively simple fits need to be

evaluated instead of complex expressions.

2.1.3 Approximations:

In this subsection the assumptions considered for modeling atmospheric laminar
diffusion flames are presented together with the final form of the conservation equations.
At this point we have a complete set of equations (Equations 2.1 - 2.4, 2.8 - 2.9) which
describes the evolution of N + 7 variables (Y;, p,v, T, h and p). Some considerations are
needed to close the problem and they are presented below.

The flames simulated in this thesis take place in low-speed subsonic flow, in other
words, they have very low velocity when compared to the speed of sound (the Mach
number Ma? << 1), and therefore the low-Mach number approximation can be applied.
With this approximation the pressure is considered approximately constant throughout
the domain and is a function of time only (p = p(¢)). The flames considered here are in

open ambient, thus the temporal pressure variation is neglected. With this assumption
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the state equation for an ideal gas, considering the low Mach approximation now reads

. pMW NpoMW

P="RT = RJT

(2.13)

where pg is the ambient pressure (assumed to be constant). In this way the gas density
varies only with mixture composition and temperature. Additionally, the pressure mate-
rial derivative term in the Energy Equation 2.4 can be neglected. With low Mach number
flows, the viscous dissipation is also negligible in the energy equation. It is important to
note that pressure gradient in the Momentum Equation 2.2 must be retained, since this
pressure gradient drives the flow. The mass diffusion caused by the pressure gradient is
usually very small and can be neglected (second term in RHS of Equation 2.6). The mass
diffusion due to the second-order, thermal diffusion (Soret effect), is also neglected (fourth
term in RHS of Equation 2.6), since this effect is only important for small molecular weigh
species (H, Hy, He) |Coelho and Costa, 2007]. Also the second-order heat diffusion, the
Dufour effect, in the heat flux Equation 2.7 is usually neglected in combustion processes.
Finally, in the present work the gravitational force is the only body force to be considered,
so that p > Yifi = pg in Equation 2.2 and f; = f; = g in Equation 2.6. Thus the influence
in the diffusion velocity by the body force term vanishes.

With the previous assumptions we arrive at the diffusion velocity V; described by

the Stefan-Maxwell equation:

N

X X; .

VX =) 5 (Vi= Vi), =1 N (2.14)
j=1 "

This expression is numerically-expensive, since the diffusion velocity of one species V;

depends on the concentration gradients and the diffusion velocity Vjs of the remaining

species. In the present work a frequent approximation is employed to describe the diffusion

velocities, which uses a Fick’s Law-like expression,
ViV = —-D;,, VY, (2.15)

were D, is an averaged mass diffusion coefficient of the i species into the mixture, also
known as mixture-averaged diffusion coefficient. The D;,, may be obtained by employing

the Hirschfelder and Curtiss approximation [Hirschfelder et al., 1954]:

(2.16)
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By definition, these diffusion fluxes should sum to zero, but they do not because of
the mixture-averaged approach. Equation 2.15 with Equation 2.16 is an approximation
to Stefan-Maxwell equation and a correction on the velocity is needed to all species to
guarantee mass conservation. A standard method for this correction is to define a "con-
servation diffusion velocity" as recommended by Coffee and Heimerl, 1981, and justified
by Giovangigli, 1991, by proving that these diffusion velocities correspond to the first
term of a convergent series for full matrix diffusion. The diffusion velocity correction
V. = —>_Y,V; is then applied to V; = V; + V. so that the summation of all diffusion
velocity is null (Zf\il V;Y; = 0). Another way to overcome the non-conservation of mass
is to solve the species transport quation (Equation 2.3) for ¢ = 1 until N — 1 and the
remaining species is found by mass conservation, .i. e., Yy, =1 — Zf\;l Y.

Using the previous considerations we can rewrite the set of transport equation as:

dp

il . = 2.1
5 TV (V) =0, (2.17)
a(gtv) +V.-(pvv)=-Vp—-V -7+ pg, (2.18)
8(gz€) + V- (pvYi) =V - (0D VYY) + 6, i=1,..,N—1, (2.19)
9(ph) .

Further approximations:
The D;,, can also be obtained by assuming a constant Lewis number for each species
along the combustion process. The Lewis number compares the thermal diffusivity of the

mixture to the mass diffusivity of species 7 and is defined as

A
Le; = , 2.21
& D (2.21)

were ¢, is heat capacity at constant pressure of the mixture (¢, = S~  ¢,,Y;). With this
approximation the diffusion velocity is neither dependent on the molar fraction gradients
of other species ¢ nor on the remaining diffusion coefficients as in Equation 2.14, but only
on the given Lewis number. This results in a significant reduction in time to evaluate the
multicomponent diffusion velocity, but with some loss in accuracy.

And last, in order to reduce the time to evaluate the multicomponent dynamic
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viscosity, p, and thermal conductivity, A, it is possible to use temperature based functions

such as,
7\
By (—) , (2.22)
Cp 298
A 7 \"
—=C | — 2.23
Cp (298) ’ (2:23)

where A, B,C and D are constant values obtained by comparing to experimental data
or by comparing to more detailed numerical solution. Also, this approach results in a
significant reduction in computational time, again with some drawback on the accuracy

of the result.

2.2 Chemical kinetics modeling
2.2.1 Reaction Rates

In flames, the reaction region is characterised by the existence of several simulta-

neous elementary reactions. As an example consider the reaction
kg
O, + H = OH + O, (2.24)

where the oxygen molecule O, reacts with the atomic hydrogen radical H forming two new
radicals, the hydroxyl OH and the atomic oxygen O, in what is known as a branching
step, i.e., one radical forming two radicals. k; is the reaction rate coefficient for the
forward reaction and k, is the reaction rate coefficient for the reverse reaction. By the
Law of Mass Action, the forward reaction rate for OH formation is proportional to the

reagents concentrations

won, = kr [Oz] [H], (2.25)

where k; is the rate constant and can be usually modeled in Arrhenius form as,

—-E,
k= AT exp (R T> , (2.26)

where A is the pre-exponential factor, § is a temperature coefficient dependency and
E, is the activation energy. These three last parameters are listed in oxidation kinetic

mechanisms. In general, the reactions are reversible and the reverse reaction rate is also
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included. Thus, the net reaction rate for the elementary step under analysis is
Wor = Wom.f — Womr = kf[02] [H] — k, [OH][O], (2.27)
where the reverse reaction rate k,. is found through the equilibrium constant K., as
K. =ks/k,, (2.28)

which can be tabulated as function of temperature.

In a general form, each elementary reaction can be written as

N N
D vigMiS ) viMi, (2.29)
i=1 i=1

where v; ; is the number of moles of species ¢ participating in the reaction j, N is the
number of chemical species, the upper indexes " and ” indicate the reactants side and the
products side, respectively, and M, represents the species ¢. So, the reaction rate of the
4 reaction can be written as

N N
Gig = kpy [T IMA = kg [ IM)" (2.30)

i=1 i=1
Finally, the reaction source term, w;, appearing in species transport equation (Equation
2.3), which includes the contribution of all N, elementary reaction steps in the mechanism,

reads

Ny
= MW Y (v = vy B (2:31)
j=1

2.3 Chemical Kinetic Reduction Techniques

An important effort is required to solve the full set of conservation equations for
a reactive flow due to the non linearities introduced by the reaction rate terms. This is
more critical when a detailed mechanism is employed since one additional conservation
equation has to be solved for each one of the N —1 species present in the mechanism. Since
mechanisms to predict soot usually consider more than 30 species for semi-empirical soot
models, and more than 100 species for detailed soot models, the inclusion of such number
of conservation equations is still forbidden for the major part of standard computational

resources available for engineering applications. Then, a reduction technique is demanded
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to deal with this problem. These techniques has been studied for some time (for example
Bodenstein, 1913, introduced the idea of separating the quasi-steady state species from
the fast species), with several variations, but here the most common reduction techniques
are shortly explained with the purpose of contextualise the FGM method only. Further
details can be found on original articles or in books, e.g. Law, 2006 and Battin-Leclerc

et al., 2013.

2.3.1 Conventional Reduction Technique:

In conventional reduction techniques the reaction mechanism is analyzed to identify
species for which the steady state approximation may be applied and reactions for which
the partial equilibrium may be assumed.

In the case of quasi-steady state (QSS) approximation, it is assumed that the rates
of formation and consumption of a certain species are equal. Then, for a homogeneous
system this implies that w; = Wi, formation — Wi consumption ~ 0 and, consequently, dY;/dt ~
0, where the steady state name comes from. Then, a balance between these reaction
terms is achieved and an algebraic expression that relates the species in steady state
and other species of the system is obtained. This idea was introduced by Bodenstein,
1913. This approximation means that this species evolution is a very fast process that
responds immediately to a change of the state of the system. The advantage of this
approximation is that the conservation equation for this fast species does not have to be
solved anymore, instead it is replaced by the non-linear algebraic expression obtained.
For a non-homogeneous system, where convection and diffusion terms are important, this
approximation results in

0 = w;, (2.32)

IpYi
ot

where the first equation holds for the Ny species assumed in steady state and the second

FV - (pvYi) =V ( ! 3vn) = (2.33)

Le; c,

equation holds for the remaining N — Ny — 1 species in the system.

In the case of partial equilibrium assumption, a reaction of the mechanism is as-
sumed to be fast in both forward and backward directions. The result is that this reaction
is in equilibrium and, instead of using an Arrhenius model, an algebraic equation is ob-

tained relating the species in this reaction.
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With these techniques the mechanism may be reduced indefinitely until an effective
one-step mechanism is reached as one assumes additional species to be in steady state.
This is done, of course, at the expense of the fidelity of the mechanism. On the other hand
the obtained algebraic equations are highly non-linear and not easly solved. Additionally,
the selection of species and reactions to be eliminated depends on the experience of the
user and requires a thorough analysis of the chemical kinetics mechanism.

To overcome the drawbacks of the conventional technique some approaches have
been presented in literature. In next subsection three automatic reduction techniques are
reviewed: the Intrinsic Low Dimensional Manifold (ILDM), the Steady Laminar Flamelet
Model (SLFM) and the Flamelet Generated Manifold (FGM).

2.3.2 Intrinsic Low Dimensional Manifold (ILDM)

The Intrinsic Low Dimensional Manifold approach, proposed by Maas and Pope,
1992, circumvents the drawbacks of the conventional reduction technique by proposing
a method that automatically determines the fast and slow reactions. The method relies
on the fact that not every point in composition space is accessible for a given system
subjected to some initial constraints. Reactions are allowed to proceed only if they lead
the system to move on a defined subspace of the composition space. This subspace is
called a manifold. Then, if a chemical systems is represented as a point on this manifold,
for all times the state of this system is given by a point that is also a point on the same
manifold. The analysis of the trajectories of the system within the manifold allows one
to identify an attracting trajectory that is preferentially followed by the system. All fast
reactions are attracted to this trajectory, and the motion along the attracting manifold is
controlled by the slower reactions. This attracting trajectory is called a low dimensional
manifold.

The mathematical method for identifying such low dimensional manifold is based
on the analysis of the eigenvectors and eigenvalues of the source term of an homogeneous,
adiabatic, isobaric system. The number of controlling variables is proportional to the
number of species that are not considered to be in steady state (slow processes) and
is imposed arbitrarily. The remaining species are assumed to be in equilibrium with
the system. The fidelity of the reduced scheme increases with increasing the number of

controlling variables until the full mechanism is recovered. An additional advantage of



22

this method over the QSS technique is that the steady state species may not be the same
for the entire progress of reaction. Instead, the steady state species change according to
the fast and slow reactions for each state of the system.

For a given reactive system it is possible to parameterize the low dimensional
manifold (the accessible region in composition space) as a function of a reduced group
of coordinates (corresponding to the number of controlling variables). This is done by
building a table that stores the mixture composition and temperature (the state of the
system) as function of the concentration of chosen progress variables (species that have a
monotonic behavior during the reaction progress). This table is, then, used in subsequent
simulations. A drawback of the method is that it relies on the analysis of an homogeneous
system, i.e., it is assumed that the reactions are fast phenomena compared to diffusion
and convection. For the low temperature regions of a flame this assumption may not be

valid and the ILDM approach may give poor results.

2.3.3 Steady Laminar Flamelet Model (SLFM)

The SFLM is an alternative method for reducing the computational effort required
in simulating combustion processes. It relies on the idea that the inner flame structure
(preheating and reaction regions) is not affected by the flow, thus remaining essentially
equal to a one-dimensional flame. This means that the characteristic length scale of
the flow (hydrodynamic length scale) is much larger than the flame length scale (flame
thickness) so that the flow may distort the flame front, but the flame inner structure
remains the same to a first approximation (the parameter that accounts for the effect of
the flow field on the flame structure is the scalar dissipation rate to be defined next). In
this way it is possible to decouple the flow problem (mixing) from the reaction problem
(flame structure).

For diffusion flames the flame structure is parameterized by the mixture fraction

Yr =Y, Y
z—_™ _Vvr— Yo+ Y02 (2.34)
my + Moy vYp1 +Yo,2

where m; is the mass of the fuel stream, mo is the mass of the oxidizer stream, and v is
the stoichiometric oxidizer-to-fuel ratio. The mixture fraction is a conserved scalar that
represents the mass fraction of material originated at the fuel stream. It is a parameter

that varies from 1 at the fuel stream to 0 at the oxidizer stream. The inner structure of
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a flame, i.e., the species mass fraction Y; and the mixture temperature 1" are assumed
to be dependent on the mixture fraction and time only, Yy = Yi(Z,t) and T = T(Z,1).
Peters, 1984, showed that species and energy transport equations may be rewritten using

the mixture fraction as the independent variable, (see e.g. Poinsot and Veynante, 2005),

as
a, . 1
oT 1 0*T
T oy —— 2.
Py = Wt 5PX 5 (2.36)

where y is the scalar dissipation rate, a parameter that accounts for the local gradient on
the physical space of the mixture fraction defined by

X = 2N (VZ)* (2.37)

PCp

where the diffusion coefficient of the mixture fraction was chosen to be the same as the
thermal diffusivity of the mixture. This assumption can be justified by remembering that
under certain simplifying conditions the energy and mixture fraction transport equations
have the same form and boundary conditions [Turns, 2000]. Equations 2.35 and 2.36 are
called flamelet equations. The scalar dissipation rate y is the link between the local flow
field and the inner flame structure.

