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Abstract

Progress is made on the numerical modeling of both laminar and turbulent non-premixed flames.
Instead of solving the transport equations for the numerous species involved in the combustion
process, the present study proposes reduced-order combustion models based on local flame structures.

For laminar non-premixed flames, curvature and multi-dimensional diffusion effects are found
critical for the accurate prediction of sooting tendencies. A new numerical model based on modified
flamelet equations is proposed. Sooting tendencies are calculated numerically using the proposed
model for a wide range of species. These first numerically-computed sooting tendencies are in good
agreement with experimental data. To further quantify curvature and multi-dimensional effects, a
general flamelet formulation is derived mathematically. A budget analysis of the general flamelet
equations is performed on an axisymmetric laminar diffusion flame. A new chemistry tabulation
method based on the general flamelet formulation is proposed. This new tabulation method is applied
to the same flame and demonstrates significant improvement compared to previous techniques.

For turbulent non-premixed flames, a new model to account for chemistry-turbulence interac-
tions is proposed. The validity of various existing flamelet-based chemistry tabulation methods is
examined, and a new linear relaxation model is proposed for aromatic species. The proposed re-
laxation model is validated against full chemistry calculations. To further quantify the importance
of aromatic chemistry-turbulence interactions, Large-Eddy Simulations (LES) have been performed
on a turbulent sooting jet flame. The effects of turbulent unsteadiness on soot are highlighted by
comparing the LES results with a separate LES using fully-tabulated chemistry. It is shown that
turbulent unsteady effects are of critical importance for the accurate prediction of not only the

inception locations, but also the magnitude and fluctuations of soot.
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Chapter 1

Introduction

1.1 Background

Energy sustainability and the emission of pollutants will have defining importance in the present
century[1]. Historically, the combustion of hydrocarbon fuels has been the principal source of energy
due to their high energy density, ease of transport, and relative abundance. Although renewable
energy and nuclear power are the world’s fastest-growing energy resources, fossil fuels are estimated
to continue to supply almost 80 percent of the world’s energy through 2040, as reported in the
International Energy Outlook (2013 report) [1]. Unfortunately, the combustion of fossil fuels not
only generates greenhouse gases, but also produces pollutants, such as nitrogen oxides, sulfur dioxide,
volatile organic compounds, and nano-sized particles, which can cause severe air quality degradation.
Ever more stringent international regulations (e.g. ICAO CAEP2 standards) placed on industrial
combustion system emissions make the design of cleaner and more efficient combustion devices a
necessity.

The development of clean and efficient combustion systems introduces new challenges, not only
in the manufacturing of these systems, but also at a more fundamental level. Although designs of
the various combustion systems and their operating conditions may be very different, the turbulent
reacting flows involved are subject to the same complexities. First, hundreds of species and thousands
of reactions are generally required to describe correctly the chemical aspect of combustion [2, 3, 4,

5]. Second, the wide range of length and time scales present in turbulent reacting flows increases
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the complexity of the systems [6]. Finally, but most importantly, the major complexity found in
these combustion systems is due to the intrinsic interactions between small scale chemical processes
and large scale flow features. These multi-physics and multi-scale problems are among the biggest
challenges in fluid mechanics and are the real limiting factors in the development of more efficient

and cleaner energy sources.

1.2 Computational modeling of non-premixed reacting flows

Towards this end, Computational Fluid Dynamics (CFD) has emerged as an indispensable indus-
trial analysis and design tool over the past few decades. Its application to the modeling of complex
reacting flows has been largely successful [7, 8, 9, 10]. However, the predictive capabilities of CFD
tools remain limited by the assumptions and approximations made in the modeling of key physical
processes. For instance, some modeling procedures that have been widely used in numerical com-
bustion were developed for non-reacting, constant density flows [11, 12, 13, 14, 15]. These models
were developed based on physical arguments with simplifying assumptions, and as a result, have
demonstrated inconsistencies when applied in practical situations. This is reflected by the large
variety of different combustion models that have been formulated [16] and the continuous effort that
has been made to improve these models [6, 16].

One such research effort is the International Sooting Flame (ISF) workshop [17]. This open
forum aims to identify common research priorities in the development and validation of accurate,
predictive models for sooting flames and to coordinate research programs at the international level
to address them. Well-defined target flames that are particularly suitable for model development
and validation have been selected, spanning a variety of fuels and flame types, including laminar
flames, turbulent flames, and pressurized flames. To enable accurate and efficient investigations of
these laboratory-scale sooting flames, the current work aims to develop reliable computational tools

for the modeling of laminar and turbulent non-premixed flames under atmospheric pressure.



3

1.3 Direct numerical simulations

In view of the difficulties in the reduced-order modeling of combustion, Direct Numerical Simulations
(DNS) with finite-rate chemistry may seem to be more advantageous, since all the governing equa-
tions are solved in these simulations, without using any explicit simplifying assumptions. Indeed,
DNS has been employed as a valuable research tool, and recent development in high-performance
computing has enabled the application of DNS to more and more complex configurations [18, 19].
Some of the most recent DNS studies of non-premixed reacting flows with finite-rate chemistry are

included in the following figure.

oD 1D 2D 3D
(7]
"g A 200 L ¥ ¥ ¥ < Diesel
-c [ ] [ ]
o
=1 150
& | 3 .
wl g Reduced
§ £ 100 Mechanism
1k -
2[5 s0f . .
(] ° °
: K < Methane (19 species)
o 0 o0 ° s ¢ °% < Hydrogen (9 species)
=} 0 5 10
S 10 10

Number of grid points
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Figure 1.1: Recent DNS studies of non-premixed reacting flows with finite-rate chemistry.

DNS with finite-rate chemistry has been applied to zero-dimensional homogeneous reactor sim-
ulations [20, 21] and one-dimensional flame calculations [22, 23, 24, 25, 26] using detailed chemical
mechanisms involving a large number of species. However, only skeleton-level chemical mechanisms
have been used in three-dimensional turbulent non-premixed reacting flow simulations [27, 28, 29,
30, 31, 32]. Such chemical mechanisms are not sufficiently accurate for the combustion of large

hydrocarbon fuels, especially for (the surogates of) practical fuels (e.g. diesel), and are not able
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to provide a satisfactory description of complex chemical processes, such as low-temperature com-
bustion and soot formation. Overall, the application of DNS with finite-rate chemistry to practical
combustion systems using practical fuels (e.g. diesel) as a design tool is still prohibited by the
associated extremely high computational cost. This is essentially due to the large number of species
and reactions involved in the combustion process and the wide range of time and length scales that

need to be resolved in the reacting flow field.
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Figure 1.2: Schematic of the combustion of n-heptane. The part to the left of the dash line does not
include any aromatic chemistry.

The general picture of the combustion of n-heptane is shown in Fig. 1.2. This fuel is representa-
tive of all alkane fuels and is known to be an important component for gasoline, diesel, and kerosene
surrogates. N-heptane first goes through thermal cracking by having hydrogen atom abstraction

and B-scission reactions. This process leads to the formation of important intermediate species such
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as ethylene and acetylene. These species react with oxygen to form major combustion products such
as carbon monoxide, carbon dioxide, and water. Simultaneously, these intermediate species (e.g.
ethylene and acetylene) react with each other, which leads to the formation of the first aromatic
species, namely benzene. Larger aromatic species with more than one aromatic rings, such as naph-
thalene, phenanthrene, and pyrene are then formed from benzene [2, 3]. Further collisions between
these large aromatic compounds lead to the formation of soot particles [2, 3]. Typically hundreds
of species and thousands of reactions are required to capture accurately enough the combustion
process just described [3, 33]. Including such detailed chemical kinetics model burdens substantially
reacting flow simulations, due to the large number of transported reactive scalars (i.e. species mass
fraction).

Moreover, simulations of reacting flow systems using finite-rate chemistry are extremely challeng-
ing due to the multiple time scales involved in the various physical and chemical processes [34, 35, 36].
In particular, chemistry produces generally very small time scales which make the systems stiff. The
high non-linearity in the Arrhenius form of the chemical reaction rate constants in the calculations
of the species chemical source terms increases the stiffness of the systems [37]. In addition, for tur-
bulent reacting flows, the difference between the thickness of the thin reaction layers (often smaller
than the Kolmogorov length scale) and the largest length scale is typically more than three orders
of magnitude [32, 31]. As a result, billions of grid points are generally required for the DNS of
these flows [30, 38]. Although advanced numerical schemes have been designed for more accurate
scalar transport [39, 40, 41] and more efficient time-integration of stiff chemical source terms [37, 20],
DNS of reacting flows with complex chemistry under complex configurations are still limited by the
current computing resources.

As a result of all these challenges, detailed chemical mechanisms have been included in the
DNS of reacting flows, but only for relatively simple geometries (e.g. homogeneous reactors and
statistically one-dimensional flames) [20, 23]. The number of species included in the DNS of two-
dimensional and three-dimensional reacting flows has been very limited [32, 31, 30, 27, 42, 28]. Most

of these simulations have only investigated the combustion of relatively simple fuels (e.g. methane
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and hydrogen), and have taken into account only the major chemical pathways without considering
aromatic species and soot formation (the part to the left of the dash line in Fig. 1.2). Typically, the
chemical mechanism used for hydrogen combustion in these simulations contains 9 species [30, 27, 28]
and the one used for methane combustion contains 19 species [32, 31, 30, 28]. These mechanisms
have been obtained by reducing the number of intermediate species contained in detailed mecha-
nisms using chemistry reduction techniques, such as Quasi-State-State (QSS) assumptions [43] and
Partial-Equilibrium (PE) approximations [44]. Simulations using these reduced mechanisms are able
to capture the major features of the reacting flows under investigation, for instance temperature and
major species distributions [32, 30, 28]. However, reduced chemical mechanisms become insufficient
when the combustion of large hydrocarbon fuels (practical fuels) or the formation of complex com-
bustion products (soot) is considered. As mentioned earlier, describing accurately such complex
chemical processes requires typically hundreds of species and thousands of reactions [2, 3, 4]. The
efficient integration of detailed chemical kinetics into detailed simulations of reacting flows presents
one of the biggest challenges in numerical combustion. One approach to overcome the difficulties dis-
cussed above is to use chemistry tabulation. The different categories of chemical kinetics integration

strategies discussed are summarized in the following figure.

1.4 Chemistry tabulation

Instead of reducing the number of species considered in the chemical mechanisms, chemistry tabu-
lation keeps the detailed mechanisms unchanged, but reduces the number of independent variables
(to be solved in CFD simulations) to a tractable number. Therefore, chemistry tabulation is very
attractive for both its computational efficiency and its ability to maintain a high chemical accu-
racy. The reduction of independent variables can be achieved using for instance the method of
Computational Singular Perturbations (CSP) [34, 45] and the method of Intrinsic Low-Dimensional
Manifold (ILDM) [35, 36]. These methods use the fact that many of the chemical time scales in-
volving intermediates in the reaction chains are fast and not rate-limiting. By suppressing these

fast reactions and placing the species involved therein in steady-state, the thermochemical state of
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Figure 1.3: Different categories of chemical kinetics integration strategies.

the system depends on a much smaller number of variables. These variables are often combinations
of species concentrations. Multi-dimensional libraries are then used to store the thermochemical
states as a function of these variables. These methods are particularly suited for chemical kinetics
calculations [46]. Unfortunately, these methods do not include any flow variables (e.g. flow strain
rate, flame curvature, and scalar dissipation rate) in constructing the libraries of thermochemical
states. As a result, they are limited when applied to non-premixed flames, where the local reacting
flow is governed by the balance between chemistry and diffusion [16].

An interesting alternative to chemical-kinetics-based tabulation methods is the flame-structure-
based tabulation methods. Such methods include the Flame Prolongation of ILDM (FPI) [47], and
the Flamelet-Generated Manifold (FGM) [48]. These methods share remarkable similarities and

both rely on the concept of the steady-state Laminar Diffusion Flamelet (LDF) [49, 50]

1.5 Steady-state laminar diffusion flamelets

The notion of mixture fraction was introduced by Bilger [51] as a measure of the local fuel /oxidizer

ratio in non-premixed reacting flows. The steady-state LDF model based on the mixture fraction,
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Z, as an independent variable, and using the scalar dissipation rate, y = 2D|VZ|?, for the mixing
process, was introduced by Peters in 1983 [49] (see Eq. 3.1 in Section 3.2.1). Historically, Williams
was the first to rewrite, under unity Lewis number assumption, the species transport equations by
separating the diffusion normal to mixture fraction iso-contours and that in tangential directions [52].
Peters introduced additional simplifications to make use of the flamelet formulation in reacting
flow simulations, namely, combustion processes take place in a thin layer close to the flame front,
diffusion in the direction parallel to the local iso-surface of mixture fraction is negligible, and the
local flame surfaces are essentially flat. Based on these three assumptions, multi-dimensional non-
premixed flames can be modeled as an ensemble of piecewise one-dimensional flame structures,
termed flamelets. The LDF model has been a popular modeling approach in simulating both laminar
non-premixed flames [53, 54, 55| and turbulent non-premixed flames [56, 57, 58, 59, 60, 61, 22, 62].

The distinct advantage offered by the flamelet model, compared to the numerical simulation using
finite-rate chemistry model, is that flow properties and chemical kinetics are essentially decoupled [6].
More specifically, steady-state flamelet equations are solved in advance to build a flamelet database.
This database is then tabulated as a function of the mixture fraction, Z, and the scalar dissipation

rate, x, as shown in Fig. 1.4. In simulations, the values of Z and x are computed locally, based on

Yy

Y
Y, 2

Figure 1.4: Tllustration of flamelet database for chemistry tabulation generated using the solutions
to steady-state flamelet equations.
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which the species mass fraction, temperature, and other thermochemical properties are evaluated. As
such, the computational cost associated with simulations using flamelet-based tabulated chemistry
methods is significantly lower than using finite-rate chemisty, since only the scalar quantities Z and
x need to be calculated locally, without solving the transport equations of all species involved in the

chemical mechanism.

1.6 Flamelet-based modeling of laminar non-premixed flames

While being a very powerful modeling framework, the LDF model relies on several key assumptions
which may not be valid in all laminar non-premixed flames. Potential impacts of these assumptions
require further analysis. Furthermore, these impacts may be present not only in laminar flames, but
also in turbulent flames. Yet, they are more pronounced in laminar flames [63].

The first key assumption concerns the species Lewis numbers. In most of the previously referenced
studies of turbulent reacting flows [56, 58, 59], unity Lewis number transport has been assumed
on the basis that molecular diffusion is negligible compared to turbulent mixing. The influence
of non-unity Lewis number transport on turbulence-chemistry interaction has been investigated
theoretically, experimentally, and numerically by previous work [63, 64, 65, 66, 67]. The unity-
Lewis number assumption is found valid for large-scale mixing in the limit of sufficiently large
Reynolds number; and the transition from non-unity (under laminar conditions) to unity Lewis
number (under turbulent conditions) was observed for conditional means of species mass fractions
in piloted turbulent methane/air jet flames as the Reynolds number was increased [63, 66]. For
laminar flames, large deviations have been found in co-flow non-premixed flames when comparing
results obtained with unity and non-unity Lewis numbers (e.g. significantly different flame heights
and flame widths) [54, 68, 69].

The second key assumption concerns curvature effects which have been neglected [54, 22, 68,
70, 71], since the combustion of interest is assumed to occur very near to the flame front. Such
close proximity to the flame front (defined as the iso-surface of stoichiometric mixture fraction)

allows for the flame to be modeled as flat; therefore, curvature effects could be neglected. However,
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many species of interest, such as aromatic species, tend to be located farther away from the flame,
where the flame can no longer be assumed to be flat, and flame curvature effects could potentially be
substantial. The impact of curvature can be further enhanced when mixture fraction iso-surfaces are
highly wrinkled by turbulent motions [42]. In other words, curvature effects might be non-negligible
when the product of flame curvature by the distance to the flame front is large. Unfortunately,
the effects of flame curvature on the flamelet modeling of both laminar and turbulent non-premixed
flames still remain not well understood.

The third key assumption concerns the multi-dimensional diffusion effects, i.e. in the direction
parallel to the local iso-surface of mixture fraction. These effects have been neglected to achieve the
one-dimensionality of the local flame structure. As such, all physical quantities can be parametrized
solely by the mixture fraction. However, in a recent study, these multi-dimensional effects were found
to be critical in reproducing the complete flame behavior in laminar co-flow diffusion flames [69] and
hence might have non-negligible impact on sensitive processes, such as soot formation.

The first one-dimensional laminar flamelet equations were proposed by Peters [49, 50] for flat
flames, under unity Lewis number assumption. These equations were extended by Pitsch [70] to take
into account non-unity Lewis number effects. Williams proposed a more general flamelet formulation
even before Peters without making specific assumptions on the flame structure [52, 72]. However, a
unity Lewis number was assumed to describe the species transport processes, and the terms corre-
sponding to different physical processes were grouped together, making this formulation hardly used
in practice. More recently, Kortschik et al. [73] attempted to derive flamelet equations accounting
for curvature effects. However, restrictive assumptions were made implicitly in the derivation. As a
result, the predicted curvature effects did not show full agreement with the qualitative experimental
observations [74]. More precisely, curvature was predicted to still have effects on species with Lewis
number close to unity, but those species were observed to be hardly affected in the experiments. Xu
et al. has also attempted to derive flamelet equations including curvature effects [75]. However, their
formulation is valid only under specific conditions [75]. In summary, no mathematical framework is

yet able to describe the combined effects of multi-dimensional effects, non-unity Lewis number, and
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flame curvature using a flamelet formulation for laminar and mildly turbulent non-premixed flames.