To simulate a multidimensional flame, first the flame structure problem is solved.
Several one-dimensional steady counter-flow flames (with prescribed y) are solved and
the results are stored in a table as a function of the mixture fraction and the scalar
dissipation rate, i.e., Y; = Y;(Z, x) and T' = T(Z, x). Although y varies along the flame,
usually a characteristic value is chosen to parameterize the results, for example the value
at the stoichiometric mixture fraction y,. Then, the three-dimensional flow problem is
solved (conservation equations for the total mass and momentum) with an additional
conservation equation for the mixture fraction Z. At each point of the domain the state
of the system be retrieved from the table based on the local value of Z and x. The
evaluation of x in multidimensional simulations can be accomplished based on the local

flow and Z fields through algebraic approximations.



24

2.3.4 Flamelet Generated Manifold (FGM)

The FGM was independently proposed by van Oijen and de Goey, 2000, and
Gicquel et al., 2000 (the last authors called the method a Flame Prolongation of the
ILDM (FPI)). The method combines characteristics of the ILDM and Flamelet methods.

In the FGM method a low dimensional manifold is created from solutions of
flamelet equations. Since the reactive system is naturally confined to a sub-region in
composition space (as shown by Maas and Pope, 1992), then, in the FGM method the
low dimensional manifold is built by following the path in composition space that is cov-
ered by the system in an one-dimensional laminar flame. Then, the flamelet equations
(for premixed or non-premixed flames) are solved and stored in a table (a manifold) as a
function of some controlling variables.

For the controlling variables there is not an unique choice. However, a necessary
characteristic is the choice has to result in a unique mapping of the dependent variables.
A convenient choice in many situations is a progress variable ) formed by the combination

of some variables, for example
y - aCOQYCOQ + aHQOYHZO + aHQYH27 (238)

where the weighting factors «; are given by «; = 1/MW,;. In this way all species in
the progress variable have comparable contribution. Since Hy has a high diffusivity its
inclusion in the ) definition guarantees that )’ has a non-zero value everywhere in the
flame.

Here another definition for the mixture fraction is used, which its expressed in

terms of the element mass fractions Z¢, Zy and Zg as follows [Bilger, 1989]:

AR/ . Zo 1Zy  Zo
Z=2_"Zov with Z*=2 et LA 2.39
Zi—75 Mo " 2Mg Mo (239

where Z; is the element mass fraction of element j, defined as the mass of element j
divided by the total mass, and the subscripts fu and ox denote pure fuel and oxidizer
quantities, respectively. The mixture fraction is scaled such that Z = 1 in the fuel stream
and Z = 0 in the oxidizer stream.

As in the ILDM method, the number of controlling variables may be chosen arbi-

trarily and the fidelity of the reduction technique increases as the number of controlling



25

variables is increased. For example: for laminar premixed adiabatic flames one controlling
variable (progress variable ))) is usually sufficient to describe the flame, whereas for non-
premixed non-adiabatic flames three controlling variables are needed (progress variable
Y, a mixture fraction Z and enthalpy k). In subsequent simulations it is assumed that the
thermodynamic state of the system in each point is defined by the controlling variables
only and all other parameters can be retrieved from the manifold. For each controlling
variable a corresponding conservation equation must be solved in the multidimensional
problem.

An advantage of the FGM over the ILDM is that the manifold naturally takes into
account convection and diffusion effects (unsteady effects may be included by solving un-
steady flamelets). For high temperature regions, where the reactions terms are dominant,
the FGM and ILDM have similar behavior. On low temperature regions, however, where
diffusion and convection terms may be as important as the reactive terms, the FGM is
expected to give a better approximation of the state of the system. Relative to the SLFM
approach the FGM method can be improved by including additional controlling variables
to the manifold. In Jha and Groth, 2011, it is shown that important improvements are

achieved when the FGM is used instead of the SLFM.

2.3.4.1 Flamelet Equations

In de Goey and ten Thije Boonkkamp, 1999, a set of flamelet equations for a
flame adapted coordinate system has been derived from the full set of three-dimensional
transport equations. Then, the steady one dimensional transport equations for the total

mass, the mass of species and enthalpy, for constant Lewis number Le;, read

O(pu)
o = K. (2.40)
IpuY;) 1 0 (NIY; .
—8x - Leia_l‘ <a 31‘) + w; pK}/Z, (241)
dpuh) @ (AOh S A [ 1 Y;
Oz = 8_$ <;8—$ + ; hzg Lei 1 O pKh, (2.42)

where x is the normal coordinate relative to the flame surface, p is the mixture density,
u is the velocity component normal to the flame surface, K is the stretch rate, Y; is the

mass fraction of species ¢, A is the mixture thermal conductivity, ¢, is the mixture heat
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capacity, w; is the reaction rate of species 7 and h is the mixture enthalpy.

The stretch rate K accounts for the deviations from the one-dimensional condition.
In van Oijen and de Goey, 2000, the stretch rate K is defined as the relative rate of change
of the mass M (t), defined as

M(t) = /v ) pdV (2.43)

contained in an infinitesimal volume V'(¢) in the flame, moving with the local flame surface

velocity uy, then,
1 dM

= ——. 2.44
M dt (244)
A transport equation for the stretch field K (x) derived from the momentum equa-

tion in transverse direction and reads [van Oijen and de Goey, 2000]
I(puK) 0 < 0K

ox :(9_1: u@az

) — pK? 4 2poa?, (2.45)
where a and py are respectively the applied strain rate and the density at the oxidizer
stream. The strain rate a (s7!) is proportional to the local velocity gradient at the oxidizer
inlet (a = —0u/0x). Then, at the oxidizer stream the stretch and strain rates are equal
(K = a). The applied strain rate a can be interpreted as the inverse of a residence
time scale since for large values of a the species resides less time within the flame and
the conversion to saturated products is less complete. For a critical value of the strain
rate the flame extinguishes. On the other hand, for small values of a the residence time

increases and larger amounts of saturated products are formed. In the limit a — 0 the

residence time is infinite and the flame reaches equilibrium.

2.3.4.2 Manifold construction and multidimensional simulations

To build the manifold, the set of conservation Equations 2.40 to 2.45 is solved with
proper boundary conditions. The FGM method was first introduced for the solution of
multidimensional premixed flames, where a premixed flamelet was the natural choice to
build the manifold, since it connects the system initial condition (frozen flow region of a
premixed flame) to the equilibrium condition (equilibrium region of a premixed flame).
In this case, flame stretch may be included (K # 0) or may be neglected (K = 0) when
building the manifold.

For diffusion flames both premixed and non-premixed flamelets have been used to
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create the manifold, Verhoeven, 2011, but the results with the former option has been
shown to be superior. A non-premixed flamelet is built from the solutions of laminar
counterflow diffusion flames. Then, the stretch rate must be included, since unstretched
flames in this configuration are intrinsically unstable [Poinsot and Veynante, 2005]. This
is done by varying the applied strain rate a from very low values until the highest value
where the extinction limit is achieved. All these solutions are stored in a single table as a
function of the controlling variables ) and Z, forming a 2D manifold. To cover the region
between the extinction limit and the mixing limit (when there is no reaction), a series of
unsteady flamelets may be used with increasingly higher values of the applied strain rate
a.

Usually the flamelet equations are solved for a set of variables that do not change
with chemical reactions and are called conserved variables. In general these variables
are the pressure (low Mach number approximation) and the element mass fractions Z;.
For the case of adiabatic flames, the enthalpy of the system is another conserved variable.
However, one or more of these conserved variables may vary in space or time due to mixing
or cooling/heating (i.e., other process than chemical reactions). When the variation of one
of the conserved variables is large it has to be included in the manifold as an additional
controlling variable.

For multidimensional flame simulations the equations to be solved are the continu-
ity equation, Equation 2.17, the momentum equation, Equation 2.18, and the transport
equations for the controlling variables. Then, for the case of a diffusion flame with two

controlling variables ) and Z the following additional transport equations are solved

V. (pvZ)=V- (%vz) , (2.46)
Vo (pv)) =V (Liey%vy) . (2.47)

where Ley is and wy are the Lewis number and source term for the progress variable
and both are composed from the Lewis numbers and source terms of the selected species
that form ). Note that the diffusion transport of mixture fraction is considered as Ley =
1. When building the manifold these parameters may also be tabulated, i.e., Ley =
Ley(Y, Z) and wy = wy(Y, Z).

For each point in the computational domain the local values of ) and Z are used
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to retrieve the the state of the system, i.e., ¥; = Y;(¥,Z) and T = T(Y,Z). This is
done by a bilinear interpolation procedure. One efficient option for this procedure is
described in van Oijen, 2002. For non-adiabatic flames the enthalpy of the system is not
conserved and the multidimensional energy equation, Equation 2.20, must also be solved
to account for the heat loss effects. In this case the enthalpy is an additional controlling
variable (forming a 3D manifold, i.e., Y; = Y;(), Z,h) and T = T(Y, Z,h)). Note that
the inclusion of additional controlling variables increases the computational time for the
retrieval process as the interpolation procedure becomes more complex. Since for each
controlling variable an additional transport equation must be solved, it is expected that
the FGM may become slower than the direct integration of the conservation equations for

a large number of controlling variables.

2.3.4.3 Progress Variable choice:

The definition of the progress variable is of extreme importance since its choice
determines how well the mixture thermodynamic state is mapped. For methane-air pre-
mixed and non-premixed flames the choice of YV = aco,Yco, + @m0 Ym0+ am, Yy, usually
renders good results, Nevertheless, when the fuel or oxidant composition are different, a
new choice for the progress variable must be made. The choice is arbitrary, usually based
on previous experience, or it can be made using automatised methods, like the works of
Thme et al.; 2012 , Najafi-Yazdi et al., 2012 and Priifert et al., 2015. All these works have
the same goal: to create a method where the reaction progress variable can be optimised
by mathematical optimisation tools, removing the expert knowledge previously required
in identifying the optimal ) [Ilhme et al., 2012]. Even though each achieved the goal with
different mathematical approach, they shared similar principles as the one suggested by

Ihme et al., 2012:

e The definition of ) should result in a transport equation that can be conveniently

solved in a combustion simulation.

e The reactive scalars from which ) is constructed should all evolve on comparable

time scales.

e All parameters that define the manifold should be independent of one another.
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e The set of parameters from which the manifold is formed should uniquely charac-

terize each point in the thermochemical state-space.

Since the application of such optimisation procedures is not straightforward, in the
present thesis it is chosen just to use the principles presented above to find one arbitrary
progress variable that can recover the thermodynamic/chemistry-state with reasonable

results and work on the methodology to include high load of soot inside the FGM method.
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3 INVESTIGATION OF MASS AND ENERGY COUPLING BETWEEN
SOOT PARTICLES AND GAS SPECIES IN MODELING ETHYLENE
COUNTERFLOW DIFFUSION FLAMES

In this chapter the mass and energy coupling between the soot particles and the
gas-phase species is investigated for ethylene counterflow flames using a semi-empirical
model. The semi-empirical model is chosen since it combines important steps for soot
formation, good predictability of global soot variables and low computational time, spe-
cially for practical combustion systems. In order to determine whether the coupling effect
is important, the model is explored in conditions that produce low and high amounts
of soot by changing the strain rate imposed to the flow field, by increasing the oxygen
concentration of the oxidizer and by increasing the pressure. Adiabatic and non-adiabatic
(with radiation losses) simulations are investigated. Additionally, the effect of simplified

transport properties modeling is analyzed.

3.1 Numerical model

Combustion problems are modeled with a set of partial differential equations that
describes conservation of total mass, mass of species, momentum, and energy. For coun-
terflow flames an one-dimensional approximation can be employed. The derivation of this

set of equations can be found in de Goey and ten Thije Boonkkamp, 1999.

3.1.1 Soot model

The soot model used in this study is based on Leung et al., 1991 and Liu et al.,
2004. This model is a semi-empirical acetylene based model that describes soot particle
nucleation, surface growth and oxidation. Two additional equations are included in the
system of conservation equations, one for soot mass fraction, Ys, and another for soot
number density, Ng (particles (kg of mizture)™'). These two equations written for a

stagnation flow read

d(pYs)  O(puYs)  O(pVrYs) O dYs .
ot + o - - or + % st% + Wyy — pKYS, (31)

0(pNs) , OlpuNs) __0(pVrNs) % <st%) + g — pK N, (3.2)

ot ox ox
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where p is the mixture density (kg m™2), u is the fluid velocity (m s7!), Vr is the ther-
mophoretic velocity of the soot particles (m s™1), D, is the soot diffusion coefficient
(m? s71), Wy, and 1wy, are the source terms of soot mass fraction (kg m=3s~!) and soot
number density (particles m™3s™1), respectively, and K is the stretch rate (s7!). The
stretch rate K accounts for the deviations from the one-dimensional condition [de Goey
and ten Thije Boonkkamp, 1999]. Many researches |Liu et al., 2002, 2004; Leung et al.,
1991; Fairweather et al., 1992; Zhang et al., 2008] neglect the Brownian motion of soot
particles since soot transport is usually dominated by convective and thermophoretic ef-
fects. A small soot diffusion term is retained in this study to enhance numerical stability.
In the same manner as in Kennedy et al., 1990, who used a soot diffusivity of 1% of the

average gas diffusivity, the value of Dy is set to 1 x 107% (m? s7!). The thermophoretic

velocity of soot, Vi, is modeled as

19T
Vi = _0'5O%Tg_x' (3.3)

where 1 is the mixture dynamic viscosity (kg m~'s™!) and T is the mixture temperature
(K).

The soot related reactions are presented in Table 3.1. It is a simplified mechanism
that neglects many phenomena involved in soot formation. The destruction of particles
by coagulation was neglected as sugested in Ezekoye and Zhang, 1997, Liu et al., 2002,
and Liu et al., 2004. There is only one species responsible for soot nucleation and surface
growth, neglecting the role of many PAHs. Also, the aerosol of particles is assumed to be
mono-disperse. Nevertheless, this model is good enough for the purposes of the present
work, i.e., to evaluate the importance of the coupling terms between the gas-phase and
soot particles.