1.7 Flamelet-based modeling of turbulent non-premixed flames

Unlike for laminar non-premixed flames, the conventional steady-state LDF model has been found to
represent well the local turbulent flame structure, as briefly reviewed at the beginning of Chapter 5.
Chemistry tabulation based on the steady-state LDF model has been widely applied to Large-Eddy
Simulations (LES) of turbulent reacting flows, in which large length scales are resolved and small
scale mixing is modeled. LES using LDF-based chemistry tabulation has been applied to a variety
of combustion problems of practical interest including the prediction of pollutant emission [7, 8],
combustion instabilities [76, 77], and aircraft engine combustion [9, 10]. Although major flame
characteristics and main species concentrations are generally well predicted in these simulations, the
extension to include more complex chemical products in these simulations should be done with great
care.

As aforementioned, one substantial simplification implicitly made by the chemistry tabulation
based on steady-state LDF model is that the characteristic chemical time scale is much smaller than
that of turbulence. In other words, chemistry is assumed to respond infinitely fast to perturbations
from the turbulent flow field. Such assumption may be valid for the major chemical species (reactants
and products) as well as radicals (H, OH, O, etc.). For instance, the steady-state LDF model has
been shown to represent remarkably well statistically averaged flame properties [63]. However, due
to the wide range of time scales involved in turbulent flows and the large time scales characterizing
the chemical processes of certain species, transient effects could be substantial. One of such critical
processes is the formation of soot particles.

Due to the detrimental effects of soot emission on human health and the environment, substantial
research efforts are presently devoted to the numerical prediction of soot formation in turbulent
reacting flows [32, 42, 78]. As mentioned earlier, soot is believed to nucleate from Polycyclic Aromatic
Hydrocarbons (PAH), which involve complex and slow chemical kinetics [2, 3]. Previous studies have

shown that the concentrations of PAH in turbulent diffusion flames deviate from those predicted by
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the steady-state LDF model [16, 42]. These observed differences are believed to be a consequence
of the rapidly changing turbulent flow field and the slow adjustment of PAH chemistry. Based
on the above consideration, turbulence-chemistry interaction needs to be properly treated for PAH
molecules.

A series of theoretical studies have been focusing on the chemical response of the flamelets
solutions to oscillatory strain rates under various flow conditions [79, 80, 81, 82]. Chemical responses
of different species under oscillatory flow rates and strain rates have been also investigated in non-
premixed flames numerically [83, 84] and experimentally [85, 86]. The scalar dissipation rate was
found to characterize well the unsteadiness of the flow [83]. However, in these studies, emphasis has
been placed on major combustion products and a very limited number of intermediate species.

Recent studies have focused on the effects of unsteadiness on the formation of NOy species [8, 87|
and a relaxation model [8] was proposed for the prediction of their mass fractions in turbulent
flames, based on a one-step global reaction. Unfortunately, this relaxation model was only validated
a posteriori. The situation is similar for PAH (i.e. no a priori analysis). Including transient effects
for PAH molecules has been attempted by Mueller and Pitsch [22] by using the same model as for
NOy [8], despite the fact that PAH species are characterized by an even more complex chemistry
than NOy species. In their work, all PAH molecules were represented by a single lumped PAH
species, and the dependence of the chemical source term on the PAH mass fraction was assumed to
be universal for all PAH. While this represents a very good first step, a more reliable model based on
a more complete a priori analysis is required to take into account the interactions between chemistry
and turbulent unsteadiness. Such model should reflect the multi-step nature of PAH chemistry and
distinguish between major PAH species.

Transient effects for PAH molecules have been included first in the LES of a laboratory-scale
flame and an aircraft combustor by Mueller and Pitsch [22, 88]. They proposed to solve a transport
equation for the lumped PAH variable using the PAH relaxation model discussed above. Although
chemistry-turbulence interactions for PAH have already been included in LES, their effects and

importance have never been investigated and characterized precisely.
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1.8 Objective and outline

In view of the issues discussed above, the objective of the current study is to identify the key issues in
the flame-structure-based reduced-order modeling of laboratory-scale laminar and turbulent sooting
flames, with specific attention placed on the prediction of PAH species. As aforementioned, these
PAH species are of critical importance since their concentrations control directly the soot nucleation

rates. More precisely, the objectives are three-fold:

1) investigate the effects of flame curvature and multi-dimensional diffusion, and the appropriate-
ness of the LDF model in the representation of local flame structures in laminar non-premixed

flames,

2) examine the effects of turbulent perturbation on PAH species, and the validity of different

chemistry tabulation strategies in the numerical modeling of turbulent non-premixed flames,

3) propose and validate more accurate flamelet-based reduced-order models for the key processes
mentioned above and investigate their importance and effects in laboratory-scale flame config-

urations.

The manuscript is organized as follows. In Chapter 2, a brief summary of the governing equa-
tions for reacting flows under zero Mach number approximation is provided. In Chapter 3, the
importance of multi-dimensional convection and diffusion effects and the validity of the LDF model
are assessed in the context of predicting numerically sooting tendencies. Calculations using the
conventional steady-state LDF model are performed and this model is shown to be inadequate in
reproducing the correct species distributions on the centerline of the flame under study, where the
sooting tendencies are defined. In an effort to overcome these deficiencies, a new numerical frame-
work based on modified flamelet equations is proposed. The numerical sooting tendencies for both
non-aromatic and aromatic test species are then calculated using the proposed model and compared
against experimental measurements. In Chapter 4, a general, mathematically consistent flamelet
formulation is derived to investigate the effects of curvature of mixture fraction iso-surfaces on the

transport of species in laminar diffusion flames. Budget analysis is performed on an axisymmet-
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ric laminar coflow diffusion flame to highlight the importance of the curvature-induced convective
term compared to other terms in the full flamelet equation. A new chemistry tabulation method is
developed based on the proposed curved flamelet formulation. A comparison is made between full
chemistry simulation results and those obtained using planar and curved flamelet-based chemistry
tabulation methods. In Chapter 5, it is first highlighted that the various issues in the flamelet-based
modeling of laminar non-premixed flames become negligible in turbulent non-premixed flames. In-
stead, non-equilibrium chemistry effects represent the key modeling challenge for these flames. The
chemical responses of the local flame structure subjected to turbulent perturbations are examined.
Based on these unsteady flamelet results, the validity of various existing flamelet-based chemistry
tabulation methods is examined, and a new linear relaxation model is proposed for PAH species.
The proposed relaxation model is validated through the unsteady flamelet formulation, and results
are compared against full chemistry calculations. In Chapter 6, the effects of aromatic chemistry-
turbulence interactions are investigated by applying the PAH realxation model, proposed in the
previous chapter, to an ethylene/air piloted turbulent sooting jet flame. The effects of turbulent
unsteadiness on soot yield and distribution are highlighted by comparing the LES results with a
separate LES using tabulated chemistry for all species including the aromatic species. Results from
both simulations are compared to experimental measurements. Major conclusions of the current

work and recommendations for future research directions are provided in Chapter. 7.
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Chapter 2

Governing equations and numerical
solver

The evolution of the reacting flows under study is governed by the unsteady Navier-Stokes equations
and the scalar transport equations. For the simulations undertaken in this work, we adopt the
standard zero Mach number assumption that is well justified for many combustion systems and has
been used in many previous studies [22, 89, 90, 29, 91], as the typical Mach number for both laminar

and turbulent diffusion flames is well below 0.1.

2.1 Governing equations

Using the zero Mach number approximation, the continuity and momentum equations are written

as
dp B
o TV (o) =0, (2.1)
dpu
s + V.(puu) = -Vp+ V-, (2.2)

where p is the density, p is the pressure, u is the velocity, and 7 is the deviatoric stress tensor,
defined as

7=p[Va+ (Vo)'] - %u(v -u)l, (2:3)

where I is the identity matrix and pu is the fluid viscosity.

In addition to the Navier-Stokes equations, the governing equation for the temperature, T, of
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the mixture containing n species can be written as

T .
pep s + eV - (Tw) = V - (peyaVT) + > pipDiVY; - VT + éor = draa; (2.4)

K2

where wr includes heat source terms due to chemical reactions, « is the thermal diffusivity, D; is
the molecular diffusivity of species ¢, and ¢,,q encompasses all heat losses due to radiation.

Flame radiation is modeled using the RADCAL model [92]. This model relies on the assumption
of optically thin medium, which is a reasonable assumption for the laboratory-scale laminar and
turbulent flames considered [68, 92, 93, 94]. The radiating species considered in these flames are
COg, Hy0O, CHy, and CO. This model uses the following expression for the rate of heat transfer per

unit volume due to radiation [54, 68, 92]
Graa = =40 Y piay, (T* = Too*), (2.5)

where ¢ is the Stefan-Boltzmann constant, p; is the partial pressure of species i, ap, is the Planck
mean absorption coefficient of species i, and T' and T, are the local flame and background temper-
atures, respectively. The Planck mean absorption coefficients are obtained at different temperatures
by running RADCAL [95], and fitted to polynomial expressions [92].

For two-feed non-premixed combustion systems (e.g. fuel and oxidizer), the flame structures are
generally described by means of a passive scalar Z [16, 96, 97]. This variable is referred to as
mixture fraction and ranges from 0 to 1, corresponding to pure oxidizer and pure fuel, respectively.

The evolution of this variable is governed by the following transport equation

%Z +V-(pZu) =V - (pDVZ), (2.6)

where D is the mass diffusivity for Z. This diffusivity is set to the thermal diffusivity, a. Therefore,
the Lewis number for Z

o
Lez = 5 (27)
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is unity.
Assuming non-unity but constant Lewis number and neglecting Soret effects, the transport equa-
tion for the mass fraction of species i, Y;, can be written as

0Y;
Pt

Q
Lei

+pu-VY;=V. (p VYi) + V- (pYiVes) +wi, (2.8)

where w; is the chemical source term of species ¢, and Le; is the Lewis number of species 4, defined

as

Le; = —, (2.9)

with D; the mass diffusivity for species i. It was found previously that Soret effects have only
minimal impact on the flame shape and temperature field [98]. The correction velocity Vc; in
Eq. 2.8 accounts for gradients in the mixture molecular weight as well as ensures zero net diffusion

flux. It has the following expression

a VW VY; vWw Y;
Ve = A 200 i 2.10
AT e, W zj:Lej Y zj:Lej ’ (2.10)
where
-1
Y.
W = —L 2.11

represents the mean molecular weight of the mixture.

The above set of equations is complemented by the equation of thermodynamic state

1 ~
= p—RT 2.12
p=py; BT, (2.12)

where R is the universal gas constant.
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2.2 Numerical solver

For full scale numerical simulations, the multi-dimensional Navier-Stokes equations and species
transport equations are solved using the NGA code [90], using an iterative procedure. The NGA
code, using staggered variables, allows for accurate, robust, and flexible simulations of both laminar
and turbulent reactive flows in complex geometries and has been applied in a wide range of test
problems, including laminar and turbulent flows, constant and variable density flows, as well as
Large-Eddy Simulations (LES) and Direct Numerical Simulations (DNS). The numerical method
used was developed originally for the simulation of zero Mach number flows with variable density,
and have been shown to conserve discretely mass, momentum, and kinetic energy, with arbitrarily
high order discretization [90]. This method is an extension of the work of Morinishi et al. [99]. In
the simulations presented in this work, second order discretization of the viscous and convective
terms of the Navier-Stokes equations is used. The semi-implicit Crank-Nicolson method is used for
temporal discretization. Scalar quantities, such as the mixture fraction Z, species mass fractions Y7,
and temperature T, are transported along with the flow field using the BQUICK scheme [39]. The
BQUICK scheme is a flux correction method to a well-tested numerical scheme for scalars, namely
the quadratic-upwind biased interpolative convective scheme (QUICK) [100]. The BQUICK scheme
ensures that the physical bounds of appropriate quantities are numerically preserved throughout the
simulation without adding significant artificial diffusion. Overall, these numerical methods guarantee
globally second-order accuracy in both space and time. A more detailed description of the simulation
code is provided in Appendix. D.

Thermal properties for each species such as the specific heat capacity, c,;, and specific enthalpy,
h;, are taken from the chemical models employed. Mixture-averaged viscosity, v, and thermal
conductivity, A are calculated according to [101, 102], as proceeded in CHEMKIN and FlameMas-
ter [103]. Physical properties of the flow, such as molecular diffusivities, D; = L%i’ are calculated

accordingly.
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Chapter 3

Multi-dimensional effects in the
prediction of sooting tendencies

As stricter legislation governing soot emission is being adopted, increasing attention is being paid
to the characterization and quantification of soot yield. At the same time, alternative fuels such as
bio-derived fuels and synthetic fuels are expected to replace progressively traditional fuels. There
is a growing interest in predicting the sooting tendencies of present and future fuels based on their
individual chemical compounds.

Traditionally, the sooting tendency of a given hydrocarbon species is characterized experimentally
by the height of the hydrocarbon’s jet flame at the smoke point [104]. The resulting smoke heights
are converted to threshold sooting tendencies (TSI), which are linear functions of the inverse of
the smoke point height in laminar diffusion flames. Unfortunately, while this procedure works well
for small hydrocarbons, smoke heights are difficult to measure for heavily sooting species such as
aromatics [93].

In an attempt to overcome these difficulties, McEnally and Pfefferle introduced a new metric
for sooting tendencies, Yield Sooting Indices (YSI) [93, 105, 106]. YSI are linear functions of the
maximum soot volume fraction measured on the centerline of an axisymmetric co-flow diffusion flame
with the fuel stream doped with a test hydrocarbon. They argued that YSI are device-independent
and only a function of the chemistry, not of the physical properties of the flow and burner used.

The most direct way to reproduce these YSI results is to perform Direct Numerical Simulations

(DNS) with detailed finite-rate chemistry, by solving all the governing equations presented in the
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previous chapter. These simulations have been demonstrated to be a reliable tool in reproducing
axisymmetric laminar co-flow diffusion flames with various burner configurations and fuel composi-
tions [89, 107, 108, 109]. However, the heavy computational cost associated with these simulations
and the large number of hydrocarbon species under investigation make the numerical prediction of
YSI using DNS impractical. The employment of reduced-order models, such as flamelet-base mod-
els, for the numerical predictions of YSI becomes a necessity. This chapter shows the importance of
including multi-dimensional convection and diffusion effects in the numerical prediction of sooting
tendencies when employing reduced-order models.

This work is based on a two-fold analysis. First, the importance of multi-dimensional convection
and diffusion effects and the validity of the conventional flamelet model are assessed. Second, a
simplified numerical framework to investigate sooting tendencies is proposed using the results from
direct simulations with finite-rate chemistry. The intent of the present work is not to predict the
absolute soot yield in flames. The emphasis is placed on the development of a computationally
efficient numerical framework to predict relative sooting tendencies.

This chapter is organized as follows. Section 1 describes the configuration of the diffusion flame
where YSI are measured experimentally and the numerical framework of direct simulations of this
flame. In Section 2, the conventional flamelet model is briefly presented and shown to be incapable of
predicting the correct species mass fraction profiles on the axis of the flame under study. In Section
3, a new numerical framework based on a modified flamelet equation is proposed and validated by
comparison with the direct simulation results. Finally, in Section 4, numerically calculated sooting
tendencies are estimated from the PAH dimer production rate, and compared to the experimentally

measured YSI.

3.1 Direct numerical simulations with finite-rate chemistry

In this section, direct simulations with detailed finite-rate chemistry are conducted for an axisym-
metric co-flow diffusion flame to provide reference data for comparison with the results obtained

using the conventional flamelet model [49, 50].
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3.1.1 Burner configuration and running conditions

The flame used in this section was studied experimentally by McEnally and Pfefferle [93] for YSI
measurements. The burner consists of two concentric tubes, with fuel in the inner tube and air
between the inner and outer tube. 0.4 cm of the fuel (and also air) pipe exit is simulated to
allow for the fully-development of the velocity profile at the exit of the fuel pipe. Expanding the
computational domain inwards the fuel pipe direction has been shown to be important to overcome
a numerical error shown by Bennett et al. [110]. The burner configuration is depicted in Fig. 3.1,
and the characteristic parameters of the burner and the inlet co-flow are listed in Table 3.1. A more
detailed description of the burner configuration is given in [111]. The fuel stream velocity profile is
taken to be parabolic (i.e. fully-developed laminar profile) based on its mean bulk velocity. On the

other hand, the velocity profile in the oxidizer stream is not fully developed and is taken to be flat.

Sooting region .__

Flame front-.__
-

| + 14

Air Z2=0 Fuel Z=1
——Ri
—Ro

iR

Figure 3.1: Schematic of the diffusion flame and burner configuration.

Pipe inner radius R; 0.555 cm Full domain radius R 5.1 cm
Pipe outer radius R, 0.635 cm Full domain length L 20 cm
Burner wall thickness R, — R; 0.08 cm Pipe exit length L, 0.4 cm
Fuel stream inlet velocity 14.39 cm/s Oxidizer stream inlet velocity 7.03 mm/s
Fuel stream inlet temperature 425 K Oxidizer stream inlet temperature 300 K
CH,4 mole fraction in fuel stream 0.55 Os mole fraction in oxidizer stream 0.21
N5 mole fraction in Fuel 0.45 Ny mole fraction in oxidizer stream 0.79

Dopant mole fraction in fuel stream 400ppm

Table 3.1: Characteristic parameters for the doped co-flow diffusion flame of McEnally and Pfefferle.
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In the simulation, temperatures were under-predicted when the fuel inlet temperature was taken
to be 350K [93]. This is consistent with the fact that the burner, as well as the inlet fuel stream,
are preheated by heat conduction from the flame and by absorption of heat radiated from the flame
region. Unfortunately, the burner wall temperature is not specified in the experiment. Estimating it
numerically is beyond the scope of the present work. Gradually increasing the fuel inlet temperature
in the simulation is consistent with the intent of searching for the value of the burner exit temperature
in the experiment. With a fuel inlet temperature of 425K, the downstream temperature profiles
showed better agreement with the experimental data. The fuel inlet velocity is also raised to keep
the fuel inlet mass flow rate unchanged. A similar correction (425K instead of 350K’) was applied
in the simulation of a similar flame by Smooke et al. [89]. The temperature increase from 350K to
425K for fuel stream is physically reasonable, since the temperature on the centerline is measured
to be 450K at the position closest to the burner exit (2mm from the exit plane), and an abrupt

change in temperature is not expected in this small cold region.