In this model the first reaction for soot formation is the nucleation of the first
particle, which employs acetylene as a representative species of the soot precursors. The
soot particle is represented as solid carbon, C's. The second reaction is the surface growth
due to adsorption and reaction of C5H,y on the surface of the particle. The third, fourth
and fifth reactions model soot mass consumption by surface oxidation by Oy, OH and O,
respectively.

The source terms for soot mass fraction, Equation 3.1, and soot number density,
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Table 3.1: Soot reactions

Reaction Rate n.
Nucleation CoHy — 2Cq + Ho Ry
Surf. Growth CyHy + nCq — (n + 2) Cs+ H, Rs
Oxid. by 02 Cs + %02 — CO Rs
Oxid. by OH Cs+OH — CO+ H R,
Oxid. by O Cs+0—CO Rs

Equation 3.2, are:

Wy, = Mg (2R + 2Ry — R3 — Ry — Rs), (3.4)
: 2
wNS == C ] NAR17 (35)

where Mg = 12.011 (kg kmol™1) is the carbon molar mass, C,,;, = 700 is the average num-
ber of carbon atoms in the incipient soot particle and Ny = 6.022x10%¢ (particles kmol ™)
is Avogadro’s number. Equation 3.4 takes into account soot nucleation, surface growth
and oxidation by Oy, OH and O. Equation 3.5 takes into account the production of
particles by soot nucleation only.

The nucleation rate Ry (kmol m™> s!), and its rate constant k; are written as

(3.6)

—16,103
Rl = kl(T)[CQHQ], ]{31 =1.0x 103 exp (—7>

T
where [CyHs) is the acetylene concentration (kmol m™3).

The surface growth rate, Ry (kmol m™3 s71), and its rate constant ky are written
as

_1 4
Ry = ky(T) f(S)[CoHa), Ky =7.0x 10*exp (ﬂ) ;

= (3.7)

where f(S) is a function that expresses the dependence of the surface growth term on the
specific soot surface area, S (m? m~2). In this model f(S) = /S and S = wd? (pNy).
The soot particle diameter, d,, (m), can be obtained as

dp:( 6¥s )1/3, (3.8)

mpcNs

where pc = 1,900 (kg m™3) is the soot density.
The oxidation by O, is based on the Nagle-Strickland-Constable model (NSC)
[Nagle and Strickland-Constable, 1962|. In this model, it is assumed that there are two
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types of sites, one more reactive (A) and another less reactive (B), on the carbon surface.
The oxidation rate, R3 (kmol m™3 s!), and its rate constant ks are written as

kAPOQ

Ry = kyS, hy= A0z
3 3 3 <1+kzP02

) IA—i—kBPOZ(l—xA), (39)

where Pp, is the partial pressure of O, in atm, and the intrinsic constant rates of the

model, k4, kz, kg and k7, and the fraction of the surfaces x4 that is covered by the sites

A are
ka = 200 exp(—15,098/T), (3.10)
ky = 21.3exp(2,063/T), (3.11)
kp = 4.46 x 10~ exp(—7,650/T), (3.12)
kr = 1.51 x 10°% exp(—48817/T), (3.13)
e (1422 h (3.14)
AT ksPo,) '

The oxidation rate by the OH radical Ry (kmol m™3 s7!) and its rate constant ky,

taken from Moss et al., 1995, are written as
R4 = l{4S, k’4 = 1.044 x 10_3‘;0OHT_1/2pOH (315)

where popg is the collision efficiency for OH and popy is the OH partial pressure in Pa.
The collision efficiency is assumed to be equal to 0.2.
The oxidation rate R; by the O radical and its rate constant k5, taken from Bradley

et al., 1984, are written as:
Rs = ksS, ks = 1.094 x 107300 T~*po (3.16)

where ¢ is the collision efficiency for O and po is the O partial pressure in Pa. The
collision efficiency is also assumes to be equal to 0.2.
The soot volume fraction, f,, is found from the computed soot mass fraction as

_ s

fo= 2 (3.17)

The soot model described above is not valid for very large residence times, i.e.,
for extreme low strain rates. Since the model does not consider reversible reactions,

it is not able to reach the equilibrium conditions and very large quantities of soot are
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predicted. This limitation was also pointed out in Kennedy, 1997, and Eaves et al., 2015.
Eaves et al., 2015, showed that considering the reversibility in modeling soot nucleation
and condensation processes the agreement of numerical studies with experimental data of

ethylene laminar coflow flames improved.

3.1.2 Radiation model

The radiant heat losses are modeled by using the grey-gas approximation, i.e.,
there is no dependence on the wave number, and the optical thin limit, i.e., the medium
does not scatter nor absorb radiation. Then, the heat source in the energy conservation
equation due to gas and soot radiant heat losses [Smooke et al., 1999; Barlow et al., 2001;

Carbonell et al., 2009; Domenico et al., 2010] is:

q;/%/ = qy%/,.gas + q%,:sooﬂ (318)
q%,.gas = _40-/{’(T4 - T54u7‘)7 (319)
qy%/,:soot = _CfvT57 (320)

where T, is the surrounding temperature, o is the Stefan-Boltzmann constant (5.669 x
1078 W m~2K ) and the constant C' = 4.243 x 10~ (W m 3K ~®) is taken from Smooke
et al., 1999. kK = > p; atmki denotes the Planck mean absorption coefficient of the mixture
(m™'), and p;am and k; are respectively the partial pressure (atm) and Planck mean
absorption coefficient of species i (atm™' m~!). The participant gas species are H,O,
COy, CO and C'H4. The Plank mean absorption coefficient for H,O and C'O, are taken
from Chen et al.; 1993, and for CO and C'H; are taken from in TNF, 2016. Both set
of Plank mean absorption coefficient are presented in the Appendix A. In the Equation
3.20 it is considered that the absorption term is negligible when compared to the emission
term. Since in our results there is no soot in low temperature regions, this approximation

is accurate enough for the present study.

3.1.3 Coupling of soot and gas-phase species

The solid phase is modeled as an additional species, the (N + 1)th species in the
mixture (Yy,1 = Ys). The interaction between the soot chemistry and the gas-phase

chemistry was accounted for in the transport equations for the total mass, for the mass of
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species and for energy. This means that additional source terms for species related to soot
formation and oxidation (CyHs, Hy, CO, H, Oy, OH and O) are added to the system of
equations. Thus, the elements are conserved, the summation of species mass fractions is

equal to one (Zf:{l Y; = 1) and the summation of species source terms (in mass basis) is

equal to zero (Zf\gl w; = 0). To guarantee mass conservation the correction of diffusion
fluxes is applied to all species, including soot. Additional soot terms in the mixture
enthalpy and heat capacity are added as h = le\fll Y;h; and ¢, = ngl Yic,,. The
thermodynamic properties for soot (h; and ¢,,) are approximated using the properties of
solid carbon (graphite) and the data are taken from the NIST-JANAF database [Chase Jr.,
1998|. For simplicity it is assumed that soot does not affect the mixture viscosity and
thermal conductivity. An additional term in the energy flux, j, (kJ m=2 s7!), due to the

soot thermophoretic diffusion flux, the (N + 1)th species, is added:

N+1

Jg = —AVT + Z hiji, (3.21)

i=1
where, A is the thermal conductivity (kW m~'K~1), j; is the species ¢ mass diffusion flux
(kg m=2 s71). The mixture density, p, is calculated as the density for multiphase flows

according to Crowe, 2006:
P = fvpC + (]- - fv)pgasu (322)

where the density of the gas phase, pg,s, is calculated by the ideal-gas equation of state

using low-Mach number approximation

N -1
pMWgas Y;*
=— M = 2
e o R I 029

where p = pymp is the ambient pressure (Pa), R is the universal gas constant (8.3144
J mol™t K1), MW, is the molar mass of the gas-phase only (kg kmol™!) and MW; is
the species ¢ molar mass. To calculate MW, it is necessary to rescale the species mass

fraction according to V;* =Y;/(1 — Ys).

3.1.4 Numerical Method

The system of equations was solved with the code CHEM1D, 2016, for steady state
conditions. The chemical kinetic mechanism of Blanquart et al., 2009, was used. This

chemical mechanism, consisting of 148 species and 928 reactions, was developed for the
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high temperature combustion of a wide range of pressures for hydrocarbon fuels ranging
from methane to iso-octane. The diffusion coefficients are calculated through the mixture-
average approach in which the diffusion velocity of each individual gas species is computed
assuming Fick-like diffusion with correction of diffusion fluxes for all species. Viscosity
is calculated through Wilke’s approximation (Equation 2.10) and thermal conductivity
is calculated through combination-averaging approach of Mathur et al., 1967 (Equation
2.12).

The fuel stream is pure ethylene and the oxidizer stream has the simplified com-
position of standard dry air (Yo, = 0.233 and Yy, = 0.767). All cases converged using a
convergence criteria of 1 x 107!°. Adaptive mesh refinement was used according to the
gradients of the following variables: temperature, density, heat release, Ys, Ng, Yo, 1,, Yo
and Y. The distance of both boundaries to the stagnation plane are set as x5 = —2
cm and ;45 = 2 cm, sufficiently large for all gradients near the boundaries to become
zero, except for velocity, that follows a potential flow. It was found that the results for
all variables analyzed in the current work became grid independent for 400 points.

An assessment of the current model was done and the results of three non-adiabatic
cases were compared to the experimental work of Hwang and Chung, 2001, and Vands-
burger et al., 1984, and the numerical work of Liu et al., 2004. The chemical kinetic
mechanism used for this assessment was GRI v3.0 [Smith et al., 2000], the same as for the
reference. Figure 3.1 shows the comparison of f, for three levels of oxygen concentration
at the oxidant stream. The comparison with experiments was in good qualitative agree-
ment and the differences observed in the numerical comparison are due to the different
reacting flow codes that were used (the reference used the code described in Smooke et al.,

1938).

3.2 Results and Discussion

The impact of the mass and energy coupling terms on the flame simulation are eval-
uated for ethylene/air counterflow flames in a variety of conditions. Results are presented
in four parts. In the first part some basic aspects of the flame structure are presented
for low and high values of strain rate. In the second part different radiation models
are compared and discussed, highlighting the importance of this coupling term for soot

predictions.
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Figure 3.1: Comparison of f, results for three levels of oxygen molar fraction at the
oxidizer stream, Xp,; Open symbols: Hwang and Chung, 2001, Close Symbols:
Vandsburger et al., 1984; Solid line: Present simulation; and Dash-dot line: Reference

simulation [Liu et al., 2004].

In the third part, additional coupling terms for mass and thermodynamic properties
are explored in detailed in order to determine the conditions for which the full coupled
model is necessary. Numerical simulations were conducted for four different situations.
Two simulations were adiabatic and two were non-adiabatic (i.e., with radiant heat losses,
Equation 3.18). Within each heat loss condition two different cases were tested. In the first
case, here called "coupled", the gas-phase composition and thermodynamic properties are
influenced by the soot formation and oxidation, with the additional terms presented in the
Section 3.1.3. In the second case, here called "non-coupled", the gas-phase composition
and thermodynamic properties are not influenced by the soot formation and oxidation
(none of the additional terms presented in the Section 3.1.3 are used), and the only
coupling effect that is kept is the radiant heat losses from soot in the energy equation.
Therefore, there are no conservation of mass and energy and that the mixture density is
evaluated only by the gas-phase.

In the last part, the effect of different transport models on the flame simulation is

presented and compared to the effect of coupling terms.
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3.2.1 Flame Structure

The impact of flow field on the flame structure for two different values of strain rate,
a = (—du/dz),—, applied at the oxidizer side, is presented. One flame has a = 100 s~
i.e., a small residence time that leads to a low f,, and the other has a = 10 s7!, i.e., a
long residence time that leads to a high f,.

The flame structure for a = 100 s~ for the adiabatic and coupled case is presented
in Figure 3.2. Species related to soot production and oxidation and temperature profiles
are presented in physical space. The gas stagnation plane is located at © = 0 em and the
reaction zone is located in the oxidizer side. Soot particles are present in the region where
high temperatures and high acetylene concentrations are found. For this condition, the

maximum f, is equal to 0.225 ppm (corresponding to a maximum Yg of 0.0013).
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Figure 3.2: Flame structure for a = 100 s=! for coupled, adiabatic case.

As the residence time is increased the flame thickness and the amount of soot
produced are also increased. The f, and the temperature profiles for a = 10 s~! for the
four situations under investigation are plotted in Figure 3.3. In this figure it is possible to
observe that the inclusion of the radiation model is important for the flame simulations
while the additional coupling terms have a lower impact. Qualitatively the profiles are
similar for the four situations under investigation. The largest differences are usually

found close to the maximum value of each variable. Thus, in the discussions that follow,
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only the differences in the peak values of each variable of interest will be presented.
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Figure 3.3: f, and temperature for a = 10 s~

3.2.2 Coupling through radiative heat losses

From the previous section it was found that the coupling of radiative heat loss had
a large impact on the flame structure. Therefore, in this section, the heat loss by soot and
gas radiation is discussed in more detailed. Numerical simulations were conducted for four
different radiation models. One simulation was adiabatic, one with soot radiation only,
another with gas radiation only and the last with both soot and gas radiation (previously
referred to as the non-adiabatic condition). All simulations were done using the coupled
approach, with the terms presented in the Section 3.1.3. To explore a large range of soot
volume fractions the strain rate, a, is varied from 1 s=! to 200 s~!.

Figure 3.4 presents the maximum temperature as a function of the strain rate a.
As the residence time increases (a decreases) the effect of radiative heat loss becomes so
significant that the flame is eventually extinguished. It is also possible to see that as
the amount of soot increases (see Figure 3.5) the soot radiation becomes important and
generates a similar decrease of the flame temperature as that observed for the gas-phase
radiation model. An important aspect is that soot radiation source term is concentrated
in the region of high soot volume fraction (close to the stagnation plane). In this region

the predicted temperature is lower for the model considering only soot radiation when
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Figure 3.4: Comparison of maximum temperature for different radiative heat losses as a

function of the strain rate a.

compared to that considering only gas radiation. The opposite is observed for the max-
imum flame temperature as seen in Figure 3.4, since the gas radiation source term is
important in a much wider region.