3.1.2 Chemistry model

The detailed chemistry model employed in the current work was developed by Blanquart et al. [3, 33].
It contains 185 species and 1903 reactions (forward and backward reactions counted separately) and
takes into account all major pathways of PAH formation. This chemical model has been extensively
tested and validated in multiple configurations, including laminar premixed flames, laminar diffusion
flames, and homogeneous reactors. The chemistry model is provided in the supplemental material

of [23].

3.1.3 Numerical set-up

Due to the axisymmetry of the flame under consideration, the two-dimensional (2D) Navier-Stokes
equations and scalar transport equations (Egs. 2.2, 2.4, 2.6, 2.8) are solved on a 512x256 stag-
gered mesh in cylindrical coordinate, with a total length of 20 cm and width of 5 c¢m, using the

NGA code [90]. Non-unity but constant Lewis numbers are assumed for all species. The spatial
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discretization of the computational domain is depicted in the following figure.
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Figure 3.2: Axisymmetric structured mesh used for the flame simulations.

As can be seen in Fig. 3.2, the mesh is non-uniform and most refined near the region where
the main chemical reactions and diffusion processes occur (around the burner exit and the flame
centerline) and is stretched in both axial and radial directions away from the burner exit to reduce
the computational cost. The numerical simulation is shown to give the same results when a 256 x128
staggered mesh is used. This will be shown in the budget analysis detailed in Chapter. 4.3.3.

As for boundary conditions, no-slip boundary condition is imposed on the walls. The walls
are also assumed to be adiabatic. At the inlet (bottom of the computational domain shown in
Fig. 3.2), Dirichlet conditions are imposed for all velocity components and the scalar quantities

(species mass fractions). Convective outlet boundary conditions are imposed at the outlet (top
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of the computational domain shown in Fig. 3.2). The flames simulated in this thesis are co-flow
diffusion flame (both laminar and turbulent). The co-flowing oxidizer streams in both the laminar
flame simulated in the chapter and the turbulent flame simulated in Chapter. 6 act as a shield to
protect the flame from ambient perturbations. Therefore, there is practically no flow entrainment
at the sides of the computational domain (left and right boundaries of the computational domain).
Accounting for this particular type of set-up, Neumann boundary conditions are imposed for scalar
quantities and velocity components in the directions parallel (stream-wise and span-wise) to the
sides of the computational domain. The velocity component in the cross-stream direction is set to

zero on the sides, given the set-up (co-flowing oxidizer shield) of the simulated flames.

3.1.4 Results

The temperature, methane mass fraction, and acetylene mass fraction fields are depicted in Fig. 3.3,

Methane and acetylene mass fractions play important roles in determining the local soot yield.
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(a) Temperature. (b) Methane. (c) Acetylene.

Figure 3.3: Temperature, methane mass fraction, and acetylene mass fraction fields from the 2D
direct simulation. Dashed lines indicate the location of the stoichiometric surface.

Methane mass fraction indicates the progression of the overall chemical reaction, and the acetylene
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mass fraction indicates the location of PAH formation and the intensity of soot particle surface
growth.
Figure 3.4 shows a comparison of the centerline temperature profile with the experimental data,

and only minor differences may be observed.
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Figure 3.4: Centerline gas temperature.

First, the slope of the calculated temperature profile at the burner exit is practically zero, whereas
the experimental data shows a relatively strong gradient right at the burner exit on the centerline.
While a finite temperature gradient is expected at the burner wall due to heat conduction, it is
unlikely that such gradient would be found at the centerline. This gradient might be related to
measurement uncertainties, since it is hard to measure this small cold region inside a hot flame by
using a probe with finite size (thermocouple). Second, in the highly sooting region (z = 40 —50mm),
the measured temperature is slightly lower than the calculated temperature. This may result from
heat losses due to radiation of soot particles, which is not included in the current model. In any
case, these differences remain very small and are well within the experimental uncertainties.

Unfortunately, no species measurements or other temperature measurements are provided as part
of the original experimental work. Under these conditions, the quality of the numerical predictions
may not be fully assessed. Nevertheless, it can be inferred that the main features of the flame on
the centerline are well predicted thanks to the good agreement of the centerline temperature with
experimental data. It is worth pointing out that the focus of the current study is not to carry

out exact simulations on the flame considered, but to propose a methodology to predict sooting
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tendencies using 2D simulation data.

3.2 Conventional laminar diffusion flamelet results

The simulation presented in the previous section is computationally expensive, since all species
transport equations are solved simultaneously with the Navier-Stokes equations. Predicting YSIs
using direct simulations is even more costly, since a different simulation needs to be carried out for
the flame doped with each test hydrocarbon. Therefore, a computationally more efficient approach
is required to compute numerically YSIs.

Based on these considerations, one natural approach to calculate numerically YSI is to use a
flamelet-based model [49, 50], since the one-dimensionality of the flame structure predicted by the
flamelet model can be applied to the (one-dimensional) flame centerline.

In this section, calculations using the conventional steady-state Laminar Diffusion Flamelet
(LDF) model are performed on the flame centerline, using information extracted from the direct
simulation presented in the previous section. The intent is to reproduce species mass fraction pro-

files. Consistent with the direct simulation, no soot model is included in the flamelet model.

3.2.1 Laminar diffusion flamelet equations

The LDF model was introduced originally by Peters and derived from the species transport equations
(Eq. 2.8) combined with the mixture fraction transport equation (Eq. 2.6) [49, 50]. It assumes that in
diffusion flames, combustion takes place essentially in a thin layer close to the flame front, defined as
a flamelet. Based on a coordinate transformation, species mass fractions and temperature transport
equations can be re-expressed into one-dimensional flamelet equations. The steady-state flamelet
equations in the limit of unity Lewis number diffusion can be expressed as

1 0%
2PX 572

= ;. (3.1)
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In the above equation, the scalar dissipation rate, y, is defined as
x = 2D|VZ|?, (3.2)

where D is the mass (thermal) diffusivity (Eq. 2.7). For non-unity Lewis transport, the flamelet

equations become more complex and additional terms are present [112]

L) (19px ¢ & (A\\ovi 1 9%
1= 0 07 Noz \ o - = w;. .
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In the above equations, the terms which accounts for gradients in the mixture molecular weight and

|

ensures zero net diffusion flux are not shown for clarity. The reader is referred to [112] for the full
version and a complete derivation of these equations for non-unity Lewis number diffusion, under
flat and thin flame assumptions. The above equation is a second-order ordinary differential equation
in mixture fraction space, since all variables in the above equations are only functions of mixture
fraction [112]. Solving these flamelet equations is equivalent to solving a boundary value Problem.

Most existing simulations of diffusion flames with the flamelet model are based on a simplifying
assumption of unity Lewis number [15, 42, 22]. While this assumption may be valid for turbulent
flames [63, 113], it is questionable to apply it to laminar flames. In the simulations conducted in
this work, a unity Lewis number was not assumed and a constant, non-unity Lewis number was
calculated for each species. Therefore, differential diffusion effects are included. In the present
work, these equations (Eq. 3.3) are solved using the FlameMaster code [103]. Details about the

FlameMaster code is provided in Appendix. E.

3.2.2 Results

The flamelet equations (Eq. 3.3) presented in the previous section are solved with information
obtained from the 2D simulation. Two quantities are extracted from the 2D simulation and used

to solve the flamelet equations. First the scalar dissipation rate profile is obtained from the 2D
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Figure 3.5: Scalar dissipation rate, temperature, and axial velocity profiles extracted from the 2D
simulation along the centerline plotted in mixture fraction space.

simulation results on the centerline using the following expression

2

oz 1" (3.4)

=2D|—
X ox

since the derivative of Z in the radial direction vanishes thanks to axisymmetry. The extracted scalar
dissipation profile is fitted and imposed in the flamelet calculations, as shown in Fig. 3.5(a). Second,
the centerline temperature profile is also extracted and imposed (Fig. 3.5(b)), instead of solving the
corresponding flamelet equation for temperature (Similar to Eq. 3.3). Although imposing the tem-
perature profile is not strictly necessary, it is more consistent than solving it directly since unsteady
radiation heat losses (Eq. 2.5) are not compatible with the steady-state flamelet equation [15].

The resulting mass fraction profiles for several representative species are depicted in Fig. 3.6.
The locations of maximum species mass fraction are not well predicted by the flamelet model as
they are on the richer side of the mixture compared to those predicted by the direct simulation.
Furthermore, mass fraction profiles predicted by the flamelet model show an approximately linear
decrease in mixture fraction space from the locations of maximum values on the rich side of the
mixture, suggesting that diffusion is predominant compared to convection at large mixture fractions.
On the contrary, results from the direct simulation indicate that species are strongly convected from
the fuel inlet (Z = 1) towards the lean side before getting diffused.

The convective term u% in the species transport equation (Eq. 2.8) may be transformed into
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Figure 3.6: Comparison of species mass fraction in mixture fraction space between the DNS and the
conventional flamelet model.

a convective term in mixture fraction, (ug—f) %, with convection velocity ug—f. Using the balance

between convection and diffusion in the mixture fraction transport equation, this term is computed

0Z _L(Lopx e O (A
Yor ~ 4 (p 27 TP\ oz (c,;))7 (3:5)

in the conventional flamelet model [112] (Eq. 3.3). As will be shown in the next section, this

as

expression underestimates significantly the actual convective effect (Fig. 3.5(c)). These discrepancies
demonstrate that the flamelet model fails to capture the correct dominant physical processes for
mixture fractions beyond the stoichiometric value. These rich conditions are of critical importance
for the formation of Polycyclic Aromatic Hydrocarbons (PAH). Hence, a new numerical framework
is required to reproduce the correct physics along the centerline, where thin flamelet hypothesis may

not be valid.

3.3 Derivation of modified flamelet equations

Taking into account multi-dimensional convection and diffusion effects, a modified flamelet model
is now proposed and shown to be able to reproduce species mass fractions reasonably accurately on
the flame centerline. In this section, the modified flamelet equations are not derived for the purpose
of chemistry tabulation. Instead, they are derived as continuous governing equations for species

transport on the flame centerline, treating the centerline as a single one-dimensional flamelet. This
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is due to the fact that YSI are defined as functions of the maximum soot volume fraction on the
centerline. Consequently, it is sufficient to derive and solve diffusion flamelet equations that are only
valid on the centerline. Further, modeling the flame centerline as a single flamelet is feasible since
the value of the mixture fraction variable goes from one at the fuel burner surface, to practically
zero at elevated flame heights above the burner exit plane. Modified flamelet equations are derived

from the continuity equation (Eq. 2.1) and the species transport equations (Eq. 2.8).

3.3.1 Preliminary considerations

Under thin flame assumptions, the conventional flamelet model [112] assumes that all variables are
only functions of the mixture fraction. It is further assumed that all derivatives along the flame
front are negligible when compared to derivatives across the flame [49, 50]. This may not be valid
for a co-flow diffusion flame along the centerline, where the characteristic length scale in the radial
direction (across the flame) is not negligible compared to the axial length scale (along the flame).
Based on the above concern, mapping all physical variables only in the one-dimensional mixture

fraction space might not be sufficient to capture multi-dimensional convection and diffusion effects.

3.3.2 New mapping

A new mapping parameter ¢, whose gradient lies in the local iso-surface of mixture fraction is

introduced, with

VZ(z,r) Vo (z,r)=0. (3.6)

With this new variable, a coordinate change is performed between the cylindrical variables (r,x)
and the phase space variables (Z, ¢). Consequently, derivatives in physical space can be expressed

as

0 020 990

or ~ 9202 " 9500 (3.7)

0 0729 969

or ~ or oz orog (3.8)
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According to axisymmetry, the boundary conditions on the centerline are

0z 9Y;

E‘T‘:O =0, E“:O =0, (3.9)

U|r:0 = Oa

where v is the velocity component in the radial direction. To ensure orthogonality between the
gradient of Z and ¢, the latter must satisfy

9¢

=0 (3.10)

on the centerline. In other words, ¢ is constant along the centerline. It will be assume to be zero

without loss of generality. The equations listed above lead to the following modified flamelet equation

1\ 0Z9Yi 1 x i 1 & &PYi i
<1 Lei)uax 0Z ~ 2Le; 022 ' 2 Le; 092 JF?, (3.11)

where

¢ =2D|V¢|?, (3.12)

and u is the velocity component in the axial direction along the centerline. The terms corresponding
to molar diffusion, mass correction diffusion, and molar correction diffusion are included in the
derivation, but not shown in the above equation for clarity.
In the above equation, the species mass fractions are functions of the two phase space variables
Z and ¢, Y;(Z,¢). The dissipation rates of Z (i.e. x) and ¢ (i.e. £) are evaluated from the 2D
simulation results in physical space (along the centerline) and then mapped on to mixture fraction
oZ

space. The same is done for ugs.
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3.3.3 Effects of the different terms

The modified flamelet equation represents the balance between convection, diffusion, and chemistry

in mixture fraction space, with a convective velocity given by (Fig. 3.5(c))

Uy = Uu——. (3.13)

This convective velocity is in phase space (mixture fraction space), not in physical space. Therefore,
the unit of u, is not m/s but 1/s, since the mixture fraction variable does not have any dimension.
It is interesting to note that the convective term in the mixture fraction space disappears if the Lewis
number is unity. This underlines the importance of differential diffusion effects for this particular
flame. Tt also shows that heavier species (such as PAH) will be more affected by non-unity Lewis

number effects.

<

The mass diffusion term % T %ZZ; appears in both the conventional and modified flamelet equa-

tions, representing diffusion in the direction orthogonal to the local iso-surface of mixture fraction.

The additional mass diffusion term %% %22" in Eq. 3.11 represents diffusion in the direction parallel

to the local iso-surface of mixture fraction, which is neglected by the conventional flamelet model.

This term is able to redistribute the species in a way that is depicted in Fig. 3.7.
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Figure 3.7: Schematic of the diffusion process. The dashed lines represent the mixture fraction
iso-contours, and the dash-dot lines represent ¢ iso-contours.

3.3.4 Closure of the modified flamelet equations

Unfortunately, some of the terms in the new flamelet equations (Eq. 3.11) can not be expressed solely

as a function of mixture fraction, as is the case of the conventional flamelet equations (Egs. 3.1
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and 3.2). In other words, the modified flamelet equations (Eq. 3.11) are not closed in mixture
fraction space, as the parameter ¢ is independent of the mixture fraction (Eq. 3.6).

In the current work, in order not to obviate the distinct advantage offered by the flamelet model,
both diffusion terms in Z and ¢ are combined into one single term by introducing a new parameter
x' as the aggregate scalar dissipation rate. Mathematically, this means

1 x 9%, 1 ¢ 0%; 1) 0%;
2 Le; 0Z2 2 Le; 0¢2 2 Le; 0722

(3.14)

Obviously, the above equation is not valid everywhere in the domain, and it is valid and considered
only on the flame centerline. Physically, this treatment is equivalent to representing the diffusion
path directed by the arrows outside the flame axis by the diffusion arrow on the flame axis, as shown

in Fig. 3.7. This yields the resulting balance equation

9 .
[(1 - Lt) uz} g}; - %2‘; gz};" + % (3.15)
As mentioned previously, additional terms accounting for molar/mass diffusion and ensuring zero
net diffusion fluxes are not shown in the above equation. The complete modified flamelet equations
being solved are included in Appendix. A.

Written in this form (Eq. 3.15), the modified flamelet equations are in the form of Ordinary
Differential Equations (ODE) in mixture fraction space, since the quantities u, (Eq. 3.13) and x’
can be expressed as functions of mixture fraction.

As mentioned earlier, these two quantities are extracted on the flame centerline from the detailed

simulation with finite-rate chemistry, and are tabulated as a function of mixture fraction

Uy = Uy (Z) y (316)

X = X(2). (3.17)

We are able to do so since there is a unique inversion between the axial coordinate, x, and mixture
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fraction on the centerline, as mixture fraction is a strictly decreasing function of z. Furthermore, ¢
is identically zero along the centerline.

Equations 3.15 and 3.17 lead to the following system of second order ODEs in mixture fraction

1 %  1xX'(2) 0%Y; Wy

These ODEs can be solved as two-point boundary value problems of the unknown species mass

space

fractions, Y;(Z, x).

3.3.5 Determination of the aggregate scalar dissipation rate

The aggregate scalar dissipation rate, as defined in Eq. 3.14, is actually not universal as for conven-
tional flamelet equations, but it is defined species-wise. In other words, there exits one x’ for each
species. Figure 3.8 shows the aggregate scalar dissipation profiles for several representative species

in mixture fraction space. These profiles are evaluated as

S o 1 aY; ai\ , ( 9%
e (|0 5n) w5+ 5) 1 (6

for species 4, which is equivalent to Eq. 3.15.

(3.19)
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Figure 3.8: Aggregate scalar dissipation rates for species of interest and the global fitted one.

As seen in Fig. 3.8, with the exception of a few species, these curves appear to collapse onto a
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single profile. A least squares method is used point-wise in mixture fraction space to obtain a global
X' (red solid line). More precisely, at each location, Z;, in mixture fraction space, the value of x’ is

determined as the one that minimize the following quantity

ST ((Z) - XiZ)*. (3.20)

i

The obtained global scalar dissipation rate, x’, is used as an input to solve the modified flamelet
equations (Eq. 3.15).