In the Figure 3.5 it is possible to see that the maximum soot volume fraction is
differently affected by each heat loss condition. The maximum values of f, are 5.74, 8.28,
and 3.15 ppm, for the soot radiation only, gas radiation only and the combined soot and
gas radiation conditions, respectively. This is due to the fact that each condition distinctly
affects the flame structure, resulting in unique temperature and gas species fields, which
consequently produces a unique soot distribution. If no radiation is accounted for, the
model predicts huge amounts of soot that are not realistic as will be seen in the next
section.

In general, the importance of the radiation heat loss on soot predictions shown
here agrees with others works in the literature. For example, in the work of Kennedy
et al., 1996, the comparison between adiabatic and non-adiabatic solutions showed that
the concentration drop of OH and other gas species was due to temperature decrease (due
to soot radiation) and mass coupling terms. The same conclusion is reached with the
present results. Domenico et al., 2010, found small differences in CsHy and CgHg when

the soot radiation was accounted for, for partially premixed ethylene case. For the present
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Figure 3.5: Comparison of maximum f, for different radiative heat losses as a function

of the strain rate a.

ethylene diffusion flame differences were found for Cy Hy and CgHg, equal to 2.5% and 5%,
respectively, for similar soot amounts. Wang et al., 2015, studied ethylene counterflow
with the oxidizer stream composed of 25% O, and 75% N, by volume and the fuel stream
of pure ethylene. In a comparison between a gas-phase model and a model with soot (mass
and radiation coupling terms) they found that the coronene (pyrene) concentration was
reduced by 30.5% (10%). For the same level of soot, fymaee = 0.6 ppm, but with oxidizer
being dry air, the present results showed that the pyrene concentration was reduced by

10.8% (the employed mechanism does not have coronene).

3.2.3 Coupling through mass terms and thermodynamic properties

In this section additional coupling efffects including mass and thermodynamic prop-
erties, presented in Section 3.1.3, are investigated. The effects of strain rate, oxygen

content of the oxidizer stream, and pressure are also evaluated.

Strain rate effect

In order to determine whether the full coupling is important, the error between

coupled and non-coupled models is analysed. It was found that this error becomes notice-
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able mostly in the range 10 < a < 100 s~!. Therefore, this range is used for discussing
the following results.

As shown in Figure 3.6, within the range of strain rate values explored in this
section, only small differences in temperature predictions are found when the coupling
terms are not included in the model. The largest absolute temperature difference is only
24 K for the adiabatic condition while for the non-adiabatic condition it is 5 K. In
terms of relative difference (with the coupled case as the reference and values presented
in modulus) it is 1.09 % and 0.25 % for the adiabatic and non-adiabatic conditions,
respectively. The effect of radiative heat losses, on the other hand, is very important and

this effect is larger for the lower strain rates with the difference reaching approximately

200 K at a = 10 s 1.
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Figure 3.6: Maximum temperature as a function of the strain rate a.

The maximum f, as function of strain rate is shown in Figure 3.7. As the residence
time is increased (lower a) more soot is produced, reaching maximum values of f, equal
to 7.89 ppm and 2.88 ppm for the adiabatic and non-adiabatic conditions, respectively,
at a = 10 s7'. The coupling effect becomes more significant for lower a values due to
the higher amounts of soot formed. To evaluate the mass and energy coupling between
both phases, only the relative difference between the non-coupled and coupled cases is
discussed. For the adiabatic condition the relative difference for the maximum f, steadily

increases from 0.1 % for the highest a value to 14.3 % for the lowest a value. One can
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define a threshold for errors larger than 1% (5%), which is found at a = 60.5 s (23.3 s71),
corresponding to a maximum f, of 0.51 ppm (2.34 ppm). For the non-adiabatic condition
the relative difference increases from 0.1 % for the highest a to 8.2 % for the lowest a
value. Relative differences larger than 1%(5%) are found for 0.51 ppm (1.9 ppm). Figures
3.6 and 3.7 show again that the flame radiation is very important for soot modeling if low
strain rate are achieved. For the present study the adiabatic condition overpredicted f,

approximately by a factor of three.
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Figure 3.7: Maximum f, as a function of the strain rate a.

In the Figure 3.8 the soot prediction, in terms of mass fraction, is extended to lower
strain rates to show some limitations of different modeling approaches. As the residence
time increases, the soot mass presents a steep increase for the adiabatic case, reaching
unphysical values for the non-coupled case, which is a severe limitation of this case. When
the mass coupling is correctly accounted for, the results are more consistent even for the
high soot loads achieved in adiabatic calculations. For the non-adiabatic solution, soot
formation is limited by the resulting lower temperatures. For large residence times Yy
even decreases due to the intense radiative heat losses (7" decreases) and both coupled and
non-coupled models present similar results. However, for large residence times, tending
to equilibrium, the employed soot model is not valid since reverse reactions are neglected.
A critical point if one decides not to take into account the mass coupling is that the total

mass conservation will not be satisfied and the resulting error is equal to the mass of soot
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formed. For example, for a = 10 571, Yg is 0.051 for the adiabatic condition and 0.016
for non-adiabatic condition, i.e., errors of 5.1% and 1.6%, respectively, in the local mass

conservation.
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Figure 3.8: Maximum Ys as a function of the strain rate a.

The impact of the coupling terms on the gas-phase species is also investigated.
Only the species responsible for soot nucleation (R;) and surface growth (Ry), CyHs, and
the gas-phase product of these reactions, H,, are presented in detail.

Figure 3.9 presents the maximum C5H, mass fraction. The relative difference varies
from small values at the highest a, 0.2% for both adiabatic and non-adiabatic conditions,
to significant values for the lowest a, 6.7% for adiabatic and 4.2% non-adiabatic conditions,
with the non-coupled cases always presenting higher amounts of CsHy. These results are
expected, since CyH, is not consumed in reactions Ry and R, for the non-coupled cases.
The behavior of CyHy, the soot precursor species in the present model, is defined by a
balance between the gas-phase reactions forming and consuming acetylene and, for the
coupled cases, the consumption by soot nucleation and surface growth. This balance
depends on temperature and residence time. For strain rates larger than 170 s~ (not
shown in the figure), the acetylene mass fraction is reduced until the flame reaches the
extinction limit. The behavior for large strain rates is controlled by the small residence
times of these flames. For small strain rates, the acetylene mass fraction is also reduced

for all cases, even for the adiabatic and non-coupled case for which the CyH, starts to



45

decrease at a strain rate equal to 7.4 s~! (not shown in the figure). In this circumstance,
tending to the adiabatic equilibrium, the Cs Hy is more consumed than formed as the strain
rate is decreased. For non-adiabatic flames, the radiative heat losses become increasingly
important for small strain rates, reducing the flame temperature, which also affects the
CsH, formation. For intermediary strain rates shown in Figure 3.9, temperature and
residence time effects are important for all cases, while soot nucleation and surface growth

are also important for the coupled cases.
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Figure 3.9: Maximum C3Hs mass fraction as a function of the strain rate a.

In terms of maximum Hs mass fraction, shown in Figure 3.10, the relative difference
varies from small values for the highest a, 0.7% for both adiabatic and non-adiabatic
conditions, to large values for the lowest a, 21.6% for adiabatic and 9.6% non-adiabatic
conditions. A consequence of this result is that, since H, diffuses faster than the other
species, the coupling may imply an increase of preferential diffusion effects.

A summary of the above results is presented in Table 3.2. It shows critical soot
volume fraction, and the corresponding critical soot mass fraction, above which a certain
level of error is reached (1% and 5%) for some variables when the mass/thermodynamic
property coupling effect is not taken into account for the non-adiabatic condition, only.
The outcome of changing the oxidant composition and system pressure are also reported

in the table and will be discussed later.
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Figure 3.10: Maximum H, mass fraction as a function of the strain rate a.

The results, for the strain rate effect, presented in Table 3.2 show that, within
the explored limits of soot, the error between coupled and non-coupled did not reach 1%
for the the predictions of flame temperature, Ng, O, CO and Y¢,pm,. Nonetheless, the
coupling changes the prediction of f,, Ys and other gas species. The most sensitive gas
species identified was Hs, with the lower threshold of 1% found in f, .+ = 0.31 ppm
(Ysrie = 0.0017). The non-coupled model could not represent the correct soot mass
fraction with an error lower than 1%. However, when the higher threshold of 5% is
analyzed, the discrepancy of most of the variables does not reach that limit, except for
fv, Hy and H>O, with H, being the most sensitive with the lower threshold found in
fverit = 1.64 ppm (Y erir = 0.0089).

Oxygen and pressure effect

Even for small residence times (high a) the soot production may be large if the
oxygen content of the oxidant stream is increased due to the higher temperatures found
in such flames. Thus, a new set of simulations is carried out for a = 80 s~! with the
oxygen content in the oxidant stream varying from 21% to 45% on volume basis. This
range of oxygen content was choose in order to achieve comparable amounts of soot as

the ones found in the strain rate effect study (0.0016 < Y 4, < 0.016). The main results
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are presented in Table 3.2. As for the strain the rate effect, the interaction between both
phases does not alter the predictions of flame temperature, Ng, H, O, OH, CO and
COs. For all gas-species the discrepancies for not coupling the mass and thermodynamic
properties between the two phases are below 5%, but for soot mass and volume fraction.
Here again, the H, is the most sensitive gas species, with the lower threshold of 1%
found in f, i = 0.32 ppm (Ys e = 0.0018). The error for maximum Ys non-coupled
predictions is also larger than 1%. f, was the first parameter to deviate more than
5% (Yscrie = 0.0079) from the coupled case. Note that changing the oxidant composition
resulted in a change on the threshold limits, leading to the conclusion that the importance
of the coupling effect is composition dependent.

The pressure effect is also investigated and the same method is applied for finding
the limit values for pressure. Thus a new set of simulations was carried out for a = 60
s~!, where the pressure was varied from 0.5 atm to 30 atm. With the increase of pressure
the maximum temperature and therefore the soot being formed increased. Results for
the pressure effect are to some extend similar to those obtained for the strain rate effect
when compared in mass basis (Yg ). Comparisons for f, were affected by variations in
density (see Equation 3.17). Thus, in this case, it is preferable to use Yg for evaluating
the coupling effect. Note that f, does not reach errors greater than 1%, and that now
benzene is affected by the soot mass coupling. As in the strain rate effect, the lowest
threshold for coupling the soot terms are based on the H, species, with values of Y .
equal to 0.0018(0.0083) for errors larger than 1%(5%).

From the results presented above it is possible to see that there is a certain co-
herence among Ys .+ among the explored effects. Thus, within the limits of the present
study, one can propose that Yy close to 0.002 could be a reference value for the choice of
the full coupling model. For Yg > 0.002 local errors larger than 1% will be present if the
mass coupling is not taken into account. For a 5% threshold a similar reference would
be Ys > 0.008. However, these reference values are not universal, but depend on the fuel

type, oxidant composition, and, possibly, two-dimensional effects.

3.2.4 Transport properties effect

A common approach to reduce the time required to evaluate multicomponent trans-

port properties in flames is to calculate the diffusion coefficients for the gas species as-
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Figure 3.11: Comparison of maximum f, for different transport properties approaches as

a function of the strain rate a.

suming unitary Lewis Number (Le; = */pc,pM = 1). Additionally, simplified formula-
tions are frequently used for other properties. In this section, those proposed in Smooke
and Giovangigli, 1991 are employed: \/c, = 2.58 x 107% (7/298)*% (W m~' K~') and
/e, = 1.67 x 1073 (7/298)*°" (kg m~" s71). The effect of such simplifications are eval-

Lto

uated and compared to the coupling effects. The strain rate was varied (from 10 s~
100 s71), at atmospheric conditions, and the maximum values for some variables were
analyzed.

With these simplifications the flame and the soot coupling effect presented a qual-
itatively similar behavior when compared to the simulation using the more detailed ap-
proach. The Hy still is the most sensitive gas species with Y ..y = 0.0013 (0.0067) for 1%
(5%) of relative error. However the prediction of soot formation is lower for the simplified
model. A comparison with the detailed transport model is shown in Figure 3.11 for the
coupled cases, only. Notice that at the lowest strain rate the soot formation is reduced by
1.85 ppm (23.5%) in the adiabatic condition and by 0.18 ppm (6.5%) in the non-adiabatic
condition, when the simplified approach is employed.

For maximum temperature profiles the relative difference due to coupling effects

also did not reach 1% for both heat loss conditions. Nevertheless the temperature of the

flames significantly increased for all cases when using the simplified transport approach
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Figure 3.12: Comparison of maximum temperature for different transport properties

approaches as a function of the strain rate a.

when compared to the detailed transport model as can be seen in Figure 3.12. Notice
that at the highest a the temperature is increased by 90 K (4.3%) for both heat loss
conditions, while at the lowest a the temperature is increased by 28 K (1.2%) for the
adiabatic condition and by 76 K (3.7%) for the non-adiabatic condition.

The comparison between the simplified and the detailed transport models showed
that discrepancies in the predictions of temperature, species and soot, were larger than
those found by not taking the mass and thermodynamic properties coupling effects into
account. Thus, the choice of the transport model has a more important impact on soot

predictions then the full coupling between the phases.

3.3 Conclusions

In this study a numerical model was developed aiming at investigating soot for-
mation in different conditions for an ethylene counterflow diffusion flame. In order to
assess modeling limitations the mass and energy coupling between soot solid particles and
gas-phase species are investigated and quantified. A semi-empirical two equation model is
chosen for predicting soot mass fraction and number density. The model describes particle
nucleation, surface growth and oxidation. For the gas-phase a detailed kinetic mechanism

is considered. Additionally the effect of considering gas and soot radiation heat losses is
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evaluated in the optically thin limit approximation.