For most of the species, the deviation between the species specific dissipation rate, x}, and the
global dissipation rate, x’, is within 20%. The largest deviation is observed for hydrogen radical.
This is not surprising since the residence time of H is extremely small compared to the characteristic
transport time scale. Hence, the yield of H is controlled predominantly by a balance between chemical
production and consumption (and not diffusion). Consequently, the large deviation observed would
not affect the modified flamelet results. Finally, it is important to note that the global, x’, aggregate
dissipation rate has a different shape and is about an order of magnitude larger than the original
dissipation rate, y, given by Eq. 3.2 (Fig. 3.5 (a)).

Tt is important to note the definition of the aggregate scalar dissipation (Eq. 3.19) is derived
from the balance equation (Eq. 3.15), but not from the complete modified flamelet equations shown
in Appendix. A. However, only a negligible amount of error is introduced by this definition since the
magnitudes of all other terms in the complete flamelet equation that are not shown in Eq. 3.15 are
negligible compared to that of the terms included. This point will be illustrated later in the budget
analysis (Figs. 4.12 and 4.13) in Chapter 4, where these terms are grouped together and referred to
as correction terms; and the magnitude of these correction terms is shown to be significantly smaller

than that of the dominating terms, namely those being included in Eq. 3.15.

3.3.6 Simulation procedure

In practice, one additional quantity, namely the flame temperature, needs to be extracted from
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the detailed simulation with finite-rate chemistry and tabulated as a function of mixture fraction,
to close the modified flamelet equations (Eq. 3.18). The overall procedure for the extraction and

tabulation of these quantities is described below.

e First, centerline temperature is extracted, and tabulated as a function of mixture fraction

(Fiq. 3.5(b)), and imposed.

Second, the quantity uw, = ug—i along the centerline is extracted from the detailed simulation

(Fiq. 3.5(c)).

Third, the global aggregate scalar dissipation rate profile, x’ (red solid line in Fig. 3.8), is

tabulated as a function of the mixture fraction.

Finally, the flamelet equations (Eq. 3.15) are solved with the imposed X', u,, and temperature

profiles.

3.3.7 Validation

The modified flamelet model is applied to the flame mentioned in Chapter. 3.1, using the global
fitted curve for x’. Resulting species mass fraction profiles are compared against the direct sim-
ulation results on the centerline of the flame, in mixture fraction space for a few of the species
(Fig. 3.9). Solutions of the modified flamelet equations show reasonably good agreement with the
direct simulation results, and remarkable improvements with respect to the results from the conven-
tional flamelets (Fig. 3.6). The multi-dimensional effects are taken into account and mapped onto

the one-dimensional mixture fraction space where modified flamelet equations (Eq. A.1) are solved.

It is interesting to note that only the global aggregate scalar dissipation rate is required to
reproduce the correct mass fraction profiles for species of a wide range of molecular weight and
Lewis numbers. The strong convection effects on the rich side of the mixture are well captured. The
discrepancies are primarily for the reason that the global aggregate scalar dissipation rate cannot

represent exactly the specific ones for each species. To further improve the mass fraction prediction
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Figure 3.9: Comparison of species mass fractions from modified flamelet calculations with results
from the 2D simulation.

of different species on the centerline, the species specific aggregate scalar dissipation rates, x}, could
be extracted from the 2D direct simulation results using Eq. 3.19. However, the proposed method
using the global aggregate scalar dissipation rate, x’, is advantageous, since once X’ is obtained,
it can be used for modified flamelet calculations with any other chemical mechanisms that contain

species not included in the current one.

3.4 Sooting tendency analysis

After validating the new numerical framework, the current flamelet model is applied to reproduce
the YSI measurements of McEnally and Pfefferle [93, 105, 106]. YSI are estimated from the PAH

dimer production rate given by the flamelet calculations.

3.4.1 Doped flame versus undoped flame

In the experiments, the YSI of various hydrocarbons were determined by measuring the maximum
soot volume fraction along the axis of the flame with the fuel stream doped with 400 ppm of a test
species [93]. McEnally and Pfefferle found that the addition of small amount of dopant species did
not change the temperature profile noticeably; only the soot yields were affected [93].

To mimic the experimental approach in the direct numerical simulations, the boundary conditions
for the fuel inlet (Z = 1) are changed accordingly, to include the dopant species (X gopant = 400ppm).

The modified flamelet equations (Eq. A.1) are solved using the same temperature, velocity, and
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dissipation rate profiles as for the undoped flame (Figs. 3.5 and 3.8).
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Figure 3.10: Dopant (Ce¢Hg) mass fraction profiles on the centerline of flames with dopant calculated
using conventional and modified flamelet models.

The modified flamelet model results show reasonably good agreement with direct simulation
results for the dopant species, C¢Hg, as shown in (Fig. 3.10). The added dopant is convected to the
flame front, where it will contribute to the soot yield, whereas the conventional flamelet predicts the
dopant to be strongly diffused before reaching the flame front, and would contribute only marginally

to the soot yield.

3.4.2 Sooting yield versus PAH dimer production rate

To ensure that the current work is not biased by the soot model that one may choose, maximum
soot volume fraction is estimated to be essentially proportional to the PAH dimer production rate
based on the following considerations.

Without loss of generality, the soot volume fraction, f,, is governed by the transport equation

(Eq. 3.21),

Ipfo
ot

+ V- (pfou) =wy,, (3.21)

where the source term, wy, , in this equation includes all contributions from nucleation, condensa-
tion, coagulation, surface growth, and oxidation. Soot particles are formed through the process of
nucleation. Their inception is commonly assumed to occur when heavy PAH molecules collide with

each other, and is characterized in this work by the PAH dimer production rate calculated according
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to [114, 115, 116]. In other words, the soot nucleation rate is a linear function of the PAH dimer
production rate. Soot particles further grow through condensation, coagulation, and by surface mass
addition following a CyHs-based addition mechanism. Condensation describes the process of PAH
molecules colliding with and sticking to soot particles. In fact, the fate of large PAH molecules is
only twofold: collide with each other to form soot (nucleation), or collide with a soot particle (con-
densation). In other words, given a certain PAH mass production rate, the total mass production
of soot is determined. Therefore, the condensation process changes the number density function of
soot, but does not affect the soot volume fraction directly. Soot surface growth rate is controlled by
the amount of CoHs, the temperature, and the total soot surface area, which is proportional to the
total soot volume fraction. Oxidation of soot particles is commonly assumed to occur by reaction
with OH radicals. The oxidation source term is consequently a function of the total soot surface

area, the temperature, and OH radicals concentration.
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Figure 3.11: Comparison between the flame with and without dopant (CgHg) for OH radical, CoHas,
and PAH dimer production rate.

Figure 3.11 compares the CoHs mass fraction, OH mass fraction, and the nucleation source term,
Wnuel, profiles in mixture fraction space from the flamelet solutions with and without adding a dopant
(C¢Hg). It is shown that OH and CoHs mass fraction profiles on the centerline are not changed
when a dopant is added (consistently with experimental observation). This observation indicates
that the contributions to soot source term due to surface growth and oxidation are unchanged when
a dopant is added. On the other hand, the PAH dimer production rate (nucleation source term) is

increased by the presence of a dopant species. As a consequence, one can estimate the increment of
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the maximum soot volume fraction on the centerline from the increment of PAH dimer production

rate when the flame is doped.

3.4.3 Numerical YSI

The amount of soot particles produced by the gas-phase chemistry can be calculated by integrating

the transport equation of soot mass fraction in mixture fraction space

Yiootmas = AT ( / C"N“ddZ> . (3.22)
0 pU,

The above equation does not include any oxidation terms, as the intent is to evaluate the maximum
soot yield the chemistry alone could produce. This equation is equivalent to the following flamelet
equation

a}/SOO .
PU, 57 L Wsoot (3.23)

which can be obtained by taking the limit of Eq. 3.15 when Le,, tends to infinity.
Following the same methodology as in the experimental work, a numerical Yield Sooting Index,
YSI,,m, can be defined as

YSInum =A- Y;ootmax + Ba (324)

where A and B are constant parameters chosen so that YSI,,.-Benzene = 30 and YSI,ym-1-
Ethylnaphthalene = 151. Practically, the reference values for numerical YSI could be set arbitrarily
by any other species. However, given the complexity of the chemical kinetics for aromatic species,
the two reference values are set for species that are believed to be well predicted by the current
chemistry mechanism.

Numerical YSI for different species are reported in Table 3.2, and compared to the corresponding
experimental values [93, 105, 106]. The species are selected based on their presence in the kinetic
mechanism used in the present work, and were studied experimentally. The calculated YSI are

plotted in Fig. 3.12 as a function of the experimentally measured YSI for both non-aromatic and
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Name Formula YSlep YSILium
[Combust. Flame 148 (2007) p210]

Benzene CgHg 30 30*
Methylbenzene CrHg 43.5 52.9
Ethynylbenzene CgHg 52.6 54.3
Ethenylbenzene CgHyg 44.1 53.7
Ethylbenzene CgHyg 53.6 65
Indene CyHg 100.3 89.9
[Proc. Comb. Inst. 32 (2009) p673]

2-Heptanone C;H140 17 7.8
1-Methylnaphthalene C11Hio 135 114.5
1-Ethylnaphthalene CioHio 151 151*
2—Ethylnaphthalcnc 012H12 145 172
[Env. Sci. Technol. 45 (2011) p2498|

Linear 2-octanone CgH160 18.3 15
Trimethylpentane CgHig 22.6 20.4

Table 3.2: Experimental and numerical sooting tendencies of different species. * Computational YSI
scaled to have the same values as the experimental YSI.

aromatic species.
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Figure 3.12: Linear relation between the measured YSI in the literature and the numerically com-
puted YSI.

3.4.4 Discussion

The computed YSI show very good agreement with the experimentally measured YSI for a wide
range of test species. This highlights not only the validity of the proposed flamelet-based modeling
approach, but also the quality of the chemical model employed. Nevertheless, some discrepancies

are observed for certain large aromatic species (C12H1g and C19Hy2), which are not surprising given
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the limited knowledge on their formation pathways. This numerical framework can be used in the
future to identify deficiencies in the chemical model and ultimately improve the overall soot modeling
approach.

The current model is computationally efficient since only one flamelet calculation with a dopant
species is needed to compute the YSI of that species. More generally, the approach proposed by this
work suggests that only one direct simulation per flame is necessary to compute numerically YSIs
defined on that particular flame with the corresponding burner configuration and fuel composition.
Such direct simulation could be done using a reduced chemical mechanism even without aromatic
chemistry since only the convective velocity, temperature, and aggregate scalar dissipation rate
profiles need to be extracted along the flame axis. Based on these data, YSI of the test species can
be deduced by solving the modified flamelet equations once per dopant. Alternatively, it is possible
to perform direct simulations of doped flames for each dopant species as for the benzene-doped flame
in the previous subsection. However, the large amount of computational time (around 20 days) that
a doped flame takes to reach its steady-state makes the proposed flamelet-based modeling approach
for YSI prediction more preferable.

Despite the various advantages offered by the proposed modified flamelet formulation, there are
still several issues that need to be addressed. First, the convective velocity u, (Eq. 3.13) used for
modified flamelet calculations is extracted from the 2D direct simulation, since the difference between
the convective velocities predicted by the conventional flamelet model and the 2D direct simulation
(Fig. 3.5(c)) has not been understood physically. Second, tangential diffusion has been shown to
be more important than diffusion in mixture fraction. However, the physical mechanism behind
such strong multi-dimensional diffusion effects has not been well understood. Finally, the proposed
modified flamelet model is only valid on the flame centerline. To overcome all these limitations, a
more general mathematical framework is required to describe correctly the flame structure of laminar

diffusion flames.
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Chapter 4

Modeling curvature effects in
diffusion flames using a laminar
flamelet model

This chapter intents to address the issues pointed out at the end of the previous chapter. The intent
of this chapter is to go beyond the modified flamelet equations derived on the flame centerline, and
to propose a generalized flamelet equation valid everywhere in non-premixed reacting mixtures to

predict local flame structures for chemistry tabulation. The objectives of this work are three-fold:

1) derive a consistent mathematical formulation of the one-dimensional curved flamelet with dif-

ferential diffusion;

2) model the scalar dissipation rate and curvature dependences on mixture fraction for proper

integration in the curved flamelet equations;

3) apply this derived model and investigate the effects of flame curvature and non-unity Lewis

numbers in a multi-dimensional configuration.

The current work focuses on laminar flames, but the same results would be applicable to low Reynolds
number turbulent flames in which differential diffusion effects are potentially important.

The chapter is organized as follows. A new flamelet formulation including curvature effects is
derived in Section 1 using a general coordinate transformation. In Section 2, two basic configurations
that represent curved flamelets in turbulent combustion are studied to investigate the functional

dependence of scalar dissipation rate and curvature on mixture fraction. The proposed flamelet
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equations are solved at various curvature values, and the results are compared to those of a planar
flamelet under the same conditions. In Section 3, the importance of curvature is highlighted, and its
effects are investigated based on the full chemistry simulation results for a laminar co-flow diffusion

flame. Finally, a summary of curvature effects under various configurations is provided in Section 4.

4.1 Derivation of the flamelet equations with curvature

In this section, the full flamelet equations are re-derived using a general coordinate transformation

to better identify the curvature and tangential terms.

4.1.1 Conventional laminar diffusiton flamelet model

The conventional Laminar Diffusion Flamelet (LDF) equations were derived originally by Peters [49,
50] starting from the species transport equations combined with the mixture fraction transport

equation (Egs. 2.6 and 2.8). The following coordinate transformation was used

Z1%Z,$2:Z2,x3:Z3,t:T, (41)

leading to the conversion of the Cartesian coordinates (z1,z2,x3) into a flame-attached frame of
reference (Z, Zs, Z3), where Z indicates the mixture fraction as introduced in Eq. 2.6.

In the original work by Peters [50], Z, and Z3 are chosen to be the same as distance functions
in the xo and x3 directions of the original Cartesian coordinate system. By construction, these
two directions (Zs and Z3) are not perpendicular to the gradient of mixture fraction (they do
not need to be). Therefore, they do not lie within the surface of constant mixture fraction, as
shown in the schematic representation in Peters’ original work (Fig. 1 in [50]). In the limit of a
thin, one-dimensional flat flame, this coordinate system is appropriate and convenient to derive the
LDF equations. However, for either a thick flame or a curved flame, a coordinate system with

Z5 and Z3 perpendicular to Z would be more appropriate to distinguish effects due to tangential
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diffusion/convection and those due to flame curvature.

4.1.2 Generalized flamelet coordinate transformation

To derive the curved flamelet equations, a more general coordinate transformation is considered:
(xla €2,T3, t) — (Z(xlv x2,I3, t)v ZQ(xlv x2,I3, t)v Z3(x17 x2,T3, t)a 7_) . (42)

This coordinate transformation is depicted in Fig. 4.1 for a two-dimensional configuration. The

~
~
N\

\

1
1 Z =const
ZZ(X, y //

(0,0) ;N2

v

Figure 4.1: Schematic of the coordinate transformation.

coordinates Z5 and Z3 are chosen such that

VZ-VZy=0, and VZ - VZs =0 (4.3)

at every grid point in the domain, where the operator V is the gradient operator in physical space.
This ensures that Zs and Z3 lie within the iso-surface of mixture fraction Z. In other words, Z; and
Z3 are curvilinear coordinates. It is important to note that Z; and Z3 do not have to be distance

functions. For instance, for spherical flames, defining Zo = 6 and Z3 = ¢ could be an appropriate
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choice. Furthermore, VZ; and VZ3 are not necessarily orthogonal to each other. The proposed

coordinate transformation leads to the following transformation rules

0 _aZ 0 0Zy 0 073 0 0z
ot otoz ot 92, " ot 975  or’
g 07 0 0Zy 0 0Zs 0

0 0Z 0 0Zy 0 0Zs3 0

D2y 02207 0wy 07 | 0y 075

0 0Z 0 0Zy 0 0Z3 0

Using the above relations, the gradient of a scalar s can be expressed as

ds ds ds

Additionally, the divergence of a vector v can be expressed as

ov ov ov
N= e N4 = Nyt — V. 4.
VvaZv+Gng2+3Z3VB (4.6)

Finally, the Laplacian of a scalar s can be expressed as

0%s 0%s 0?%s 0?%s
. = —|VZP+ = |VZ|? + ——|VZ5* +2 Zy-VZ
0s s 0s _, 0s _,

4.1.3 Flamelet equations with curvature effects

Starting from the species transport equations (Eq. 2.8) and using the differential operators (Egs. 4.5, 4.6

and 4.7), as well as the transport equation of mixture fraction (Eq. 2.6), the full flamelet equations
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can be derived as

Y, | [0V (07,
P or +”kz_:2{azk < ot ’“)]
Lagrangian transport L

1 Y;
+ (1 - Lel) V- (pDVZ) 5

Convection in mixture fraction Cz

_ px 0%Y; y
= T 3L ozz TV
———
Normal diffusion Dz
pxk 0%Y; 2pD 0%Y;
Z Z
Z 2Le; 0722 | Le; V2.V 3)8228Z3
Tangential diffusion Dy
1 aY; 1 aY;
- (pDV Z DV Z
+L€1v (p v 2) 822 L61V (,0 v 3) 823
Tangential convection C}
+ V- (pYiVe,i), (4.8)
~—_————
Correction terms R
where
x =2D|VZP,
Xk = 2D|V Z,,|?, for k = 2, 3. (4.9)

In the above equation, some quantities, such as V - (pDVZ), are defined in physical space, but can
be mapped into phase space, (Z, Z3, Z3).