Simulations were done for a range of conditions that produce low to significant
amounts of soot. To achieve these conditions three strategies were adopted. First, at
atmospheric pressure, the strain rate, was varied from low to high values, with the lower
values resulting in larger residence times and, consequently, in higher soot formation.
Second, for a particular strain rate and atmospheric pressure, the oxygen content in
the oxidizer stream was increased, which leads to higher flame temperatures and, con-
sequently, higher soot production. Third, for a specific strain rate, the pressure was
increased, also resulting in higher soot production. Additionally, the effect of simplified
transport properties model was analyzed.

It was found that the gas and soot radiation terms are of primary importance
for flame simulations. The importance of the radiation heat loss on soot predictions
shown here is consistent with the literature, even though some studies consider different
configurations. The additional coupling terms (mass and thermodynamic properties) are
generally a second order effect, but their importance increase as the soot amount increases.

As a general recommendation the full coupling should be taken into account only
when the soot mass fraction, Ys, is equal to or larger than 0.008. However, if a higher
precision is required, with errors lower than 1%, the full coupling should be taken into
account when Yy > 0.002, which is the lower threshold of the most sensitive gas species,
Hs. The non-coupled model could not represent the soot mass fraction predicted by the
coupled model with errors lower than 1%. For lower soot amount, the coupling through
soot mass and thermodynamic properties may be neglected as a first approximation,
remembering that an error on the local mass conservation will be present.

The results also showed that discrepancies from choosing different transport models

(detailed or simplified) are larger than those found from not fully coupling the phases.
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4 EFFECT OF ADIABATIC AND UNITY LEWIS NUMBER APPROX-
IMATIONS IN SOOT PREDICTIONS FOR ETHYLENE COFLOW
LAMINAR FLAMES

In this chapter the soot modeling on a sooting non-smoking atmospheric ethylene
coflow laminar flame is assessed using a semi-empirical model. A semi-empirical model is
chosen since it combines important steps for soot formation, good predictability of global
soot variables and low computational time, specially for practical combustion systems. In
the first part of the chapter the soot model is explained as well as the numerical method
to solve the target flame. In the second part the numerical result is assessed against
experimental data from the literature. In the last part some modeling approximations are

explored and discussed.

4.1 Numerical model

For the coflow flame simulations, the conservation equations for total mass (Equa-
tion 2.17), momentum (Equation 2.18), mass of species (Equation 2.19) and energy (Equa-
tion 2.20) are used in cylindrical coordinates along with the respective constitutive rela-
tions. Also the radiation model is describe in the Section 3.1.2 and will not be repeated
here. For soot prediction, it is employed the same model already presented in Chapter 3.

The main differences are detailed below.

4.1.1 Soot model

The soot model used in this section is based on Liu et al., 2002. This model is
similar to the already presented in Chapter 3 and only differs in the surface growth rate
ky = 1.75 x 103 exp (%) and in the thermophoretic velocity constant C; = 0.65 in
order to improve the accuracy of the model for a multi-dimensional configuration. The

two-dimensional conservation equations for soot mass fraction and soot number density

in cylindrical coordinates reads
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4.1.2 Coupling of soot and gas-phase species

The results of the soot model are taken into account by creating a new gas species

Cysoor and imposing Yo . = Ys. Thus, in the mixture properties calculations, soot is

soot
accounted for as an additional gas-phase. Also additional source terms for species related
to soot formation and oxidation (CoHs, Hy, CO, H, Oy, OH and O) are added to the
system of equations. Thus, the elements are conserved, the summation of species mass
fractions is equal to one (3.1, Y; = 1) and the summation of species source terms (in
mass basis) is equal to zero (3>~ w; = 0). Therefore the interaction between the soot
chemistry and the gas-phase chemistry was accounted for in the transport equations for

the total mass, for the mass of species and for energy. The transport and thermodynamic

properties from the Cy,,; species are modelled as the ones from a solid carbon (graphite).

4.2 Description of the problem

The target flame in this work is the atmospheric pressure, non-smoking ethylene /air
coflow diffusion flame of Santoro et al., 1983. There is a significant experimental data
available for this flame and it has been widely studied by many researchers in experimental

works (e.g. Santoro et al., 1983, Santoro et al., 1987, Kennedy et al., 1996, Arana et al.,
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2004, and Iyer et al., 2007 ) and numerical modelling works (e.g. Liu et al., 2003, Zhang
et al., 2009, Dworkin et al., 2011, Eaves et al., 2013, Eaves et al., 2015, Khosousi and
Dworkin, 2015). This flame is also recommended as one of the soot study cases by
International Sooting Flame (ISF) Workshop (see at ISF, 2016).

According to the description of Santoro et al., 1983, the burner consists of two
concentric tubes of internal dimeters of 11.1 mm and 101.6 mm, with the fuel flowing
through the central tube and air through the outer passage. Also, the fuel tube extends
4 mm beyond the exit plane of the air tube. The mean velocity of the fuel stream is
3.98 cm s7! (flow rate 3.85 cm?® s7! ) and of the air stream is 8.9 cm s7! (flow rate

713.3 em? s71).

4.3 Numerical method

Figure 4.1 shows the laminar diffusion coflow and the axisymmetrical cylindrical
coordinate system. The computational domain is covered in z direction from 0 to 15 cm
(with z = 0 at the exit plane of the fuel tube) and in the r direction from 0 to 4.75 cm.
Non-uniform mesh is used to save computational time while solving large spatial gradients.
The mesh is refined in the flame region with maximum resolution of dr = 0.1 mm and
dz = 0.2 mm between r = 0.0 cm to 0.555 cm and z = 0.0 em to 10.0 em. From r = 0.0 cm
- 1.0 ¢m the refinement in the r direction was set to increase with a growth ratio of 1.1.
It was found that further refinement did not change the variables analyzed in the present
work. Therefore the total number of volumes for the current domain was 47,241 volumes.
The fuel stream is pure ethylene and the oxidizer stream has the simplified composition
of standard dry air (Yo, = 0.233 and Yy, = 0.767). Fully develop flow velocity profile was
assumed to the fuel stream and a boundary layer type velocity profile for the air stream
at the inlet boundary. The inlet temperature for both streams are set to 300 K. The
inlet gas preheating was not considered in this work. The wall was treated as a free-slip
wall condition and the exit of the domain as treated as an outflow boundary condition.

The system of equations described by Equations 2.17 - 2.20 for axisymmetrical
coordinate system, was solved with the commercial CFD software ANSYS FLUENT v.16.1
for steady state conditions. Instead of the energy equation (Equation 2.20), described
here in terms of enthalpy, h, FLUENT software uses the energy equation in terms of

total Energy (e = h — p/p + v?/2), for further details see Fluent, 2015. It was used a
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Figure 4.1: Laminar diffusion coflow representation; a) Axisymmetrical coordinate

system; b) Axisymmetrical numerical domain with an example of mesh distribution.

segregated Pressure-based solver with the SIMPLE algorithm to treat the pressure and
velocity coupling. The advective terms were discretised by second order upwind while the
diffusion terms were discretised by second order central differencing.

The soot equations (Equation 4.1 and 4.2) are introduced through a User Defined
Function (UDF) in FLUENT and are solved for each iteration along with the remaining
conservation equations. The results of the soot model are taken into account by creating

a new gas species Cy,y and imposing Yo = Ys. Thus, in the mixture properties

soot
calculations, soot is accounted for as an additional gas-phase. The soot advective term
was discretised by second order upwind and the diffusion terms, including the additional
thermophoretic term, were also discretised by second order central differencing. The
additional thermophoretic diffusion term was lumped into the source term.

The numerical results are sensitive to the choice of kinetic mechanism. A study
with different mechanisms can be found in the Appendix B. Nonetheless, the current work
follows the choice of the reference work [Liu et al., 2002], employing a modified version of

the kinetic mechanism GRI3.0 [Smith et al., 2000], without all NOx species and reactions.

In addition, an species is added to the kinetic mechanism in order to account the soot
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species. With this mechanism a total of 37 species and 219 reactions was considered.
Thermodynamic and transport properties were taken from kinetic mechanism GRI3.0.
In this simulation the diffusion coefficients are calculated through the mixture-average
approach, Equation 2.16. Viscosity and thermal conductivity are calculated through the
Equation 2.10 and 2.11, respectively.

According to Liu et al., 2003, the use of OTA radiation model on the target
flame (non-smoking flame) resulted in a slightly under-prediction of the peak centreline
flame temperature, when compared to discrete-ordinates method (DOM) with a statisti-
cal narrow-band correlated-k (SNBCK) model for the absorption coefficients. Nonetheless
extreme attention must be paid when using OTA for smoking flames, since of radiation
absorption and strong coupling between temperature and soot oxidation in the upper por-
tion of the flame are important. Thus the present sutdy uses the OTA radiation model,
described the Section 3.1.2, with the soot constant of C' = 3.337 x 10~* (W m 3K ™),

similar as Liu et al., 2002.

4.4 Results

In this section an assessment to the soot model was done in order to verify soot
predictions of the present work against experimental data. The numerical results of this
set of models are compared to experimental axial velocities, temperature, CyHy mole
fraction and soot volume fractions. Later the structure of simulated ethylene coflow flame
is presented and discussed, as well as the effect of heat loss due to radiation and the choice

of transport properties evaluation.

4.4.1 Comparison with experimental data

Figure 4.2 show the comparison between experimental data from Santoro et al.,
1987, and the present simulation for the axial velocity as function of the radius for four
heights above the burner exit face. It is possible to see that the present simulation have a
good agreement with the axial velocity measurements. A small deviation can be seen at
the lower height (z = 10 mm) near the tube exit (r = 0). This deviation can be attributed
to the tube and fuel preheating effect (not considered in this simulation), which can modify
the inlet velocities profiles. It is possible to see that the axial velocity increases with the

high above the burner. This is due to the gas expansion and buoyancy effects as will be
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show later.
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Figure 4.2: Axial velocity comparison for four heights; Symbols: experimental data

Santoro et al., 1987; solid line: present simulation

The predicted radial temperatures at four heights above the burner exit face, h =
10, 20, 50 and 70 mm are shown in Figure 4.3. The comparison with the experimental
data shows good agreement at the outer part of the flame, but could not predict the
measured temperatures near the tube centerline. This discrepancy can be attributed to
either the choice of kinetic mechanism or the preheating effect of the fuel tube and fuel
stream, which were not accounted for in this work. Guo et al., 2002, Charest, 2011,
and Eaves et al., 2013, simulated ethylene coflow flames, in similar configuration to this
target flame, and analysed the influence of wall boundary condition of fuel tube on the
flame. Guo et al., 2002, assumed a fuel tube temperature profile, Charest, 2011, assumed
isothermal and adiabatic wall treatments, while Eaves et al., 2013, used Conjugate Heat
Transfer (CHT), isothermal and adiabatic wall treatments. The main result of all these
works is that the flame preheating effect has a significant influence on the prediction of
flame temperature and species, including soot, specially in the centreline. According to
Eaves et al., 2013, when CHT is used, the soot formation predictions on the centerline is
improved, since the model is able to capture the fuel pyrolysis that occurs inside the fuel
tube. Results from Guo et al., 2002, showed that the velocity profiles of both streams at

the nozzle exit are neither fully developed nor uniform profiles. Therefore, from the result
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Figure 4.3: Temperature comparison; Symbols: experimental data Santoro et al., 1987;

solid line: present simulation

presented above it is expected some discrepancies in temperature, gas-phase species and
therefore in the amount of soot predicted by the current simulation.

The Figure 4.4 shows the comparison for Cs Hy mole fraction radial profile at two
heights. The correct prediction of acetylene field is important in the current modelling
since the nucleation (R1) and surface growth (R2) are directly dependent on it.  The
model can capture the position of C5Hs mole fraction, but not the amplitude. For ex-
ample, close to the fuel tube (r = 5.55 mm and h = 7 mm) the model over-predict the
acetylene concentration in 1.85 times, X¢,m, sim = 0.054 instead of Xe,m, eqp = 0.029.
Since this particular region is extremely important to soot formation (in this region the
first particles are nucleated and start to grow) the prediction of soot formation will be
directly affected and deviations are already expected.

The soot amount predicted by the set of model is then compared to experimental
data in two ways. First, the soot volume fraction radial profiles at two heights above
the burner are compared and shown in the Figure 4.5, and second, the total amount of
soot produced along the height of the flame is compared and shown in the Figure 4.6.
Figure 4.5 shows that the model can predict the behaviour of soot formation in the radial
direction, with values in the same order as the experimental data. Nevertheless, the
exact values of f, are not found for the heights presented in the figure. While the model

overpredicts the soot production at A = 15 mm it also underpredicts the soot production
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Figure 4.4: C5H5 mole fraction comparison; Symbols: experimental data Kennedy et al.,

1996; solid line: present simulation

at h = 50 mm.

This second comparison is done in terms of integrated soot volume fraction

R
Foant(h) =273 v fy(r, h)dr, (4.4)

where h is the height above the fuel tube exit. The comparison of f, integrated along
the height of the flame (Figure 4.6) shows that the amount of soot predicted by the
model follows the same pattern of formation and oxidation as both expermintal works
of Santoro et al., 1987, and Arana et al., 2004. The simulated soot formation reached
the same maximum integrated value, but in a lower position (29 mm instead of 40 mm).
The soot is being formed earlier and consequently it is being oxidized earlier. Based on
the decay of the f, integrated it is possible to estimate the flame length of the current
simulation is around 70 mm, again a lower value than the experimental of Santoro et al.,

1987, which reported a flame length of 88 mm.

4.4.2 Flame structure

Figure 4.7 brings two-dimensional details of the flame structure, including temper-
ature and soot fields and flow stream lines. It is interesting to see the effect of the heat

loss by gas and soot radiation in the temperature field (left part), specially downstream,
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making the high temperature region limited in a small "wing" area near the fuel tube
region. The maximum temperature predicted was 2050 K. In the right part of the figure
it is presented the f, field. The soot field is kept in a very narrow area when compared
to the flame area shown in the left part. It is interesting to see that the region where
the maximum soot volume fractions are found starts at coflow side. The same result was
presented by Santoro et al., 1987. The f, field follows the flow flied and is slightly in-
fluenced towards the center of the flame by the thermophoretic diffusion. The maximum
soot volume fraction predicted by the present simulation is fy ymee = 7.1 ppm while the
experiment of Santoro et al., 1983 reported f, mqr = 9 ppm. The stream lines show that
the flow accelerates as it moves upwards entraining the coflow air. This behaviour is due
to the expansion of the gas mixture as the temperature increases and it is also influenced
by buoyancy effects. As a result, there is a large residence time for soot formation, since
soot particles are transported towards the center of the flame.