The second term on the left hand side (LHS) is the Lagrangian transport of the flamelet in the
Z5 and Z3 directions. The third term on the LHS represents convection in mixture fraction. The
first term on the right hand side (RHS) is the normal diffusion term in mixture fraction. The third
and fourth terms on the RHS represent diffusion terms within the iso-surfaces of mixture fraction.
They will be referred to as tangential diffusion. The fifth and sixth terms represent convection of Y;
along Z iso-surfaces. They will be referred to as tangential convection. The last term on the RHS is

the unprocessed correction terms from the species transport equations (Eq. 2.8). As will be shown
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later, this term is often negligible. The detailed derivation leading to the above equation is included

in Appendix. B.1.

4.1.4 Previous flamelet formulations with curvature effects

The above equation in mixture fraction space (Eq. 4.8) is mathematically equivalent to the original
species transport equation (Eq. 2.8) as no assumptions have been made in its derivation. Under
unity Lewis number assumption, this equation is proved almost identical to the very first flamelet
equations initially proposed by Williams in 1975 [72] (revised later by the same author [52] to include
one additional term, which was missing in [72]). A detailed comparison with Williams’ formulation is
shown in Appendix. B.2. More recently, there have been several attempts in the derivation of general
flamelet equations including curvature effects [73, 75]. However, restrictive assumptions (e.g thin
flame) were made implicitly in the derivations in [73] and the flamelet equations proposed in [75] were
only valid under specific conditions. The mathematical inconsistencies in these previously derived
curved flamelet formulations are discussed in Appendix. C.

The current form of the equations distinguishes itself from the other formulations mentioned
above for three reasons. First, no explicit simplifying assumption is made in the derivation, which
makes the current formulation free of mathematical inconsistencies. Second, the effects of different
processes can be explicitly identified. Finally, the current form is equivalent to the species trans-
port equations in physical space (Eq. 2.8), which makes it more general than previously derived

equations.

4.1.5 Convection in mixture fraction coordinate system

Compared to the case when unity Lewis number is assumed, one additional term appears. This
is a convective term in mixture fraction space, with convective velocity (1 — ﬁ) V - (pDV Z) for
species 7. A reduced form of this term has been considered by Pitsch and Peters [112] in the case

of flat planar flamelets. The normalized velocity in mixture fraction space can be split exactly into
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two parts and expressed as
V- (pDVZ)=n-V(pD|\VZ|)+ pD|VZ|V - n. (4.10)

This splitting technique has been used previously for the modeling of both premixed [16] and non-
premixed flames [32, 117]. The normal vector to the iso-surface of mixture fraction in the above

equation is defined as

vZ

The first term on the right hand side of Eq. 4.10 leads to the convective term already included in
the conventional flamelet formulation derived for flat flames by Pitsch and Peters [112]. This term

can be further expressed as

1o}
n-V(pD|VZ|) = V2| (pDIVZ])

= (o) a7 lem ()]
1 <3px N X@pD)

a7 (4.12)

0Z D 07

The second term on the right hand side of Eq. 4.10 leads to

D
pD|VZ|V~n:,0m/X7, (4.13)

with the curvature of the local iso-surface of mixture fraction, k, defined as
k=V . n. (4.14)

This second term embodies the effects of curvature on the flamelet structure and is proportional
to the local curvature of the mixture fraction iso-contours. The curvature of mixture fraction iso-
surface as defined in Eq. 4.14 corresponds to the mathematical definition of the mean curvature of

a surface.



50

The Convection term in mixture fraction Cz (Eq. 4.8) can be therefore split into two terms

_ _ L (o L (9px x 9D
<1 Lei)v (pDVZ) = 4(1 Lei><8Z+D 0z

Convection in mixture fraction Cz Normal convection Cq

+ (1 - Lt) p/i\/?. (4.15)

Curvature Ci

Without loss of generality, the above expression can be used to replace the C'z term in Eq. 4.8.

4.1.6 One-dimensional curved flamelets

In this subsection, assumptions are considered to simplify the exact, three-dimensional, flamelet
equations presented in Eq. 4.8. Assuming that the flame is described locally by an essentially one-
dimensional structure, the derivatives with respect to Zy and Z3 may be neglected. This leads to

the final form of the one-dimensional flamelet equations

0Y; 1 1 /0px x OpD xD
p67+<1 Lei) 4(5)Z+D 07 ) TP g

It is important to note that the one-dimensionality of the above flamelet equations refers to the

oY;  px 0%, o
0Z — 2Le; 072 ' "

(4.16)

new coordinate system (Z, Zs, Z3) and not to the original Cartesian one (x1, x2,x3). The correction
terms ensuring zero net diffusion flux are not shown in the above equations for clarity. The complete
one-dimensional flamelet equations including correction terms are provided in Appendix. B.3.
Although the convective term already included in the conventional flamelet formulation (Eq. 4.12)
may change its direction for different Z values, the sign of the curvature-induced convective term is
fully determined by that of curvature. When the local mixture fraction iso-contour is convex (the
center of curvature lies on the rich side of the mixture), the positive curvature induces a convective
velocity towards large mixture fraction for species with Le > 1 but towards small mixture fraction
for species with Le < 1. Opposite conclusions can be drawn for negative curvature values (concave
local mixture fraction iso-contour, the center of curvature lies on the lean side of the mixture).

The above equation states that curvature has no effects on the transport of species with unity
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Lewis number in mixture fraction space. It is the only difference with the flamelet equations proposed
by Kortschik et al. [73], derived using the coordinate transformation proposed by Peters [49, 50]

(Eq. 4.1).

4.1.7 Magnitude of curvature term

The importance of the curvature-induced convective term can be assessed by comparing its magni-
tude to that of the original convection term. The ratio, ¢, of the magnitudes of the two convective

terms can be expressed as

pK| /22 2v2 |k| VD
L V2| VD , (4.17)

1 (9 9pD 1 0D 190 2 0,
‘Z(ai ZX"’_LDigz)‘ ‘\/Y{iDiz"f';aiXZ%_;ipZ:H

Based on the approximation that the molecular diffusivity of the mixture fraction D varies with
the temperature typically as T3 [118] and the density p is inversely proportional to the temperature,

the following estimate could be made:

20p 20T 19D 30T (4.18)
002" Toz Doz " 2Tz :

The temperature profile may be approximated using the Burke-Schumann solution on the rich side

Z*Zst

T(Z)=Tst + (T, — Tst) 1_72157

(4.19)

and where Ty, is the stoichiometric temperature, Z; is the stoichiometric mixture fraction, and Ty,
is the unburnt temperature. Similarly, the temperature profile may be approximated on the lean

side as
Z — Ty

T(Z):Tst_(Tu_Tst) 7
st

(4.20)

With this approximation, %g—; is estimated to be of order unity (or less) if the stoichiometric
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mixture fraction value is relatively small. Therefore,

10D
Doz

20
pOZ

0(1).

(4.21)

Alternatively, the left hand side of Eq. 4.21 can be estimated to be zero if the Chapman approxima-

tion

where C' is a constant, is assumed.
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Figure 4.2: Functional dependence of scalar dissipation rate on mixture fraction. Red solid line:

Eq. 4.23. Black dash line: Eq. 4.24. Blue dash-dotted line: Eq. 4.25.

The dissipation rate can be estimated as x ~ Z% [16, 49], with « > 1, for small mixture

fractions around the stoichiometric value. For instance, the theoretical functional dependence of

scalar dissipation rate on mixture fraction, derived analytically for counterflow diffusion flames and

reacting mixing layers [16, 49] predicts

X(Z) o exp [—QGTfC_l (2Z)}2 .

(4.23)

Using this expression, the exponent « can be estimated to be o ~ 2 when a Taylor expansion of the

above expression is considered around Z = 0. In addition, the theoretical profile (Eq. 4.23) can be
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well fitted for all mixture fraction values (except in the vicinity of Z =0 and Z = 1) using

xX(Z) x Z15(1 — 2)'S, (4.24)

as shown in Fig. 4.2. This leads to the scaling o ~ 1.6 for small mixture fraction values. Finally,
the dependence of the mean scalar dissipation rate on mixture fraction has been found to be well
represented by

X(Z)x Z(1 - 2), (4.25)

in homogeneous isotropic turbulence (HIT) [119, 120] (Fig. 4.2). This leads to o ~ 1 for small
mixture fraction values. Overall, the scaling y ~ Z¢ with 1 < a < 2 provides a reasonable

approximation for the scalar dissipation rate at small mixture fractions. Therefore,

1 dx @
-~ = 4.26
o~ (4.26)
is estimated to be one order of magnitude larger than %g—; close to the flame front. Based on the
above analysis, the ratio, ¢, can be simply estimated as
2|k|Z
~ . 4.27
o~ o7 (4.27)
Using the definition of the flame thickness for a diffusion flame
(AZ)p
lp = , (4.28)
|VZ‘st

where (AZ)p ~ 2Zy [16], ¢ is simplified to be the ratio between the local radius of the mean

curvature and the diffusion flame thickness

|k|lF

¢~ . (4.29)
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The above magnitude comparison suggests that the curvature-induced convection is important
when the radius of curvature is comparable to or smaller than the flame diffusion thickness. On the
other hand, the flamelet can be regarded as flat if the local radius of curvature of mixture fraction
is much larger than the flame diffusion thickness, consistent with the flat flame assumption [112].

It is important to note that large hydrocarbon molecules such as PAH are formed on the rich
side away from the flame front. As will be shown later (Fig. 4.15), for planar flamelets, this occurs
around Z = 0.4, while for curved flamelets, this occurs around Z = 0.2. It is worth pointing out that
these values are specific to the test case considered in the current work and may not be universal.
At these locations, the coefficient « is much smaller than its value at the flame front since the local
variation of scalar dissipation rate with respect to mixture fraction is much weaker. Therefore,
even with small curvature values, the ratio ¢ can be large at the location where PAH molecules are

formed, which makes retaining the curvature term necessary.

4.2 Curved flamelet modeling

For the proper integration of the flamelet equations, the scalar dissipation rate and curvature depen-
dences on mixture fraction, x(Z) and k(Z), need to be modeled [112], since the tabulated chemistry
approach requires the a priori knowledge of x and & in the flamelet formulation described by Eq. 4.16
to establish the flamelet database before the flow simulation.

This section considers two basic configurations that represent typical mixing fields in moderately
turbulent flows with curved local mixture fraction iso-surfaces. Both of these configurations are
intrinsically one-dimensional. As such, the flamelet equations (Eq. 4.16) are mathematically exact
(with the correction terms in Appendix. B.3). The functional dependence of scalar dissipation rate

and curvature values on mixture fraction is investigated in these cases under various assumptions.

4.2.1 Tubular counterflow diffusion flames

Inspired by the use of planar stretched laminar flamelets in modeling non-premixed flames [16],

tubular stretched laminar flamelets could be a useful tool in investigating the combined effects
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of stretch and curvature. The tubular counterflow configuration is advantageous since it can be
treated as an essentially one-dimensional flamelet structure, under the assumption of a sufficiently
long tubular burner. This configuration mimics highly stained regions between two large vortices in
a turbulent flow. Experimentally, the opposed tubular burner was first proposed by Ishizuka [121].
The schematic of such a configuration is depicted in Fig. 4.3(a). Curvatures of the mixture fraction
iso-surfaces ranges from 1/Rs to 1/R;1, where R is the radius of the inner tube and R is that of

the outer tube.

Oxidizer

Vo, R, Vi, Ry

Air —— Fuel

3oeyIng uoneudels

(a) Opposed tubular counterflow burner. (b) Unsteady spherical diffusion flames.
Figure 4.3: Two basic configurations representing local 1D flamelet structures in turbulent reacting
flows.
For the case of equal velocities (V; = —V, = V), analytical solutions for the radial velocity U, (r)
and the stretch rate at the stagnation surface as have been proposed for the cold flow problem [122]

by assuming constant density in the momentum equation:

o VRl 7TR2 T2 R1
U, (r)= . cos [Q(Rg—Rl) <R1R2 Rzﬂ , (4.30)
%
= 4.31
a (R2 _ Rl) ( )

The same assumption of constant density was made already in the original derivation for the scalar

dissipation rate dependence of the mixture fraction (Eq. 4.23), x(Z), for planar counterflow diffusion
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flames [16].

Case Inner radius Outer radius Injection velocity Stretch
Ry (m) Ry (m) V(m/s) as (1/s)

1 0.003 0.015 0.5 130.8

2 0.003 0.015 0.3 78.5

3 0.003 0.03 0.5 58.1

4 0.006 0.015 0.5 174.4

5 0.006 0.03 1 130.8

Table 4.1: Different sets of boundary conditions used in tubular flow calculations.

Under these conditions, the transport equation for mixture fraction is reduced to

0220 (,02), s
This equation does not admit any simple analytical solution and hence is solved numerically for
various inner and outer tube radii and injection velocities, which are listed in Table 4.1. The
resulting mixture fraction, scalar dissipation rate, and curvature profiles are shown in Fig. 4.4. The
mixture fraction varies from its minimum to its maximum over a very small radial displacement 7.
As a result, the regions where pure fuel or pure oxidizer are found (Z = 1 or Z = 0) spread over
wide ranges of radial displacement. Therefore, large gradients in curvature are observed at both
Z =1and Z =0 in Fig. 4.4(c).

The scalar dissipation profiles appear to collapse onto a single curve in mixture fraction space
when normalized by their respective maximum values. The normalized curves can be once again

represented very well by the analytical expression derived for the planar counterflow flame (Eq. 4.23).

The raw curvature profiles are normalized by the maximum of mixture fraction gradient, since
it provides a lower limit of the estimated ratio ¢ (Eq. 4.27). The normalized curvature profiles
show that the variation in curvature is relatively small compared to the mean curvature value in

all test cases. The only exception is found at Z = 0 and Z = 1. This is expected since the
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Figure 4.4: Mixture fraction, scalar dissipation rate, and curvature profiles for steady-state counter-
flow tubular flames.

tubular flow is relatively highly strained. Interestingly, the curvature value does not vary much
from stoichiometry to the locations where large hydrocarbons are formed (Z ~ 0.4). Therefore,
curvature can be treated to be constant for all Z to the first approximation. In this configuration,
a negative curvature corresponds to the case where fuel flows outwardly from the inner tube and
oxidizer flows inwardly from the outer tube, and a positive curvature corresponds to the case where
fuel flows inwardly from the outer tube and oxidizer flows outwardly from the inner tube. Zero
curvature corresponds to the limiting case when both inner and outer tube radii are extremely high,

so curvature effects are negligible.

4.2.2 Unsteady spherical inter-diffusion layer

The second configuration investigated in this work is the unsteady laminar spherical diffusion flame.
This case describes the situation in which a finite amount of fuel is placed initially in a sphere of radius
R; surrounded by air or a sphere of air surrounded by fuel. The two fluids are allowed to abruptly
inter-diffuse and generate a growing mixing layer. Once again, this configuration is inherently one-
dimensional. A schematic is shown in Fig. 4.3(b). This configuration is representative of events
found in turbulent flames, such as a pocket of fuel trapped by the surrounding air or an evaporating
droplet of fuel surrounded by the oxidizer. In this configuration, a negative curvature corresponds

to the case where fuel is placed inside the sphere, and a positive curvature corresponds to the case
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where oxidizer is placed in the sphere with fuel surrounding it.
The transport equation for mixture fraction is reduced to, for the special case of constant (with

r) diffusivities,
0Z pD o ( ,07
PO T o ( ar>- (4.33)

The above transport equation for mixture fraction is solved numerically in spherical coordinates for

various initial separation radii.
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(a) Mixture fraction. (b) Normalized scalar dissipation rate. (c) Normalized curvature.

Figure 4.5: Mixture fraction, scalar dissipation rate, and curvature profiles for a spherical laminar
unsteady mixing layer.

The resulting mixture fraction, normalized scalar dissipation rate (by its maximum), and nor-
malized curvature profiles (by the maximum gradient of mixture fraction) are shown in Fig. 4.5 for
initial separation radius R; = 0.005m. The shape of these normalized scalar dissipation rate profiles
is independent of R;. Once again, the normalized profiles collapse very well onto the curve given
by Eq. 4.23, indicating that the functional dependence of x on Z is the same as the previous case
over time. For curvature, the variation in Z becomes larger with time. However, the assumption
of constant curvature is still valid for early stages of mixing and remains reasonable at later times

(variations less than 20% at t = 100s).

4.2.3 Summary

Based on the steady-state counterflow tubular diffusion flame or the spherical laminar temporally

evolving mixing layer, this a priori analysis shows that
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e Equation 4.23 provides a reasonably reliable approximation for the scalar dissipation rate even

for curved flamelets,

e the curvature can be assumed to be constant to the first approximation.

Since these configurations are quite different mechanisms of mixing, the functional dependence x(Z2)

and k(Z) could be used legibly for more general flows.

4.2.4 Flamelet solutions with curvature effects

One-dimensional flamelet calculations are performed in this section to investigate the effects of
curvature on the mass fraction profiles of species with different Lewis numbers. The complete
curved flamelet equations provided in Appendix. B.3 (and in Eq. 4.16 without the correction terms)
are solved.