The Figure 4.8 shows the predicted soot in f, |-] and how the soot reactions are
spatially distributed along the flame. It is possible to notice some aspects of the soot
formation process. First, the reactions of soot formation are spatially wider than the
reactions of oxidation. Second, the surface growth reaction dominates the soot formation

and the oxidation by OH dominates the soot consumption. Third, the nucleation of the
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and Arana et al., 2004; solid line: present simulation

first particles start to occur in the coflow side (r > 0.5 mm), but in the inner part of the
flame close to the temperature peak and where the CyH, is present.

The flame is also affected by the heat loss due to the radiation of gas and soot,
which is shown in the Figure 4.9. The Figure shows the comparison of the temperature
profile with the main components of heat loss by radiation. It is possible to see that
the contribution of the soot on heat loss is one order of magnitude higher than the gas
contribution. From all gas-phase species which participate in the gas radiation (H-O,
CO,, CO and C'Hy) CO, contribution is dominant. While the soot radiation source term
is located in the inner part of the flame, the total gas-phase radiation source term is
more important in the upper part of the flame. The combination of both solid and gas-
phase radiation alter significantly the temperature profile, making the peak temperature
to appear at the "wings" of the flame, instead of the centerline when no heat loss is

accounted for (see Figure 4.10 ).

4.4.3 Radiation and Transport properties effect:

A common approach to reduce the time required to evaluate multicomponent trans-
port properties in flames is to calculate the diffusion coefficients for the gas species as-

suming unitary Lewis Number (Le; = */pe,pM = 1). Additionally, simplified formula-
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tions are frequently used for other properties. In this section, those proposed in Smooke
and Giovangigli, 1991 are employed: /¢, = 2.58 x 107% (7/298)"% (W m~' K~!) and
f1/c, = 1.67 x 1078 (T/298)*"" (kg m~" s7!). The effect of such simplifications are evalu-
ated and compared to the most detailed solution. Also the effect of heat loss by radiation
is evaluated.

The comparison of temperature fields is shown in Figure 4.10 and the compari-
son of f, fields is shown in Figure 4.11. The temperature contours for the same heat
loss condition are very similar. For the adiabatic conditions the maximum tempera-
ture is found in the centerline while for the non-adiabatic conditions is found in the
flame "wings". The maximum temperature found are 2243, 2050, 2301 and 2065 K, for
the 4 cases presented in Fig. 4.10, respectively. Also the relative difference between
the simplified and the detailed transport approach within the same heat loss condition
((Psimplified,maz — Pdetaited;maz )/ Pdetailed,maz) are low 2.59% and 0.73%, for adiabatic con-
dition and non-adiabatic condition, respectively. Thus, it can be anticipated that the
approximate 200K temperature difference between adiabatic and non-adiabatica cases
probably have an important impact on species fields and, consequently, on soot produc-

tion and destruction. On the other hand, it is not clear the possible effects due to the
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Figure 4.10: Radiation and transport properties comparison on the temperartue field

K.

smaller differences due to transport models.

In Fig. 4.11 we see the same results for f,,. The similarity of the f, contours for the
same heat loss condition are also found, but now the maximum values are more influenced
by the transport properties choice. The f, 4, found are 8.65, 7.09, 6.68 and 5.63 ppm, for
the four cases shown, respectively. The relative difference between the simplified and the
detailed transport approach within the same heat loss condition are -22.77% and -20.59%,
for adiabatic condition and non-adiabatic condition, respectively.

Nevertheless, the analysis of soot formation is only complete when compared all
four cases in terms of integrated soot volume fraction f, ;n+, which is shown in the Figure

4.12.
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Figure 4.12: Heat loss and transport properties comparison on the f, i

It is possible to see some additional aspects. First, the soot formation and destruc-
tion rates for the same the loss condition are similar. Second, the simplified transport
approach was less able to reproduce the total amount of soot in the adiabatic case than

in the non-adiabatic case. Thus, the heat loss condition reduced the deviation associated
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to the simplification on the evaluation of multicomponent transport properties.

4.5 Conclusions:

In this chapter soot formation on atmospheric ethylene coflow flame was numeri-
cally analysed. A semi-empirical two equation model was chosen for predicting soot mass
fraction and number density. The model describes particle nucleation, surface growth and
oxidation. For the gas-phase a detailed kinetic mechanism was considered. The model
was implemented in a commercial CFD and assessed against experimental data from the
literature. Additionally the effect of choosing different transport models (detailed or sim-
plified), considering gas and soot radiation heat losses, were evaluated in the optically
thin limit approximation.

The target flame in this work was the atmospheric pressure, non-smoking ethylene-
air coflow diffusion flame of Santoro et al., 1983. The comparison with experimental data
showed that the model could predicted the behaviour of soot formation, with values in
the same order as the experimental data, but the exact values of f, were not found. It
was also found that some aspects in numerical modeling can have important impact on
soot predictions and should be more investigated. Here follows the main aspects found in

this study that can bring uncertainties to soot modeling:

e The preheating of the fuel tube and, consequently, the fuel stream can change the
temperature and velocity fields at the fuel tube exit were not accounted for in the

present model.

e The choice of the kinetic mechanism can have an influence in the soot predictions.

See the Appendix B, for further discussion.

e There are some intrinsic limitations of the chosen soot model (semi-empirical) and
the parameters of the soot reactions. An example of the influence of the soot

parameters can be found in the Appendix C.

Additionally, it was found that the gas and soot radiation terms are of primary
importance for flame simulations and that a first attempt to solve the target flame can
be done using a simplified transport model. If a more accurate solution is needed the

solution can be resumed with detailed transport properties.
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5 MODELING SOOT FORMATION WITH FLAMELET-GENERATED-
MANIFOLD

In this chapter the reduction kinetic technique FGM is used for simulating a soot-
ing non-smoking ethylene flame. A great challenged is imposed when a large amount of
soot is formed, since it might change the thermodynamic and kinetic state as it interact
with the gas-phase species. Previously, it had been shown that the adiabatic condition has
a higher production of soot than a non-adiabatic condition and that simplified approaches
for transport processes also change soot predictions. Although less precise, the adiabatic
condition with unity Lewis number will be used in the present chapter to validate the
soot implementation in the FGM technique. This strategy allows the inclusion of soot in
the manifold without the need to take heat losses or preferential diffusion effects into ac-
count. For the model validation, the FGM results are assessed against detailed chemistry
solutions with the same simplifications.

Thus the FGM method is applied to the adiabatic ethylene diffusion flame in two
main different conditions. In the first the FGM method is applied to solution without the
soot model and assessed against a detailed solution in order to validate its implementation.
In the second part soot formation is included in the FGM method and is assessed against

a detailed solution which also includes the soot formation.

5.1 Numerical method:

In this chapter numerous methods are applied to solve an adiabatic ethylene coflow

flame either using detailed chemistry or the FGM reduction technique.

One-dimensional ethylene counterflow flames

The system of equations is solved with the code CHEM1D, 2016, for steady state
conditions. The chemical kinetic mechanism GRI 3.0 without all NOx species and reaction
is used. The diffusion coefficients are calculated using Unity Lewis number approach. Ad-
ditionally, simplified formulations are used for thermal conductivity, proposed in Smooke
and Giovangigli, 1991, A/c, = 2.58 x 1075 (7//298)*% (W m~! K~!) and for viscosity
p/c, = 1.67 x 1078 (7/298)"°" (kg m~" s71).

Detailed solution: When the full set of equation (Equations 2.40 - 2.45) are solved
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using detailed chemistry, it will be referred as detailed solution. The fuel stream is
pure ethylene and the oxidizer stream has the simplified composition of standard dry
air (Yo, = 0.233 and Yy, = 0.767). All cases converged using a convergence criteria
of 1 x 1071°. An adaptive mesh refinement was used according to the gradients of the
following variables: temperature, density, heat release, Yo, p,, Yo,m,, Yo and Yy. The
distance of both boundaries to the stagnation plane is different for each strain rate, a, but
it was guaranteed to be sufficiently large for all gradients near the boundaries to become
zero, except for velocity, that follows a potential flow. It was found that the results for
all variables analysed in the current work became grid independent for 300 points.

FGM solution: When the FGM method is used, the following set of equations is
solved: the continuity transport equation in flamelet format (Equation 2.40), the stretch
field K transport equation (Equation 2.45) and two controling variables in flamelet format,

which reads

dmz) _ o (roz)
or  Ox (cp 8$> PRZ, (5.1)
o) _ 0 (rav)
or Oz (cp 8x> PRY. (5:2)

As all flames here are in adiabatic condition only two controlling variables are need () and
Z), forming a 2D manifold. This solution will be referred as FGM solution. FGM data is
retrieved from the manifold using bilinear interpolation. The fuel side boundary condition
is set as Z = 1 and Y = 0 and the for the oxidizer side boundary condition as Z = 0
and Y = 0. All cases converged using a convergence criteria of 1 x 10719, Adaptive mesh
refinement was used according to the gradients of the following variables: temperature,
density, heat release, Y and Z. Again, zero gradients are guaranteed near the boundaries,

except for velocity, and 300 points are sufficient to achieve grid independence.

Two-dimensional ethylene flame

The system of equations for axisymmetrical coordinate system, was solved with
the commercial CFD software ANSYS FLUENT v.16.1 for steady state conditions. The
chemical kinetic mechanism and transport properties are the same as the one-dimensional
ethylene counterflow flames. The target flame in this chapter is similar to the one em-
ployed in the later chapter, which is an atmospheric pressure, non-smoking ethylene/air

coflow diffusion flame of Santoro et al., 1983, nonetheless in adiabatic condition.
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Detailed solution: When the set full set of equation, described by Equations 2.17
- 2.20, are solved using detailed chemistry, it will be referred to as detailed solution. The
boundary conditions are the same as the ones presented in the later Chapter in the Section
4.3.

FGM solution: When the FGM method is used, the following set of equations is
solved: the continuity transport (Equation 2.17), the momentum equation (Equation 2.18)
and two controling variables Equations 2.46 and 2.47. For this adibatic flame only two
controlling variables are need () and Z). This solution will be referred as FGM solution.
The fuel side boundary condition is set as Z = 1 and ) = 0 and the for the oxidizer side
boundary condition as Z = 0 and Y = 0. In respect to inlet velocities, the same approach
as the detailed solution is taken here, where velocity profiles are prescribed. The wall was
treated as a free-slip wall condition and set zero flux for all variables. The exit of the

domain as treated as an outflow boundary condition.

Boundary conditions

Previous results with the same domain presented in Chapter 4 (Figure 4.1) showed
an important discrepancy between the FGM approach and the detailed solution as can
be seen in Figure 5.1 for the temperature field. An investigation of the problem revealed
that the domain used in Chapter 4 makes the solution to adapt itself to the prescribed
inlet boundary conditions. As will be shown in the following results, the temperature
gradient extends below the air/fuel injection plane, a solution that cannot be captured
with the model presented in Chapter 4. In order to capture such gradients, the domain was
extended 10 mm below the injection plane. With this change comparisons between FGM
and detailed results are in good agreement as will be shown next. The new computational
domain is then covered in z direction from -0.10 to 15.00 cm (with z = 0 at the exit plane
of the fuel tube) and in the r direction from 0 to 4.75 cm. The fuel tube (at » = 0.555 e¢m)
is set as an infinitesimal shell and its set to adiabatic condition without any kind of flux.

All the others boundary conditions were kept the same as previous sections stated.

5.2 FGM results:

In this section the FGM method is applied to the adiabatic ethylene diffusion

flame. This section is divided in two main parts. In the first the FGM method is applied
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Figure 5.1: Initial comparison; Inlet area temperature K| contour; Left: detailed

solution; Right: FGM solution

to solution without the soot model and assessed against a detailed solution in order to
validate its implementation. In the second part soot formation is included in the FGM

method and is assessed against a detailed solution which also includes the soot formation.

5.2.1 FGM validation without the soot model

In this subsection the the FGM method is applied to an ethylene diffusion flame
in adiabatic condition without soot modeling. In order to verify the FGM method imple-
mentation the solution is then compared to a detailed chemistry solution.

The manifold was created by a variety of one-dimensional ethylene counterflow
flames. To map all the possible conditions in the system state, the strain rate, a =
(—du/dz),— 0, applied at the oxidizer side, was varied. The steady-state part of the
manifold was generated from steady-state flamelets simulated from a low value of a =
0.05 s7! up to the extinction limit at @ = 3154 s~!. Additionally, the unsteady part of
the manifold was generated from unsteady flamelets starting from a = 3316 s~! until the

mixing limit is reach. Following the principles stated in section 2.3.4.3 and through a
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Figure 5.2: Steady flamelets in the Z and ) space; a) Whole domain; b) Zoom in the

left corner of (a)

guess and check method an arbitrary progress variable composition was set as:

Y = aco,Yco, + au,0Ym,0 + 0.9acoYco (5.3)

with o; = 1/MW,. This definition leads to unique map of the dependent variables, which
can be seen in Figure 5.2. It shows seven representative flamelets that cover the steady-
state state part of the manifold in the domain (Z and Y). It is possible to see that no
flamelet overlap each other, making the choice of both controlling variables suitable for
further use. The FGM database created in this section was discretized with a 300 X 300
(Z and )) equidistant grid. Figure 5.3 show the temperature, the progress variable source

term, Yo, mn, and Yo, m,, as they are stored in the manifold, as function of Z and Progress

variable ).

5.2.1.1 FGM Verification in one-dimensional flames:

The FGM method is applied to solve five ethylene counterflow flamelets, a =0.1,
1, 10, 100 and 1000 s~!. The results are compared to the detailed solution of these
flamelets. Figure 5.4 shows that the FGM solution can reproduce the solution of the
detailed chemistry cases with very good agreement. Only a small deviation for the flamelet
with the lowest strain rate (a = 0.1 s7!) can be found. This small deviation on the Z and

Y space says that if the FGM solution of a two-dimensional flame access that part of the

manifold it might lead to some deviation from the detailed solution.
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Figure 5.5: Comparison between detailed solution and FGM solution for an adiabatic

ethylene coflow flame, without soot modeling.