The representative flamelet uses a methane/nitrogen mixture as fuel, injected at 425K, and air as
oxidizer, injected at 300K . The corresponding stoichiometric mixture fraction value is Zg; = 0.124.
The flamelet is calculated at 1 atm. These parameters are chosen to match the configuration of
the full chemistry simulation of the co-flow diffusion flame in the next section. The full chemistry
mechanism developed by Blanquart and coworkers [3, 33] is used, just as for the simulations shown
later in Section 3. The scalar dissipation rate profile is imposed as Eq. 4.23, with the stoichiometric
value Y4 = 1s~'. This value is representative of values found in the full chemistry simulation. The
curvature is set to be k = £200m~! and kept constant. The magnitude of the assigned curvature
values is relatively moderate since the ratio between the flame thickness and the radius of curvature
is estimated to be

6] - lp ~ 3, (4.34)

with the flame thickness being calculated with Eq. 4.28. Resulting mass fraction profiles for Hy
(Le = 0.28), CoHy (Le = 1.2), and CgHg (Le = 2.3) are compared against those of a planar flamelet
(k = 0) under the same conditions in Fig. 4.6.

Figure 4.6 confirms the influence of curvature on the flamelet solutions, consistent with Eq. 4.16.
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Figure 4.6: Comparison of Hy, CoHs, and CgHg mass fractions between curved and flat flamelets.
For comparison, the maximum gradient of mixture fraction is calculated to be 103m~!, leading to a
lower limit of the estimated ratio of ¢ = 1.94 (Eq. 4.27) for the curved flamelets with x = £200[m~1].

More precisely, differential diffusion effects are enhanced by the presence of a negative curvature
value. Species with Le > 1 are convected towards lower mixture fractions, and species with Le < 1
are convected towards larger mixture fractions. Conversely, differential diffusion effects are reduced
by the presence of positive curvature value. This results in a change by a factor of two between
k = 200m~! and kK = —200m ™! for the yield of benzene on the rich side. Curvature has only a
minor impact on the mass fraction profile of species with Lewis number close to unity. Since the
transport of these species is hardly affected by curvature, the observed differences in Fig. 4.6 are
primarily because the chemical source terms of these species are affected by other species.

A more visual illustration of the sensitivity of species concentrations to curvature effects x and
scalar dissipation rates x is shown for benzene (CgHg) in Fig. 4.7. The solution of curved flamelet
solutions with a series of y and x values are shown at a fixed mixture fraction Z = 0.3, where CgHg
concentration reaches its maximum for k = 0m 1.

In order to investigate the influence of assuming a constant curvature, additional flamelet calcu-

lations were performed using curvature profiles as linear functions of mixture fraction

H(Z) = H(Zst) + K/(Zst) : (Z - Zst) (435)

The linear profile x(Z) is determined by the value and slope of the curvature at stoichiometry,
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Figure 4.7: Sensitivity of CgHg concentration to curvature effects and scalar dissipation rates at
mixture fraction Z = 0.3.

k(Zst) and K'(Zst), respectively. The stoichiometric value k(Zs;) is assigned, and the slope '(Zst)

is determined by

K (Zy) = (2’3;)_; (4.36)

The resulting flamelet solutions turned out to be very similar to those obtained with constant

assigned curvature, as illustrated for Hy in Fig. 4.8.
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Figure 4.8: Comparison between the flamelet solutions for the mass fraction of Hy obtained using
constant and mixture-fraction-dependent (Eq. 4.35) curvatures.

4.3 Curvature effects in multi-dimensional configurations

In this section, the effects of curvature are investigated in multi-dimensional contexts, and highlighted

on the same axisymmetric laminar co-flow diffusion flame [93] studied in the previous chapter.
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4.3.1 Tangential diffusion
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Figure 4.9: Schematic of the curvature-induced tangential diffusion process for a species with Lewis
number less than unity.

For general multi-dimensional non-premixed reacting flows, the local scalar dissipation rate y
and mean curvature x cannot be parametrized only as a function of the mixture fraction Z. Instead,
x and k are generally dependent also on the curvilinear coordinate, Z, and Z3, along Z iso-contours,
leading to x = x (Z, Z2, Z3) and k = k(Z, Zs, Z3). In other words, the flame stretch and curvature
are not uniform along a Z iso-contour. These non-uniformities might introduce tangential diffusion,
i.e. diffusion in the direction tangent to the flame front, in both flat and curved flames.

A two-dimensional example of a curved flame with varying curvature along a mixture fraction
iso-contour is depicted in Fig. 4.9. In this figure, it is assumed that a region with positive curvature
(point A) is found close to a region with negative curvature (point B) on a Z iso-contour. As
described previously, the convection induced by the positive curvature will increase the mass fraction
of species with Le < 1 in the region close to point A. On the contrary, the convection induced by the
negative curvature will decrease the mass fraction of those species in the region close to point B. This
process generates a gradient in the species mass fraction along a Z iso-contour, thereby, inducing
a tangential diffusion flux along the same Z iso-contour. Similarly, a tangential diffusion flux in
the opposite direction is induced for species with Le > 1. Under these conditions, it is conceivable
that the flamelet assumptions might be violated because diffusion does not occur purely in the Z

direction. Stated differently, the dependence of the curvature x on the curvilinear coordinate Zs
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may render the problem at least two-dimensional, and the one-dimensional flamelet equations, even
including the curvature-induced convective term (Eq. 4.16), may not be sufficient.

These effects have already been highlighted by previous authors [69]. In the limit of unity Lewis
number (when curvature effects go away), Verhoeven and coworkers found that one-dimensional
flamelets reproduce very accurately the results obtained with full chemistry simulation. These
results suggest that the variation of scalar dissipation rate in the curvilinear direction is not strong
enough to create noticeable tangential diffusion. On the other hand, when the Lewis number are
not unity, they found deviations from full calculation results when planar flamelets are used. These
differences were attributed to curvature effects and tangential diffusion.

In the following subsections, the importance of the curvature-induced convection term and the
induced tangential diffusion is illustrated in the case of an axisymmetric laminar co-flow diffusion

flame.

4.3.2 Curvature-induced convection

Results from the detailed simulations of the axisymmetric co-flow diffusion flame with finite-rate
chemistry performed in the previous chapter are used here. The reader is referred to Chapter 3 for
complete flame and simulation details. The flame shape has been shown in Fig. 3.3.

Previous work has shown that large deviations are observed on the flame centerline for species
mass fraction when full chemistry simulation results are compared against results obtained using
conventional flamelet-based chemistry tabulation methods [69]. It has been concluded that the
observed deviations are primarily driven by the exclusion of curvature effects in the conventional
flamelet formulation. In addition, more recent work [23] (Chapter 3) has shown that the convec-
tive velocity along the flame centerline is substantially under-predicted by the conventional planar
flamelet model. As mentioned earlier, this is a direct consequence of the flame curvature through
Eq. 4.10. To illustrate this, the ratio of the two convection terms (Eq. 4.12 and 4.13), extracted
from the full chemistry simulation, is plotted throughout the computational domain along with

the mixture fraction field in Fig. 4.10. It can be observed that the curvature-induced convection
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term (Eq. 4.13) is indeed predominant close to the centerline, whereas the original convection term
(Eq. 4.12) contributes much more than the curvature term further away from the flame axis. The

region close to the burner exit is not shown since the ratio ¢ (Eq. 4.17) is mathematically ill-defined

1.00

| 0.75
0.50

l | 0.25
| 0.00

in this region.

B

Air  Fuel Air

Figure 4.10: Ratio of the curvature-induced convective term over the normal convection term
(Eq. 4.29) extracted from the numerical results (on the left) and the mixture fraction contour plot
(on the right). The white line denotes the location of the flame front.

Figure 4.11 shows a more quantitative comparison of the different terms, namely the conventional
flamelet prediction (Eq. 4.12), the curvature-induced (Eq. 4.13), and the total convection terms (sum
of both in Eq. 4.10). This is done for two different locations: along the flame centerline and along
a radius at the burner exit as indicated by the black solid line in Fig. 4.10. As shown, the main
contribution to the actual convective velocity extracted along the flame centerline comes from the
curvature induced term. On the other hand, along a radius above the burner exit, the original
convective term dominates everywhere with the exception of close to the flame axis. It is not

surprising since the centerline exhibits the strongest curvature throughout the flame. Based on the
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Figure 4.11: Comparison of different convective velocities in mixture fraction space. The ”original
term” being plotted corresponds to the expression in Eq. 4.12, the ”curvature term” being plotted
corresponds to the expression in Eq. 4.13, and the "DNS results” being plotted corresponds to the
sum of the two previous terms, as expressed by Eq. 4.10.

above considerations, it is expected that the conventional, planar flamelet model should work fine
at the edges of the flame (at the burner exit), but not on the centerline at the flame tip. In the
remaining of the work, particular attention will be paid to the centerline of the flame studied as the

curvature effects are the strongest there.

4.3.3 Budget analysis

To justify the assumption of one-dimensionality for the flamelets (Eq. 4.16) and further investigate
the role of curvature in the species transport processes, separate contributions within the flamelet
equations (Eq. 4.8) are examined for various species in two regions: along the flame centerline and
on a flame radius (indicated by the black solid line in Fig. 4.10) right after the burner exit. These
two regions are selected as polar opposites: a low strain region with high curvature parallel to the
flow field (flame centerline), and a high strain region with low curvature normal to the flow field (a
radius close to the injection).

The complete three-dimensional flamelet equations (Eq. 4.8) can be simplified in this context.

First, the time-dependent terms vanish since the flame considered is in steady-state. Second, due to
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axisymmetry, the tangential derivatives (along the centerline) vanish. Therefore, the Lagrangian
transport term L; and the tangential convection term C} are both zero.

For these reasons, the following equation holds:

D px 7Y |1 xD dY;
(p=vy) = JX2 | n v(pDIvVZ D
v (pLeiV ) 2e 022 T Lo \PPV g TR VDIVED ) 57+ D
Ci1+Ck
— py+ 9K p, 4.
z + Te—1 + Dy (4.37)

The above equation is used to evaluate D;. All other terms (Dz, Cy, and Ck) including the
correction term R are calculated using their exact definition as indicated in Eq. 4.8 and Eq. 4.15. The
term D, analytically represents the deviation of the local flame structure from the one-dimensional
curved flamelet model. The various terms in Eq. 4.8 are plotted for OH, CoHs, and CgHg.

+

For OH, the chemical production term (w;

;") corresponds to the sum of all productive chemi-

cal source terms, and the chemical consumption (w; ) gathers all the consuming chemical source
terms [16, 123, 124, 125]. It is shown that transport effects such as convection and diffusion are
negligible compared to the chemical terms. This is not surprising since the chemical time of OH
radical is extremely small compared to the characteristic transport time scale. Therefore, the yield
of OH is controlled predominantly by a balance between chemical production and consumption (and
not transport processes).

On the contrary, the behavior of CoHs is governed by the balance between various transport
processes and chemistry. The corresponding Lewis number for CoHs is Lec,m, = 1.2. Since this
Lewis number is close to unity, the curvature does not strongly affect this species despite the large
curvature exhibited on the flame centerline. Similarly, tangential diffusion is shown to be small
compared to normal diffusion in mixture fraction space.

Finally, for C4Hg, the curvature term is much more substantial due to the large Lewis number
of this species (Lec,m, = 2.3). The budget analysis suggests that the behavior of the C¢Hg mass
fraction is governed by a balance between curvature-induced convection, tangential diffusion, and

chemistry. The original convection term and the conventional diffusion term (in Z) are shown
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to be less important compared to other terms. The current analysis confirms the importance of
tangential diffusion on the flame centerline, as previously found by Verhoeven et al. [69] and Xuan
and Blanquart [23].

Following this budget analysis, we can draw a general picture of the evolution of benzene. Benzene
species are produced chemically on the rich side of the flame (Z ~ 0.35). They are convected
towards the flame front by the strong effects of curvature and ultimately get oxidized (Z ~ 0.2).
Simultaneously, they are diffused away from the centerline by tangential diffusion (D; < 0 for
Z < 0.4). Benzene species reappear on the rich side of the flame (Z > 0.5) as they are transported to
the centerline from off-axis locations due to tangential diffusion (D; > 0 for Z > 0.5). Finally, these
species are convected towards leaner mixtures under the strong effects of curvature. The combined
effects of tangential diffusion and curvature-induced convection is to enhance the transport of species
from its production zone (Z ~ 0.35) to leaner and richer mixture fractions. This is the main reason
why Xuan and Blanquart were able to recast the tangential and normal diffusion terms into a single
effective diffusion term [23].

To contrast the effects of flame curvature, the same budget analysis was carried out on a flame
radius (indicated by the black solid line in Fig. 4.10) right after the burner exit. This one-dimensional
line is selected since its direction is approximately indicated by the gradients of mixture fraction
iso-surfaces. Contrary to the centerline, the Lagrangian transport terms L; and the tangential
convection terms Cy are not zero along this line. The Lagrangian terms are calculated using the

following expression

0Y;

L =pu-VY; — pa—Ziu VZ (4.38)

For simplicity, the tangential convection terms C; and tangential diffusion terms D; are regrouped

in a quantity () and calculated using

C1+Ck
Le—1

V. (,0 D VY;) =Dy + +Q. (4.39)

Lei

The results are shown in Fig. 4.13. Since curvature effects are not pronounced on this radial cut
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(k - Ip small except close to the centerline), curvature-induced convection and tangential diffusion
terms are not important. This time, the behavior of most species including CoHs and CgHg is
governed by the balance between normal diffusion and chemistry. The yield of OH is once again
shown to be controlled by the balance between chemical production and consumption.

The budget analysis is also performed based on the simulation results obtained on a coarser mesh,
for the purpose of grid convergence testing. The coarser mesh contains 256 x 128 grid points, as
mentioned in Chapter. 3.1.3. Results are shown in Fig. 4.14 both on the flame centerline and on the
selected flame radius, for acetylene as an example. Only the dominant terms in the species budget
are shown. There is virtually no difference between the results obtained using the fine and coarse
meshes along the flame centerline. Only minor differences are observed between the two simulations
along the flame radius. Based on this analysis, the computational grid used for the simulation of
this laminar flame (512 x 256) is sufficient, and allows for more grid points to better resolve the

various terms in the species budget.

4.3.4 Comparison between full chemistry results and tabulated chemistry

predictions

To further assess the performance of the proposed curved flamelet formulation, a comparison is
made between the results from full chemistry simulation (Section 3) and the application of two
flamelet-based chemistry tabulation methods. The first method uses conventional planar steady-
state flamelets [112]. Therefore, curvature effects are not considered. The flamelet library is con-
structed a priori using flamelet solutions with a series of prescribed scalar dissipation rate values.

As such, the species mass fractions are represented as

Y =Yi(Z,x). (4.40)

The second tabulation method is based on the proposed curved steady-state flamelet equations

(Eq. 4.16). The flamelet library is established using flamelet solutions with the same prescribed
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scalar dissipation rate values and several prescribed curvature values. In this way, the tabulated

species mass fractions are represented as

Y, =Yi(Z, x, k). (4.41)

Figure 4.15 shows a comparison of species mass fraction profiles obtained from the full chemistry
simulation and the two tabulated chemistry methods. As expected, OH is not significantly affected
by curvature effects, and the tabulated chemistry results are in excellent agreement with the full
chemistry simulation results. Strong convection induced by curvature is observed on the rich side for
CoHs and CgHg and is not captured by the chemistry tabulation using planar flamelets. However,
tabulation based on curved flamelets is able to predict these effects, and yields significantly improved
agreement with full chemistry simulation results. Furthermore, the maximum locations for these
species are better predicted by the chemistry tabulation using curved flamelets. Relatively minor
differences are observed at large mixture fraction values (Z > 0.2) between full chemistry simulation
and the chemistry tabulation with curved flamelets. These discrepancies are primarily due to the
non-negligible tangential diffusion effects, which are excluded in the current one-dimensional curved
flamelet formulation. It is interesting to note that, despite the non-negligible magnitude of tangential
diffusion (see Fig. 4.12), one-dimensional flamelets still do a satisfactory job at reproducing the
results obtained with full chemistry.

There are two reasons that can potentially explain why the chemistry tabulation using one-
dimensional curved flamelets (with tangential terms omitted) gives remarkable results compared to
the full chemistry simulation. The first reason is that the species mass fractions are nearly zero,
where tangential diffusion is the highest. Second, tangential diffusion and convection terms are
only non-negligible for species with Lewis number significantly different than unity, which represent
mostly minor combustion products with maximum mass fraction values less than 500 ppm. For
these reasons, it should not be much of a surprise that modeling tangential diffusion is not necessary

to achieve good agreement with the current full chemistry simulation results.
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4.4 Discussion

Based on the curved flamelet equations proposed (Eq. 4.16) and the budget analysis of the species
transport equation on a laminar co-flow diffusion flame, curvature effects can be generally described
in the following cases.

First, if unity Lewis number is assumed for every species, curvature does not have any effect on

the flamelet, irrespective of the magnitude of the flame curvature. This is because the curvature-

1

induced convection term is proportional to 1 — .
T

Second, for one-dimensional flat flames, the conventional flamelet formulation [112] is perfectly
valid. It is typically the case for planar counterflow diffusion flames where the diameter of the
burners is considerably larger than the separation distance.

Third, the curved flamelet formulation is valid for perfectly one-dimensional flames with uni-
form curvature. Such flames include spherical flames or infinitely long tubular flames, for which
all parameters are strictly functions of the radial coordinate r, as investigated in Section 2. By
symmetry, tangential diffusion cancels for these flow configurations. Since mixture fraction, Z, is a
monotonic function of r, all variables can be parametrized strictly as functions of Z. Consequently,
the proposed curved flamelet formulation is perfectly consistent for these configurations.

Fourth, for multi-dimensional non-premixed reacting flows, the variation of curvature along a
mixture fraction iso-surface may enhance tangential diffusion fluxes, as described in Section 3. Nev-
ertheless, from a flamelet point of view, the flames considered can still be modeled as a collection of
piecewise one-dimensional flamelet structures. The non-uniform curvature would enhance diffusion
between these flamelets, which might require further modeling efforts. However, even though a non-
negligible amount of tangential diffusion is shown through the budget analysis, the largest deviation
between the full chemistry simulation results and the planar flamelet-based chemistry tabulation
results was found to be the missing curvature effects, which is captured well by curved flamelets.

Finally, the chemistry tabulation based on the curved flamelets is shown to be almost as accurate
as the direct simulation results. The computational time of the numerical simulation using this tab-

ulation method takes around 6 hours to reach its final steady-state, which is slightly more expensive
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than using the tabulation based on the planar flamelets. Starting with the same initial conditions,
the direct simulation on the same flame takes around 20 days before reaching steady-state. There-
fore, a factor of almost two orders of magnitude is gained in terms of computational efficiency, while
maintaining almost the same level of accuracy, when using chemistry tabulation based on the curved
flamelets, compared to direct simulations.

The analysis presented in this work focused on laminar flames. Extending the conclusions to
turbulent flames should be done with great care. As will be reviewed in the next chapter, the
effective Lewis number of the different species has been found to be close to unity [63] in turbulent
flames. Under these conditions, the curvature-induced convection becomes negligible because its

1

magnitude is proportional to 1 — 7-.
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Figure 4.12: Budget analysis on the flame centerline for three characteristic species.
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Figure 4.13: Budget analysis on a flame radius for three characteristic species.

corresponds to the black line in Fig. 4.10.
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76

Chapter 5

A flamelet-based chemistry
tabulation method for polycyclic
aromatic hydrocarbons in
turbulent non-premixed flames

This chapter focuses on the modeling of chemistry-turbulence interactions in unsteady, turbulent
reacting flows. The objective of the present work is to develop a relaxation model for Polycyclic
Aromatic Hydrocarbons (PAH) based on a three-tiered analysis. First, the chemical responses of
the unsteady flamelet equations subjected to turbulent perturbations are investigated. Second,
the validity of different flamelet-based chemistry tabulation methods is examined for a wide range
of species. Third, a new relaxation model for PAH species is developed based on their unsteady
responses to turbulent perturbations. The intent of this work is to use unsteady laminar flamelets
subject to changes in the scalar dissipation rate as a proxy to gain insight into the responses of
PAH to turbulent fluctuations. The unsteady flamelet model is preferred in this work, since it
captures the balance between chemistry and diffusion, which has been found to be the dominant
process locally in non-premixed flames [16, 49, 50]. On the other hand, reduced-order models that
do not take into account diffusion effects, such as Computational Singular Perturbation (CSP) and
Intrinsic Low-Dimensional Manifolds (ILDM) would not be the most appropriate for the study of
chemistry-turbulence interactions.

This chapter is organized as follows. In Section 1, previous findings on the effective Lewis number
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in turbulent non-premixed flame s are briefly reviewed. Section 2 describes the numerical framework
of unsteady flamelet calculations and several existing flamelet-based chemistry tabulation methods.
In Section 3, the modeling of turbulent effects through scalar dissipation rates is discussed. In
Section 4, unsteady calculations are performed to investigate the flamelet responses to modeled
turbulent effects. In Section 5, a relaxation model is proposed for PAH species and validated against

calculations using full chemistry.

5.1 Turbulent effective Lewis numbers

The effective Lewis number has been used in Reynolds-Averaged Navier-Stokes Simulations (RANS),
to provide information about the ensemble/statistical average of the transported quantities (species
mass fractions and temperature). The turbulent diffusivity, Dy, is assumed to be identical for all
species and temperature. This result is a direct consequence of assuming turbulence mixes all scalars
the same way. A similar assumption is made in transported Probability Density Function (PDF)
methods [126, 127].

As such, the total diffusivity of species ¢ becomes D; + D;, where D; is the molecular diffusivity
of species i. The total diffusivity of temperature is Dy + «, where « is the thermal diffusivity as
introduced in Chapter 2. The effective Lewis number, fe\i, of species i in turbulent non-premixed
flames is then defined as [16, 128]

Lei = Y (51)

The effective Lewis number can also be expressed in terms of the species Lewis numbers, Le;, in

laminar flows

o

1+ L
1 D
Lei—’_i

Lei =

(5.2)

t
—.

(07

Using a k — e model for the turbulent viscosity p [129], the turbulent diffusivity can be written

as

(5.3)
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where ¢ is the turbulent dissipation rate, %k is the turbulent kinetic energy, Cis the k — ¢ model
coefficient, and Pr; is the turbulent Prandtl number. Using the same definition for the integral
length scale as in [27]

==, (5.4)

the turbulent kinetic energy [127]

(5.5)

and the definition of the mixture Prandtl number Pr, the ratio of the turbulent diffusivity to the

thermal diffusivity can be written as

Zt_ e T Re,, (5.6)

where u’ is the root-mean-square velocity fluctuation, Re; = v'l/v, and v is the mixture kinematic

viscosity. Accordingly, the turbulent effective Lewis number of species ¢ becomes

—_— 1+AR6t

I 5.7
T I 1A Re (5.7)
with the coefficient
9C,, Pr
A=""E— 5.8
4 P'I"t ( )

More details about the expression for turbulent effective Lewis number can be found in [128].
According to the above analysis, the effective Lewis number of species i recovers its value in
laminar flows (Eq. 2.9) when the turbulent diffusivity, Dy, vanishes. In turbulent flows, turbulent
transport is expected to have increasing importance relative to molecular diffusion (increasing D)
as the Reynolds number increases, such that the effects of differential diffusion of non-unity Lewis
number species on their mass fraction distributions become less significant as the Reynolds number
increases [16, 63]. In the modeling of turbulent flames it is common to evoke the assumption that

the Lewis numbers of all species are unity [8, 15, 56, 58, 59, 22, 113, 130, 131].
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As a posteriori justifications of this assumption, flamelet calculations by Oevermann [132] and
Pitsch [70] have shown that assuming unity Lewis number for all species gives the best results for the
temperature and all the major species when compared with the hydrogen-air flame of Pfuderer [133].
Additionally, Large-Eddy Simulations (LES) using flamelets with unity Lewis number performed by
Pitsch have shown good agreement with experimental measurements [113].

As a priori justifications of the unity Lewis number assumption in turbulent reacting flows,
Ferreira [134] has compared OH concentration measurements from Barlow and Carter [135] with
two different solutions of the flamelet equations. The two solutions are obtained using the mean
scalar dissipation rate extracted from the experiments [135], with unity Lewis number and non-unity
Lewis numbers, respectively. Only the use of the flamelet equations with unity Lewis number shows
a good agreement (See Fig. 3.17 in [16]).

More recently, the competition between differential diffusion and turbulent transport has been
systematically studied in a series of piloted methane/air jet flames [63, 136]. The complete se-
ries (flame A to flame F) includes laminar, transitional, and turbulent flames spanning a range
in Reynolds number from 1,100 to 44,800. The evolution in the relative importance of molecular
diffusion and turbulent transport in this series of piloted flames is illustrated in Fig. 5.1 (Fig. 1
in [63]). Conditional mean values of experimentally measured mass fractions are compared against

results of steady opposed-flow laminar flame (flamelet) calculations. This comparison indicates that

0.25 : : : : 510° 025 — 510"
Flame B, x/d=15 - Flame E, x/d=45 o,
a=50/s 3 H a=50/s 3
0.20 | 1410 0.20 - 410
H [
0.15 [ HO 2 1310° 0.15
- CO E— F
> 2 >
010 [ 210° 0.10
005 7 J110°® 0.05
0.00 £ ' ' L N0 10° 0.00
0.0 0.2 0.4 0.6 0.8 1.0
Mixture Fraction Mixture Fraction
(a) Flame B (Re ~8200) at z/d = 15. (b) Flame E (Re ~33,600) at z/d = 45.

Figure 5.1: Measured conditional means of species mass fractions (symbols) compared with laminar
opposed-flow flame (flamelet) calculations including full molecular transport (dashed lines) or equal
diffusivities (solid lines). These figures are taken from Barlow et al. [58].
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there is an evolution in this flame series from a scalar structure that is strongly affected by molec-
ular diffusive transport to one where turbulent transport appears to be dominant, as the Reynolds
number increases. Such dominance justifies the assumption of unity Lewis number transport for a
Jet Reynolds number around and greater than 20,000 [63, 66].

Based on the above discussion and the results from the previous chapters, curvature and multi-
dimensional diffusion effects are negligible in turbulent non-premixed flames. These effects have
been demonstrated, in Chapter 3 and 4, to be substantial only when species transport is described
by non-unity Lewis numbers, as it is the case in laminar flames. This makes the application of
the conventional flamelet model with unity Lewis number (Eq. 3.1) appropriate in turbulent flames
when the Reynolds number is sufficiently large (>20,000).

The major challenge in the flamelet-based modeling of these flames lies in the proper treatment

of the strong interactions between gas-phase chemistry and turbulent fluid motion.

5.2 Unsteady Lagrangian flamelet modeling

The general theoretical framework of unsteady flamelet and several flamelet-based chemistry tabu-

lation methods are described in this section.

5.2.1 Unsteady flamelet equations

Unity-Lewis number transport is assumed for all species in the rest of this chapter, since the intent
is to examine chemistry-turbulence interaction under highly turbulent flow conditions, where tur-
bulent mixing is the dominant phenomenon [63]. Most of the existing simulations of non-premixed
flames (with various combustion models) are based on this simplifying assumption of unity Lewis
number [42, 56, 58, 59].

The unsteady flamelet equations are derived in mixture fraction space from the continuity, tem-

perature, and species transport equations using a coordinate transformation (Section 4.1) [49, 50].
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The unsteady flamelet equations in the limit of unity Lewis number diffusion can be expressed as
ay; 1 0%,  uwy

or ~2Xozz T, (5:9)

where 7 is a Lagrangian time associated with the motion of the flame [113, 137]. In the equations
above, the scalar dissipation rate, y, representing the inverse of a characteristic diffusion time scale,
is defined in Eq. 3.2. Equation 5.9 represents the balance between transient effects, diffusion, and
chemistry, and complements the Navier-Stokes equations (i.e. they should be solved simultaneously

with the continuity and momentum equations).

5.2.2 Scalar dissipation rate

The scalar dissipation rate, x, defined by Eq. 3.2, is a substantial quantity in the closure of unsteady
laminar diffusion flamelet models. It is essentially a measure of departure of the flamelet structure
from thermal equilibrium [138]. Tt is also the only parameter in the flamelet equations that depends
on physical coordinates. Therefore, the influence of the flow field (hence turbulence) is exerted onto
the flamelets thoroughly through this parameter. By solving the transport equation of mixture
fraction (Eq. 2.6) in physical space, the scalar dissipation rate can be calculated (using Eq. 3.2) at
each location of the flow field and each instant in time.

In the current work, the analytical approximation of the functional dependence of the scalar
dissipation rate on the mixture fraction proposed by Peters [16] is used. This approximation predicts

that

exp [—2erfc_1 (2Z)]2
exp [72erfc_1 (2Z5t)]2’

X(Z,7) = Xxst(7) (5.10)

where Zg; is the stoichiometric mixture fraction, and yg; is the scalar dissipation rate at Z. Equa-
tion 5.10 was derived analytically for counterflow diffusion flames and reacting mixing layers [16, 49],
and provides a satisfactory approximation for the dependence of the mean scalar dissipation rate on

mixture fraction in homogeneous isotropic turbulent flows [119, 120].
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This model suggests that the functional dependence of scalar dissipation rate on mixture fraction
is invariant over time, and the magnitude of the scalar dissipation rate profile can be fully determined

by its value at stoichiometry, ys: (which may change over time).

5.2.3 Chemistry tabulation methods

The numerical integration of the unsteady flamelet equations in a turbulent flow simulation is possi-
ble [113] but computationally expensive. Regularly, instead of such Lagrangian approach, chemical
kinetics included in the flamelet formulation is integrated into the flow field simulations through
tabulation (Eulerian approach) [6, 8, 15, 22]. Flamelet solutions for a wide range of stoichiometric
scalar dissipation rate values are computed a priori to generate a flamelet library. Several chem-
istry tabulation methods exist and are presented below. The validity of these chemistry tabulation
methods will be examined species-wise in the following, based on the unsteady flamelet responses

to turbulent perturbations.

5.2.3.1 Method I: Chemistry tabulation based on steady-state flamelets

The most widely used approach is the tabulation based on steady-state flamelet solutions [138,
139, 140}, under the approximation of negligible transient effects (Eq. 3.1). Steady-state flamelet
equations are solved in advance, using a presumed scalar dissipation rate profile (Eq. 5.10) with
different values at stoichiometry, xs;. A flamelet library is established based on these results. Species
mass fraction, temperature, and other thermochemical quantities resulting from the steady-state

solutions are mapped onto (Z, xs¢) space, as

Y, =Y (Z,xst).- (5.11)

5.2.3.2 Method II: Chemical source term tabulation

In order to take into account rapid changes in scalar dissipation rate, and slow processes such as

the formation of PAH molecules and soot particles, the unsteady term in Eq. 5.9 must be retained.
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This would allow a finite-time relaxation towards the steady-state solution. Transient effects can be
included for species with slow chemistry, by solving the following transport equation for species 7 in
physical space along with the Navier-Stokes equations [8, 22].

0pY;
ot

+V - (pYiu) = V- (pDVY;) + & (5.12)

The chemical source terms for species ¢ can be tabulated using the values calculated from the steady-
state flamelet solutions as

Wi = Wi(Z, Xst)- (5.13)

This model assumes that the chemical production and consumption rates of species i are entirely

controlled by other species which in turn follow exactly the steady-state flamelet solutions.

5.2.3.3 Method III: Flamelet-based relaxation model for PAH molecules

As pointed out by previous studies [2, 3, 8], the chemical reactions leading to the formation of
certain species such as NO, and PAH are characterized by very large time scales. Consequently,
tabulating the chemical source term based on steady-state values may be inadequate for these species.
The chemical source term of species i is often dependent on its own mass fraction. Following this

observation and assuming that all other species are in steady-state, we get

U:)i :wz(Z, Xst,Y;). (514)

The transport equation for species i is then solved in physical space along with the Navier-Stokes
equations. The challenge now resides in determining the dependence of the chemical source term
on the mass fraction. It is important to note that this dependence may not be extracted from
steady-state flamelet solutions unless certain assumptions are made.

This model has been used previously for the prediction of NOy [8, 87] and PAH [22]. The

dependence of the chemical source term w; of species ¢ on its mass fraction Y; was assumed to be



84

linear.

5.3 Turbulent effects modeling

Turbulence modeling through changes in the scalar dissipation rate as well as the numerical config-

uration and procedure used in the present work are discussed in the following.

5.3.1 Discrete variation in scalar dissipation rate

A number of studies have been directed at understanding the resulting behavior of unsteady lami-
nar diffusion flamelets subjected to unsteady strain rate [82, 83], where sinusoidally varying scalar
dissipation rate profiles were used. However, due to the highly non-linear nature of the transport
processes and chemical reactions, a frequency-based analysis might not be the most appropriate one.

As discussed in Section 5.2, turbulent effects are exerted onto the flamelet equations uniquely
through the scalar dissipation rate, x. Therefore, it is intuitive to model the effects of turbulent
mixing through stochastic variations of this parameter. Previously, Stochastic Differential Equations
(SDE) have been used to model the rapid variations of the scalar dissipation rate in turbulent
flows [119, 141]. Discretely, it is logical to consider abrupt variations (step changes) in x as a means
to investigate the effects of turbulent perturbations. What remains to be determined now is the
magnitude of these step changes.

Previous work [49, 119, 141, 142] suggests that the Probability Density Function (PDF) of the

scalar dissipation rate can be reasonably well approximated by a log-normal distribution

P(x,t) = XU\I/% exp (—W) , (5.15)

where p and o are the mean and the standard deviation of the log-normal distribution. In other
words, the scalar dissipation rate fluctuates around the mean value according to a multiplicative

factor whose average amplitude is given by
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o= VXD o (0?) —1)E (5.16)

The standard deviation, o, is assumed to depend only on the Reynolds number. ¢ has been estimated
from various DNS data of non-premixed turbulent reacting flow simulations, and is found to range
from 0.8 to 1.4 [119, 120, 143, 144]. Using an average value of o, the multiplicative factor ¢ is about
2. This means the scalar dissipation rate may vary from half to twice its mean value.

Since the functional dependence of the scalar dissipation rate on mixture fraction is assumed to
be fully determined by Eq. 5.10, the entire profile of scalar dissipation rate fluctuates around the

profile proportionally over time with the multiplicative factor ¢.

5.3.2 Perturbation and relaxation procedure

Based on the above considerations, the relaxation procedure used in the current analysis is shown on
a representative S-shaped curve for the mass fraction of C¢Hg from the flamelet solutions obtained

under the configuration described in the next subsection.

e We start from a steady-state solution of the flamelet equations at a given . This starting
point is denoted as point A on the burning branch of the S-shaped curve corresponding to the

steady-state flamelet solutions in Fig. 5.2.

e Then, the scalar dissipation rate at stoichiometry is abruptly changed to a different value, x%;,

denoted as point B, to model the effects of turbulent unsteadiness.

e Finally, the unsteady flamelet equations (Eq. 5.9) are solved until the solution reaches a new

steady-state (point C').

The points A’ and B’ correspond to the relaxation process from a dfferent initial starting point.