5.2.1.2 FGM Verification in two-dimensional flame:

The FGM method is then used to solve the two-dimensional ethylene flame. The
comparison with the detailed solution is fisrt done for the mixture fraction Z and progress
variable ) and is shown in the Figure 5.5. It is shown that the FGM method can represent
the thermo-chemical space with the chosen two controlling variables with great accuracy.
The second comparison is done with the retrived variables based on the fields of Z and ).
Figure 5.6 shows the axial velocity, radial velocity, temperature, Yo, m,, Yo, and Yo, g, .
It is possible to see that very good agreements were found between the solution of FGM
method and the detailed case for most of the variables analysed. Even maximum values
for temperature were very close Traarmaz = 2388 K and Tyetqited,maz = 2382 K. The only
minor difference was found for Y, p,, in which the FGM simulation could not correctly
capture the Y, g, profile in the near the maximum value (Yo,u, rearmaee = 0.068 and
Yooty detaitedmar = 0.078). It is interesting to note that in the manifold the maximum
value for the C'y Hy mass fraction is equal to 0.075 and can be found in a very narrow area
around the flamelet with a = 0.1, see Figure 5.3 (d). This means that there is a high
gradient of acethylene in the manifold which is not being properly recover. Additionally
the FGM solution could not retrieved the exact detailed solution in the one-dimensional

flame (see Figure 5.4) near this maximum value for acethylene. So, for increasing accuracy
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of the FGM solution the following strategies may be applied:

e To choose a better definition of the progress variable so that the high gradients of
Ye,m, could be captured. For this task methods of optimisation of the ), as the

ones cited in the Subsection 2.3.4.3, can be used.

e To increase the degree of freedom of the system, increasing the number of progress

variable ), as recommended by van Oijen, 2002, and van Oijen et al., 2016.

The results presented shows the potential of the FGM method for reproduting the
multidimentional ethylene difussion flame. Since acetylene is the chosen soot precursor
in the present model, it would be important to improve its modeling via FGM prior
to evaluating the soot inclusion in the manifold. An optimization technique for ) is
still under construction in the UFRGS research group and many ad-hoc tests could not
improve the results. Thus, we decide to move forward with the present model keeping in

mind that some discrepancies may arise due to this choice.

5.2.2 FGM validation with the soot model

In this section the inclusion of soot modeling in the FGM numerical solution is
analysed. The soot formation is a slow process (like NO formation) and therefore it
cannot be assumed in quasi-steady state. In this section three methods to include soot

formation process in the FGM will be testes as follows
1. Store and retrieve the Yg directly from the manifold,

2. Solve the two-equation soot model, storing and retrieving the source term for Yy

and Ng from the manifold,

3. Solve the two-equation soot model, storing and retrieving the soot rates for Yy and

Ng from the manifold.

The first approach is the simplest method, since only an additional variable is stored in
the manifold and later retrieved after the solution is converged. As a consequence this
method is expected to give greater errors than the others. The second approach is more
elaborated than the first, since it is necessary to store two additional variables in the

manifold and to solve two additional equations. It is expected to give reasonable results.
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The last approach is an evolution of the second, where five additional variables are stored
in the manifold and two additional equations are solved. This method is expected to give

the best results. Each approach will be presented and discussed along the text.

Soot coupling terms

For flames that produce a high amount of soot, the inclusion of the soot in the
system can change the pool of species and the termodynamic properties of the system.
To account for these mass and energy coupling effects in either counterflow and coflow
flames, the same approach presented in the subsection 4.1.2 is followed. This means that
an additional species is added to the kinetic mechanism and its value is taken from soot
mass fraction so that this additional species follows the equation and properties workflow
of calculations. Also, this new species (that represents soot mass fraction) contributes to

the definition and the transport of the mixture fraction Z.

Manifold
A new manifold is created for the case where soot is included in the flamelets.
Similar to the manifold of gas solution only, the steady-state state part of the manifold

1

was generated from steady-state flamelets simulated from a low value of a = 1 s7" until

the extinction limit at @ = 3154 s~ 1.

Additionally, the unsteady part of the manifold
was generated from unsteady flamelets starting from a = 3316 s~* until the mixing limit.

Again through a guess and check method, a new progress variable was found as:
Yy = 0.5(1002Y002 + &H20YH20 + 0.8acoYco + CL/H2YH2 — 0.5QO2Y02 (54)

This definition leads to unique map of the dependent variables, which can be seen in Figure
5.7. Tt is shown that there are no flamelets crossing each other and more important, it
also shows that the inclusion of soot drastically altered the flamelets representation into
the Z-) space, specially in the lowest strain rate due to high amounts of soot. The soot
rates are stored in a very narrow location of the manifold (yet to be presented) and to be
able to capture all these rates the FGM database is increased in size. So in this section
the database is discretized with a 400 X 400 (Z and )) equidistant grid.

Figure 5.8 show the temperature, the progress variable source term, Y,y and

Yo, m,, as they are stored in the manifold, as function of Z and ). Comparing this figure
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to the gas solution manifold (Figure 5.3) it is possible to see that the soot inclusion alters

significantly the species distribution in the database.

5.2.2.1 FGM Verification in one-dimensional flames:

The FGM method is applied to solve four ethylene counterflow flamelets, a =
1, 10, 100 and 1000 s~!, and compared to the detailed solution. The comparison on
the controlling variables space are shown in Figure 5.9. The FGM solution does not
agrees with the detailed solution for the lowest strain rates, in which the soot formation
is extremely high (Yg 4 = 0.35). This is probably due to the inclusion of soot in the
mixture fraction definition. The transport coefficient for the Z conservation equation does
not respect the unity Lewis number assumption anymore. Thus, large discrepancies are
found specially when high amounts of soot are present. Despite the fact that the method
disagrees with the one-dimensional detailed solution in the region with low strain rate
it is expected that the two-dimensional solution of the coflow flame does not frequently
access that area with high amounts of soot. Thus, this option will be further explored in

two-dimensional simulations.
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5.2.2.2 FGM Verification in two-dimensional flame:

The FGM method is then used to solve the two-dimensional ethylene flame. The Z

and ) fields are compared in Figure 5.10. Similar to the results of one-dimensional flame
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Figure 5.10: Comparison between detailed solution and FGM solution for an adiabatic

ethylene coflow flame with soot.

verification, the solution of both controlling variable equations retained similar profiles of
the detailed result, but it could not reproduce the correct thermo-chemical solution. It
is interesting to see that the soot formation significantly alters the transport of Z in the
detailed solution, which is not captured by the FGM solution. Clearly the transport of
mixture fraction is not ruled by unity Lewis number approximation anymore. Another
important aspect is that the FGM solution could not recreate the progress variable field
of the detailed result. Many tests with different definitions of the ) were done, but
none could improve the result. Due to current limitation of the author’s knowledge on
improving the ) definition it is decide to move forward with the present model keeping
in mind that some discrepancies may arise with this choice.

The verification is followed by a comparison of the axial velocity, radial velocity,

temperature, Yo, m,, Yo, and Y¢,p,, shown in the Figure 5.11.
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The FGM and the detailed results are qualitatively similar, but important dis-
crepancies were found between the solutions. The maximum values for temperature are
close Tranmar = 2324 K and Thergited,mar = 2365 K, and even the maximum predicted
acetylene mass fractions were almost equal, Yo, 1, rav,maz = 0.059 and Yo, i, detaited,maz =
0.060. However, the spatial distributions are still not in an acceptable agreement with
the reference. Most of the FGM contours are being shifted downwards, what is clearly
seen in the axial velocity, temperature, CyH, and O, profiles. For the acetylene profile,
the discrepancies found will certainly affect the soot production and a poor comparison
with the detailed model can be anticipated. Nevertheless, the study of soot retrieval op-
tions will proceed with the present manifold. Latter an attempt to enhance the manifold

performance will be explored.

Retrieving Yy from manifold:

In this approach, the value of Yy is stored and retrieved directly from the manifold
and no additional equation must be solved. The Figure 5.12 show how the Yj is stored in
the manifold and Figure 5.13 show the comparison between detailed solution and FGM

solution for Yy contour.
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Figure 5.12: Yg stored in the manifold

The soot mass fraction is well discretized in the database, shown in Figure 5.12,
and so no problem on the access and interpolation procedure is expected. Figure 5.13
show that the method of retrieving the soot mass fraction directly from the manifold does
not capture the correct formation and transport of soot mass fraction despite the fact

that the maximum value is similar, Y raarmae = 0.1126 and Ys getaiied,maz = 0.1189. This
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problem is commonly found for species that evolve in a slower rate when compared to
other species in the manifold. This is the case of NOx, for example van Oijen et al., 2016.
In these cases the introduction of an additional transport equation for the slow species

may solve the problem.

Retrieving soot source terms from manifold:
In this method, the total source terms for Yg and Ng are stored in the database
and later retrieved when solving soot transport equations. Figure 5.14 shows how the

source terms are stored and Figure 5.15 shows the result for this approach.
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Figure 5.14: Source term for Y5 and Ng stored in the manifold
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Figure 5.15: Yg contour, when retrieving source terms for Ys and Ng from manifold

When compared to the first approach the current method was somewhat able to
capture the slow process of soot formation, as shown in the Figure 5.15. However it
failed to capture the oxidation process, despite that either source terms are relatively well
discretised in the manifold as shown in Figure 5.14. The maximum values for soot mass

fraction found were similar Ys paasrmae = 0.1135 and Y detqited,maz = 0.1189.
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Retrieving specific rates from manifold:

In this approach the soot transport equations are solved and each reaction rate is
retrieved from the manifold. As the Ys and Ng are now being solved its evolution might
affect the soot rates that are based on the soot specific area. So the method suggested by
Balthasar et al., 1996, and Carbonell et al., 2009, is used, where the oxidation soot rates
are stored as function of the specific soot surface area, S (m? m™3) and the soot surface
growth rate as function of v/S. The soot rates are shown in the Table 5.1 and how they

are stored is shown in Figure 5.16.

Table 5.1: Stored soot reactions in the manifold

Reaction Stored Rates
Nucleation CyHy — 2Cs + Hy Ry
Surf. Growth CyH, 4+ nCg — (n+2)Cs + Hy Ry/V/'S
Oxid. by O,  Cs+ 10, — CO R3/S
Oxid. by OH Cs+OH — CO+ H R,/S

Oxid. by O Cs+0 — CO Rs/S
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Figure 5.16: Soot rates stored in the manifold

The rates of soot formation (nucleation and surface growth) are relative well dis-

cretized in the manifold, as shown in Figure 5.16 a) and b). However the oxidation rates
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are located in a very narrow portion of the database and so the retriveing procedure of
those rates may be affected. The result of this approach is then presented in the Figure
5.17.
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Figure 5.17: Ys contour, when retrieving soot rates from manifold

The present method is able to capture the slow process of soot formation and oxida-
tion. The maximum soot mass fraction are close, Ys paarmaez = 0.1567 and Y getqited,maz =
0.1189. The spatial soot distribution predicted by the FGM solution is very similar but
not the same as the detailed case. The FGM solution is, as discussed earlier, still depen-
dent to the correct transport of mixture fraction and the proper definition of )). Also the
low level of discretisation of soot oxidation rates in the manifold might be the cause of

higher production of soot.
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5.2.3 Improvement of the soot description in FGM simulations

In this section, an attempt to improve the results of both controlling variables (Z
and )) is done. Soot is not included in the species transport and properties workflow,
but the conservation of mass and energy is still guaranteed. This means that the mixture
fraction Z only refers to the gas-phase species. It is important to say that this approach
is not totally accurate since Z is not conserved, because there is no track of the elements
that pass from gas- to the solid-phase and vice-versa in the soot formation processes and
in the soot oxidation processes. So this approach is still expected to give some errors,
specially in the region with high soot formation. A new manifold is then created using

the same limits as previous section. Also a new progress variable composition is set as:
Y= 0.90&0021/002 + OéHQOYHQO 4+ 0.9acoYco + OéHQYH2 + anHZYCgHg (55)

This progress definition lead to unique map of the dependent variables.

5.2.3.1 FGM Verification in one-dimensional flames:

The same one-dimensional validation presented in previous section is shown in

Figure 5.18 for the new manifold. Now that the mixture fraction tracks only the gas-

3
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Figure 5.18: Comparison of FGM and detailed solution for flamelets at a = 1, 10, 100
and 1000 s~'; FGM: dash line ; detailed: solid line;

phase species and the manifold is less influenced than the previous manifold by the soot
formation, as shown in 5.18. It is also possible to see that the solution of FGM equations

results in a better agreement with the detailed solution. Nevertheless there are still some
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deviation specially in the flamelets with the lowest strain rate.

5.2.3.2 FGM Verification in two-dimensional flame:

The new manifold is then used to solve the two-dimensional ethylene flame. The

Z and Y fields are compared in Figure 5.19. A small improvement was achieved with
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Figure 5.19: Comparison between detailed solution and FGM solution for an adiabatic

ethylene coflow flame with soot.

the current manifold. The biggest diffence is still in the ) contour, which means that
the current definition is inadequate to track the chemical evolution of the system when
containing a great quantity of soot. The comparison with the detailed solution in the
physical space for the axial velocity, radial velocity, temperature, Y, p,, Yo, and Yo, g, is

shown in the Figure 5.20.
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Again a small improvement that can be seen in the improved profiles of tempera-
ture, Yo, m,, Yo, u, and Yg, specially near the fuel exit area.

Figure 5.21 show the comparison of the total amount of soot, integrated in the
flame cross section, predicted by the detailed case, the previous FGM solution (FGM 1)
and the current FGM solution (FGM 2).
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Figure 5.21: Comparison of f, integratea Detween FGM and detailed solutions

It is possible to see that the current FGM solution (FGM 2) enhanced the soot
predictions, reducing the peak of soot formation, but is still lacking of accuracy when
compared to the detailed solution.

The results presented show that the method for inclusion of soot model in the
FGM method may provide good results, but the current implementation still needs further
improvements. Some advances can be suggested: first, in the description of the transport
of Z, which could account for the two-phases or could account for the preferential diffusion
due to soot transport; and second, in better discretisation of the soot rates in the manifold

which can be achieved with a more suitable progress variable definition.
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5.3 Conclusion:

In this chapter the reduction technique FGM was presented and applied to predict
soot formation in an atmospheric ethylene coflow flame. A semi-empirical two equation
model is chosen for predicting soot mass fraction and number density. The model de-
scribes particle nucleation, surface growth and oxidation. For the gas-phase a detailed
kinetic mechanism is considered. Unity Lewis number approximation and simplified model
for transport properties were used. The model was implemented in a commercial CFD
and assessed against to a detailed chemistry solution. For simplicity no heat loss was
considered.

The target flame in this chapter was similar to the atmospheric pressure, non-
smoking ethylene/air coflow diffusion flame of Santoro et al., 1983, but in adiabatic con-
ditions. In order to assess the ability of the FGM method it was first applied to a gas-phase
solution, i.e. without production of soot. The results presented by the FGM method were
in very good agreement with the detailed chemistry solution, apart from a minor deviation
in the CyH,.

Regarding to soot modeling using FGM, three methods were tested. The best
approach was to to solved all flamelets with soot and gas-phase species in a coupled
manner, and to store the soot rates in the manifold. In the two-dimensional simulations,
additional equations for soot modeling must be solve and the soot rates are retrieved
from the manifold. The results presented show a good qualitative agreement with the
detailed solution, but further improvements must be made. First, in the description of
the transport of Z, which could account for the two-phases or could account for the
preferential diffusion due to soot transport; and second, in an improvement of the )
definition, which lead to a better track of the chemical evolution of the system and a
better discretisation of the soot rates in the manifold.

The presented methodology for modeling soot production with the FGM technique
is still in development. The present results demonstrated the great potential of the method
for predicting soot formation in multidimensional ethylene diffusion flames with reduced

computational time.
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6 CONCLUSIONS

In this thesis, a series of numerical methods were used to study soot formation in
laminar flames, ranging from one-dimensional adiabatic counterflow flames with simplified
transport properties to two-dimensional co-flow flames with heat loss and detailed trans-
port properties. The Flamelet Generated Manifold reduction technique was also explored
in order to reduce computational burden while keeping a good prediction of the chemical
kinetics. A framework for the study of soot formation and its interaction with the gas-
phase species in ethylene flames was created by implementing and comparing complex
and simple models.

First, the mass and energy coupling terms between the gas and solid phases in one-
dimensional ethylene counterflow flames were investigated in Chapter 3. A semi-empirical
two equation model was chosen for predicting soot mass fraction and number density. The
model described particle nucleation, surface growth and oxidation. It was implemented in
the CHEM1D code and assessed against experimental data. For the gas-phase a detailed
kinetic mechanism was considered. Additionally, the effect of considering gas and soot
radiation heat losses was evaluated in the optically thin limit approximation. Simulations
were done for a range of conditions that produced low to significant amounts of soot. To
achieve these conditions three strategies were adopted. First, at atmospheric pressure, the
strain rate, was varied from low to high values, with the lower values resulting in larger
residence times and, consequently, in higher soot formation. Second, for a particular strain
rate and atmospheric pressure, the oxygen content in the oxidizer stream was increased,
which led to higher flame temperatures and, consequently, higher soot production. Third,
for a specific strain rate, the pressure was increased, also resulting in higher soot pro-
duction. Additionally, the effect of simplified transport properties model was analyzed.
It was found that the gas and soot radiation terms are of primary importance for flame
simulations. The importance of the radiation heat loss on soot predictions shown here
was consistent with the literature, even though some works were in different configura-
tions. The additional coupling terms (mass and thermodynamic properties) are generally
a second order effect, but their importance increase as the soot amount increases. The
comparison with experiments showed that the soot predictions of the model were in good

qualitative agreement. As a general recommendation, the full coupling should be taken
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into account only when the soot mass fraction, Ys, is equal to or larger than 0.008. How-
ever, if a higher precision is required, with errors lower than 1%, the full coupling should
be taken into account when Ys > 0.002, which is the lower threshold of the most sensi-
tive gas species, Hy. The non-coupled model could not represent the soot mass fraction
predicted by the coupled model with errors lower than 1%. For lower soot amount, the
coupling through soot mass and thermodynamic properties may be neglected as a first
approximation, remembering that an error in the local mass conservation will be present.
The results also showed that discrepancies in choosing different transport models (detailed
or simplified) are larger than those found from not fully coupling the phases.

Subsequently, in Chapter 4, the soot modeling was applied to two-dimensional
ethylene co-flow flames with detailed chemical kinetics and the effect of different transport
models on soot predictions was again explored. The same semi-empirical two equation
model, with minor changes, was chosen for predicting soot mass fraction and number
density. For the gas-phase a detailed kinetic mechanism was considered. The model
was implemented in a commercial CFD and assessed against experimental data from the
literature. The effect of choosing different transport models (detailed or simplified), also
with considering gas and soot radiation heat losses were evaluated in the optically thin
limit approximation. The comparison with experimental data showed that the model
predicted the behavior of soot formation, with values in the same order as the experimental
data, but the exact values of f, were not found. Some aspects in the numerical modeling
were found to have impact on soot predictions and could further investigated in future
works. For example, the fuel stream preheating changes the temperature and velocity
profile at the injector exit plane, the choice of the gas-phase kinetic mechanism have an
impact on soot predictions and there are some intrinsic limitations of the chosen soot
model (semi-empirical) and the parameters of the its soot reactions. Additionally, it was
found that the gas and soot radiation terms were also of primary importance for flame
simulations and that a first attempt to solve the two-dimensional ethylene co-flow flame
could be done using a simplified transport model. If a more accurate solution is needed
the solution can be resumed with detailed transport properties.

Finally, an implementation of the soot model with the FGM reduction technique
was done and different forms for storing soot information in the flamelet table were ex-

plored in Chapter 5. The reduction technique FGM was applied to predict soot formation
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in same atmospheric ethylene counterflow (1D) and coflow (2D) flames presented in previ-
ous chapters, but only for the adiabatic condition. The same semi-empirical two equation
model was used for predicting soot mass fraction and number density. For the gas-phase
a detailed kinetic mechanism was also considered. Unity Lewis number approximation
and simplified model for transport properties were used. The model was implemented in
the CHEM1D code and in a commercial CFD and assessed against to a detailed chem-
istry solution. In order to assess the ability of the FGM method it was first applied to a
gas-phase solution, i.e. without production of soot. The results presented by the FGM
method were in very good agreement with the detailed chemistry solution, apart from a
minor deviation in the CyH;. Regarding to soot modeling using FGM, three methods
were tested. The first, was to store and retrieve the Yy directly from the manifold. The
second, was to solve the two-equation soot model, storing and retrieving the total source
term for Ys and Ng from the manifold. The third, was to solve the two-equation soot
model, storing and retrieving the specific soot rates for Ys and Ng from the manifold. The
best option was the third, so all flamelets with soot and gas-phase species were solved in
a coupled manner, and the soot rates in terms of specific surface area were stored in the
manifold. The results obtained showed a good qualitative agreement with the detailed
solution, but further improvements must be made. First, in the description of the trans-
port of Z, which could account for the two-phases or could account for the preferential
diffusion due to soot transport; and second, in better definition of ) which lead to a better
track of the chemical evolution of the system and a better discretization of the soot rates
in the manifold. The presented methodology for modeling soot production with the FGM
technique is still in development. The presented results have demonstrated the potential
of the method for predicting soot formation in multidimensional ethylene diffusion flames

with lower computational cost.

In conclusion, the contributions of this thesis are:

1. It was found a condition for which a full description of the gas and solid-phase

interactions is mandatory.

2. It was shown the impact of different transport models and heat losses in soot pre-

dictions.
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3. It was shown the best method for storing soot information in the FGM tables to

appropriately simulate high soot loads.
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APPENDIX A — Modeling Radiation: Optically Thin Approximation (OTA)

The radiant heat losses are modelled by using the grey-gas approximation, i.e.,
there is no dependence on the wave number, and the optical thin limit, i.e., the medium
does not scatter nor absorb radiation. Then, the heat source in the energy conservation

equation because of the radiant heat losses Smooke et al., 1999, is :

¢ =V - Qaa = —4ok(T* = T2,) — Cf,T°, (A.1)

sur

K= mei, (A.2)
where o is the Stefan-Boltzmann constant (5.669 x 1078 W m=2K %), and Ty,, is the
ambient temperature. x denotes the Planck mean absorption coefficient of the mixture
(m™1), and p; and k; are respectively the partial pressure (atm) and Planck mean absorp-
tion coefficient of species i (atm~'m™'). The participant gas species are H,O, CO,, CO
and C'H,. The Plank mean absorption coefficient for HoO and C'O, are given in Chen
et al., 1993, and for CO and C H, are given in TNF, 2016. The constant C' = 4.243 x 10~*
(W m™3K~5) is from Smooke et al., 1999.

For the Plank mean absorption coefficient for H,O and C'O,:

6 n
Ki T
log10 () = ain (o A3
o (’%ref) n—=0 “ (300) ( )

with K,ep = 1.0 (matm)~!, and the following a;,, coefficients:

Table A.1: Polynomial coefficients for HoO and COs

n, H,0 COq

ap  0.22317E1 0.38041E1

a;  -0.15829E1  -0.27808E1
ay 0.1329601E1 0.11672E1

az -0.50707E0  -0.28491E0
ay, 0.93334E-1  0.38163E-1
as -0.83108E-2 -0.26292E-2
ag  0.28834E-3  0.73662E-4
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For the Plank mean absorption coefficient for CO and C' Hy:
4
Ki= Y b T" (A4)
n=0

with the following b; ,, coefficients:

Table A.2: Polynomial coefficients for C'Hy and CO

by CH, CO, T <=T750K CO,T > 750K

by  6.6334E0 4.7869E0 1.009E1

by -3.5686E-3 -6.953E-2 -1.183E-2
by  1.6682E-8 2.957T75E-4 4.7753E-6
bs  2.5611E-10 -4.25732E-7 -5.87209E-10

by -2.6558E-14 2.02894E-10 -2.5334E-14
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APPENDIX B — Kinetic Mechanism influence in soot modeling:

For the target flame it has been used a variety of kinetic mechanism for predicting
the gas-phase species. A comparison of kinetic mechanisms and its influence in soot
prediction is done. Seven kinetic mechanisms were tested and are presented in the Table
B.1. Simulations were done for ethylene counterflow flames at 20 1/s and 100 1/s, for
coupled and adiabatic case, using the soot model of Liu et al., 2004. Only the 20 1/s are
shown here since the 100 1/s have the same behaviour the the 20 1/s, but lower values.
The values for the GRI3.0 reduced (no NOx reactions) are not shown here since it gave

the same results as the original mechanism.

Table B.1: Kinetic mechanisms

Mechanism size (sp/reac) obs.
Appel et al., 2000 (abf) 101/544 developed for ethane, ethylene, and acetylene
Blanquart et al., 2009 (blanquart) 148/928 hydrocarbon fuels from methane to iso-octane
GRI Mech v3 [Smith et al., 2000] (gri3.0) 53/325 developed natural gas combustion
GRI Mech v3 reduced 36/219 removed all NOx formation
USC Mech VII [Wang et al., 2007] (USC II) 111/784 H2/CO/C1-C4 Compounds
Wang and Laskin, 1999 (WL) 75/529 ethylene and acetylene combustion
Luo et al., 2012 (sk/WL) 32/206 skeletal based from Wang and Laskin Mech
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Figure B.1: Temperature profile; zoom at the peak
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Figure B.4: OH profile; zoom at the peak
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Soot model influencies in soot predictions

In this section a comparison between two set of parameters for soot reactions

within the same soot model is done. The first set of parameters is the one used in the

present thesis, from Liu et al., 2002, and the second is from Liu et al., 2003. Liu et al.,

2003 proposed a modified version of the two-equation model of Leung, with different set

of reaction rate constants and a special attention on the oxidation rates. This set was

developed to fit the experiments of Santoro et al., 1983 for atmospheric non-smoking and

smoking ethylene/air coflow diffusion flames. The comparison between both soot model

parameters in presented in the Table C.1.

Table C.1: Comparison of Soot models; only the differences are shown.

Reaction

Liu et al., 2002

Liu et al., 2003

Thermop. vel. const.

C; =0.65

C; =0.67

Nucleation

k1 = 1.0 x 103 exp (—16, 103/T)

k1 = 1.7Texp (—7,548/T)

Surf. Growth

ko = 1.75 x 10% exp (—10,064/T)

ko = 6exp (—6,038/T)

f(8)=vs f(8 =8

Oxid. by O2 R3 R3fo,

fo, = (1 + exp[—(T — 1,650)/80]) !
Oxid. by OH Ry Rafomr

for = (1 +exp[—(T — 1,675)/70]) L, T > 1675 K

for = (14 exp[—(T — 1,675)/50]) "1, 1600K < T < 1675K

for = 0.1824 x (1 4 exp[—(T — 1,600)/85])~ ', T < 1600K
Oxid. by O Rs Not considered

The comparison between the two set of parameters is done for the exact same

conditions presented in the Chapter 4 for simulation a non-smoking ethylene coflow flame.

The comparison is shown only for the soot volume integrated along the height of the burner

in Figure C.1.
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Figure C.1: f, integrated comparison; Symbols: experimental data Santoro et al., 1987
and Arana et al.,; 2004; solid line: present simulation with Soot parameter 1 - Liu et al.,

2002 , parameter 2 - Liu et al., 2003

As it can be seen in the Figure C.1 the choice of the soot reactions parameters can
have a important impact in the soot predictions. While the first set of parameters reach
the same peak of soot amount as the experiment, but at a lower height, the second set of
parameter did neither reach the same amount of soot not the maximum soot prediction
position, even that that set was fitted to do so. The maximum soot volume fraction were

fomaz = 7.1 ppm and f, mee = 5.3 ppm, for Soot parameters 1 and 2, respectively.
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