5.3.3 Flamelet configuration and parameters

The operating conditions for the flamelet calculations are chosen to reproduce the conditions found in

the laboratory scale turbulent sooting flames investigated at Sandia National Laboratories [94]. The
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Figure 5.2: The burning branch of the S-shaped curve for the flame configuration considered. The
solid line corresponds to the maximum CgHg mass fraction in the solutions of the steady-state
flamelet equations. The solid arrows indicate the abrupt change in scalar dissipation rate to model
turbulent effects, and the dashed arrows indicate relaxation of the perturbed flamelets towards the
final steady-state. Points A and A’ correspond to two different initial steady-states; points B and
B’ correspond to two states after perturbation, and point C' corresponds to the final steady-state.

fuel and oxidizer used for the flamelets considered in this work are ethylene and air respectively, both
at 300K. The corresponding stoichiometric mixture fraction value, Zg, is 0.064. The background
pressure is set to be at 1 atm. The burning branch of the S-shaped curve is shown for a representative
aromatic species, CgHg, in Fig. 5.2. The stoichiometric scalar dissipation rate, xs, at the extinction
point is found to be 1655~ . Local extinction/re-ignition processes are not considered by the current
work, since the focus is on the chemical response of a flamelet to turbulent unsteadiness in the fully
burning regime.

The response of the species chemical source terms to turbulent perturbations is examined using
the unsteady solutions of perturbed flamelets over time. Steady-state flamelets with various initial
Xst values are perturbed to various final x%, values. In the following, results are shown for steady-
state flamelets with initial y,; values of 100s~!, 505!, 10s™!, and 55!, perturbed to have a new
X% of 20s71. Those values are selected to be reasonably high to represent relatively large departures
from thermal equilibrium, typically found in highly turbulent flows. Most of the initial values are
selected such that the ratios between the initial and final stoichiometric scalar dissipation rates

do not exceed one standard deviation as estimated by Eq. 5.16. The other selected initial scalar
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dissipation rates are substantially different from the final value to represent worst case scenarios. It
is important to note that such large deviations between the initial and final stoichiometric scalar
dissipation rates are not likely to be found in realistic turbulent flows.

The steady and unsteady flamelet equations are solved using the FlameMaster code [103]. The
detailed chemistry model employed in the present flamelet calculations was initially developed by
Blanquart et al. [3, 33]. It contains 168 species and 1878 reactions (forward and backward reactions
counted separately) and takes into account all major pathways of PAH formation. Slight modifica-
tions have been made to the chemical mechanism since its first publication. The chemistry model is

provided in the Supplemental material of [25].

5.4 Relaxation behaviors

The relaxation behaviors for different types of species are described in the following. Numerical

results are shown for the relaxation of perturbed flamelets.

5.4.1 Overview of steady-state flamelets
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Figure 5.3: Mass fraction and chemical source term profiles in mixture fraction space for three
representative species in the steady-state flamelet with x,; = 20s~!. The chemical source terms are
plotted in kg-m~3s~!. The vertical dashed line represents the location of the stoichiometric mixture
fraction, Z5 = 0.064.

Before analyzing the unsteady response of the chemical source terms to variations in scalar

dissipation rates, it is insightful to consider the steady-state solutions first. The mass fraction and
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chemical source term profiles for three representative species (CO, CoHs, and C19Hg) are shown in
Fig. 5.3 for a steady-state flamelet at y,; = 20s~!. Carbon monoxide, CO, is selected since it is one
of the most important by-products. Acetylene, CoHs, is one of the most important PAH precursors
and is characterized by a relatively fast chemistry. Finally, naphthalene, C1oHg, is a representative
PAH molecule with relatively slow chemistry.

For mixture fraction values below Zg; = 0.064, CoHy and CioHg are non-existing as they are
oxidized before arriving at the flame front (strong negative source term at Z ~ 0.1). The same
oxidation is the major contribution to the chemical source term for CO. It is positive at Z ~ 0.1
because of the oxidation of all hydrocarbons (HC) into CO; and it is negative at Z = Z5; because
of the conversion of CO to COy. For mixture fraction values beyond Z > 0.4, diffusion is the
predominant process, since all three chemical source terms vanish. As a result, the mass fraction
profiles are practically linearly dependent on Z. For all HC species, the chemical source terms leading
to the formation of these species are important for the range of Z from the stoichiometric value to
Z ~ 0.4. Therefore, to investigate the effects of unsteady scalar dissipation rate on the formation of

important intermediate species and PAH, the mixture fraction range of interest is 0.064 < Z < 0.4.

x107

—Xst = 10s~ !
~Xor = 2057

0 02 04 06 08 1
7

Figure 5.4: Chemical source term distribution of C1gHg in two steady-state flamelets. The chemical

source terms are plotted in kg - m™3s7!.

By comparing the distributions of the chemical source term of C19Hg for two different x; values
(Fig. 5.4), it can be seen that the shape of the curves is preserved while the amplitude is changed.
This was observed for most of the HC species over a wide range of x: values. Therefore, it is

reasonable to assume that the evolution of the chemical source terms over all mixture fraction
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values is well represented by the evolution at any single mixture fraction value. In the present
work, the mixture fraction value at the peak of the chemical source term Z; = Z; 4, is selected,
since we are interested in the chemistry-controlled relaxation. This choice is consistent with the
intent of the current work being to investigate the interaction between turbulence and the formation
of species governed by relatively slow chemistry. Choosing Z; on the rich side (Z > 0.4) would
give a diffusion-controlled relaxation characterized by a unique diffusion time scale (~ x~!) since
unity Lewis number transport is assumed for all species. The Z; 1,4, values for the different species

investigated are listed in Table. 5.1.

5.4.2 Initial evolution

In the following, we first investigate the very-early-time responses to the step changes in x. The
flamelet was at steady-state with initial scalar dissipation rate y before the perturbation is applied.
In other words, the mass fraction of species i was governed by the steady-state flamelet equation
2v7.0 -0
X 0°Y; w;

X _ Y 5.17
2 022 p (5:17)

where V;? and & are the mass fraction and the chemical source term of species 4 at the initial
steady-state. After perturbation, the scalar dissipation rate is changed to X/, with the relative
change dx = x’ — x. For a small amount of time (§7) after the perturbation, both species mass
fraction and chemical source term have not had time to change and the evolution of the mass fraction
of species i is governed by

e 5132)@0 XaQy;O &Y

5t 20727 T2azr T, (5.18)

where 0Y; = Y; — ;% denotes the change in species mass fraction relative to its initial value. Using

Eq. 5.17, the initial change in Y; can be estimated to be

ox 02Y;° Sx &Y
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This expression could be used to predict the very early evolution of any species mass fractions.
Interestingly, whether the species yield increases or decreases initially is governed by the signs of
§x and w?. More precisely, if the scalar dissipation rate is increased (by the step change), the
mass fraction of species ¢ would decrease if its source term were positive, since the locally enhanced
diffusion removes more strongly the species. Similarly, the mass fraction of species ¢ would increase
if the source term were negative. In the above equations, d7 is a small time interval after the
perturbation is applied. While it is beyond the scope of the current study to evaluate precisely
this quantity a priori, it can be observed from the perturbed flamelet simulations (shown later in
Fig. 5.5) that 7 is of the order of milliseconds.

To illustrate this, the time-evolution of the mass fraction Y; at their corresponding Z; for H,
OH, CO, CO3, and CoH; are shown in Fig. 5.5, for a steady-state flamelet perturbed from its initial

st = 10571 to a final x, = 2057 1.
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Figure 5.5: Time-evolution of the mass fraction for several representative species for a flamelet
perturbed from an initial x4 = 10s~! to a final ys; = 20s~!. The chemical source terms are plotted
in kg - m™3s~!. The early evolutions are highlighted in the insets on a linear scale.
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The initial changes are indeed observed for all species, and follow the analytical prediction given
by Eq. 5.19 (each mass fraction decreases since its chemical source term is positive at Z; jqs). These
initial changes take place very quickly, after which, both the species yield and its source term relax

towards their new steady-state values. This relaxation is detailed in the following subsections.

5.4.3 Relaxation time scales

Before analyzing the results of the relaxation to the new steady-state, it is insightful to estimate a
priori expected relaxation time scales (evaluated directly from the steady-state flamelet solutions).
In the reaction zone, the rate of change of species mass fraction is primarily due to the chemical

source term. Chemical time scales characterizing the relaxation of each species can be estimated as

}/'i max
7, = Plimaz (5.20)

- . b
|wi,maa¢ ‘

where Y; mae and W; mq, represent the mass fraction and chemical source term of species i at the
location Z; 4, of maximum source term in the flamelet solution. Three time scales can be defined

T chemical

7 7

by choosing this chemical source term to be either the chemical production rate w
consumption rate w; , or the overall reaction rate for species i, &; = W + &, [83]. Results for
several species of interest are provided in Table 5.1 for the steady-state flamelet with y,; = 20571,
It is worth pointing out that these characteristic time scales were found to be almost invariant for
steady-state flamelets over a wide range of stoichiometric scalar dissipation rates. After the initial
changes described by Eq. 5.19, the mass fractions of the different species are expected to relax

towards their new steady-state values over these characteristic time scales.

5.4.4 Relaxation of radicals and small species

As shown in Fig. 5.5, the mass fractions of radicals such as OH and H relax to their new steady-state
values extremely fast (on the order of 10 — 20us). As expected, this relaxation occurs over time

scales comparable to those listed in Table. 5.1. On the other hand, CO and CO; relax more slowly
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Radicals Small species

OH H (0] CO COq CoH,

Production 6.4 4.3 10.4 60.1 94.2 77.3
Consumption | 11.9 3.8 7.3 152 67.3 40.1
Overall 13.8 32.7 24.5 67.1 82.5 83.3

Zi maz 0.06 0.07 0.06 0.11  0.063 0.135

Aromatic species Aromatic radicals

CeHg CioHg Ci4Hig | CgHs CigHr  CiyHg
Production 166 222 328 3.2 2.9 3.4
Consumption | 287 397 537 2.8 2.7 3.3
Overall 411 506 840 324 38.6 35.2

Zi mag 0.19 0.155 0.146 0.19 0.155 0.146

Table 5.1: Characteristic time scales and locations of maximum source term (in mixture fraction
space) for several representative species for the steady-state flamelet solution with s = 20s71.
Units are microseconds.

compared to OH and H (on the order of 100 — 200us). Nevertheless, the relaxation of CO and
COq still occurs fast and over their corresponding time scales given in Table. 5.1. For CoHaj, its
mass fraction also relaxes to the new steady-state within around 100us. Once again, this result is
consistent with the estimates for the relaxation time scales shown in Table. 5.1.

Therefore, given these small relaxation time scales, a relaxation model may not be necessary,
and the mass fractions can be pre-tabulated using steady-state flamelet solutions. In other words,

Method I can be used legibly for species such as CO,COs, and CoHs.

5.4.5 Relaxation of aromatic species

The relaxation towards the new steady-state is more complex for aromatic species. The differences in
time scale, as shown in Table. 5.1, suggest that aromatic species have different relaxation behaviors
from small species. In the following, the time evolutions of the mass fraction and chemical source
term are shown for several selected species as illustration, based on which the relaxation behaviors
are described and explained without loss of generality.

The time evolutions of the mass fraction and chemical source terms for CgHg, C1oHg, and C14H1g
are shown in Fig. 5.6 from the same calculation of the same perturbed flamelet. Using C19Hg as an
example, the general picture of the evolution of a PAH species may be drawn.

From a reaction flux analysis, the main production reactions for C19Hg have been identified to
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Figure 5.6: Time-evolution of the mass fraction and the chemical source term for several represen-

tative aromatic species. The chemical source terms are plotted in kg -m=3s71.

be
CgHs + CoH, = CyoHg + H, (5.21)
and
CgHs + CoHy = CygHy, (5.22)
followed by the fast recombination
010H7 +H= Cl()Hg. (523)
The main consumption reaction is
CipoHs + H = CioH7 + Ho. (524)

Therefore, the chemical production rate (positive) for C19Hg is primarily controlled by

wé_mHS X YCSHS’ (525)
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Figure 5.7: Time-evolution of CgHs and dependence of its mass fraction on the mass fraction of CgHg
during the relaxation of a flamelet perturbed from an initial y, = 10s~! to a final x5 = 20s~!. In

(b), the initial steady-state is circled. The final steady-state is indicated by the dashed horizontal
and vertical lines. The arrows indicate the paths that unsteady solutions follow as time increases.

and the chemical consumption rate (negative) is controlled by

w(_hng X YClOHS' (526)

The evolution of this aromatic species can be generally depicted as follows. As the scalar dissi-
pation rate increases, the chemical source term first increases. There are two ways to increase the
intensity of the chemical source term: first, by reducing the magnitude of the consumption rate; and
second, by increasing the production rate. As mentioned before (Section 5.4.2), due to a positive
chemical source term at Zc,,Hg,max = 0.155, Yo, 1, decreases initially (as seen in Fig. 5.6(b)) which
tends to reduce the magnitude of the consumption rate (Eq. 5.26). Simultaneously, at the location
where the source term of CioHg is maximum (Zc,,Hg,max), the source terms for radicals leading to
its formation (namely CgHjs) are negative. According to Eq. 5.19, more CgHj are created initially
(Fig. 5.7(a)) which increases the production rate of C1oHs. The combined effects of a reduced con-
sumption rate and increased production rate lead to an increase of the overall rate. This behavior
is observed for the first 30us, namely a decrease in the species mass fraction and an increase in its
overall chemical source term. The same behavior is observed for all aromatic species.

After 30us, the evolution of CigHg changes to a different regime. Radicals such as CgHs do

not increase any more and in fact start to decrease (Fig. 5.7(a)). This behavior is the result of
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the chemical time scales listed in Table. 5.1. The production and consumption time scales are
extremely small (~ 3us). Very rapidly (~ 30us), these radicals are in quasi-steady-state with
their corresponding stable molecules. This temporal delay is due to the necessary time for the
small radicals H, O, and OH (Fig. 5.5) to relax towards their new steady-state. As a result after
30us, the aromatic radicals are in quasi-steady-states and they start to follow the evolution of their
corresponding stable molecules (for instance, the stable molecule corresponding to CgHjy is CgHg).

This is illustrated in Fig. 5.7(b) with a linear dependence of Yo n, on Yo,u,

YCSH5 0.8 YCGHs‘ (527)

Since the mass fractions of the stable molecules (CgHg) keep decreasing (Fig. 5.6), the mass fractions
of the related radicals (CgHs) decrease as well, resulting in a reduced production rate (for C1oHg).
In other words,

wglng X YceHsa (528)

by combining Eq. 5.25 and Eq. 5.27. On the other hand, the consumption rate of CioHg is still
linearly proportional to its mass fraction (Eq. 5.26), and keeps decreasing. The combined effects of
the production and consumption rates lead to a decrease of the overall reaction rate.

It is clear that the mass fractions of these species cannot be pre-tabulated using steady-state
flamelet solutions, since substantial and non-trivial transient effects are observed. In fact, none of

the models presented in Section 5.2.3 can be used for PAH species such as CyoHg.

5.5 PAH relaxation model

A new linear relaxation model is proposed based on previous discussions. One-dimensional flamelet
calculations are performed using the proposed model and compared to models previously developed

and employed in numerical simulations of turbulent non-premixed flames [8, 22].
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5.5.1 Previous one-step relaxation model

A linear relaxation model was proposed previously for NOy species [8, 87|, and recently used in the
simulation of turbulent non-premixed flames for PAH [22]. This model was developed by considering

a one-step reversible reaction of type

Ri+Ry=S+P, (5.29)

where Ry and Ry are two representative reactants, P is a product species, and S is the species of
interest. Assuming that all other species are in steady-state, the chemical production rate of species
S is a constant (wéf = const), and the chemical consumption rate is linearly dependent on the mass

fraction of S (wg o Yg). Therefore, wgy and w}fs’

can be tabulated a priori into a flamelet library
using only steady-state flamelet solutions. In other words,
Wg

o5 = () @) Yo+ 8 (2. (5:30)

Although this model is suitable for NO [8], it is not adequate for PAH as shown in the previous
section. Large PAH are formed from smaller aromatic species, which themselves exhibit substantial
transient effects. Therefore, assuming these species to be in steady-state is not appropriate. As
a result, the chemical production of a PAH species can not be assumed to be constant at a given

mixture fraction and scalar dissipation rate (Z, x).

5.5.2 Proposed multi-step model

Based on the above considerations, a new linear relaxation model is proposed for PAH based on the

following series of one-step reactions

Ap i+ R — A+ Py,

A,+Ry — P>+ Ps. (531)



97

x 107
0.025 0 10,
[+ X = 1005 * it = 10051
¢ Xinit = 505;1 ¢ Xinit = 5051’l
0.02} * Xinit =5~ -0.002 ® Xinit = 58~
* Xinit = 1057 * Xinit = 1057
—Model oo, N —Model
+0.015 | —-0.004
= =z .
E S ;
5 o001 Y ‘ .5 -0.006
0.005, : -0.008
.,
% 1 2 3 ~0.0%, 1 2 3 4 5 0 1 2 3 4 5
_4 —6 i
Yeon, x 10 Ye, 08, x10 Yv(}m]]h x107°
(a) Production rate. (b) Consumption rate. (c¢) Overall reaction rate.

Figure 5.8: Modeled chemical production, consumption rates, and overall reaction rates compared
to unsteady calculations with full chemistry for C1oHg. The chemical source terms are plotted in
kg-m™3s71.
where a PAH molecule A,,_1 with n — 1 aromatic rings and R; react to form a larger PAH molecule
A, and a product P;, and A, is consumed by reacting with another species Ry to form products P»
and P3. The intent of the representative production reaction is to lump all reactions leading to the
formation of A, from A, _;. Similarly, all reactions leading to the consumption of A, are lumped
in to the representative consumption reaction. It is worth pointing out that the representative
consumption reaction for A, may not correspond directly to the formation of 4,1, since the main
products of this reaction are commonly a radical associated with A,, and a small species characterized
by fast chemistry.

Assuming that all other species except PAH relax within relatively short time scales, their mass
fractions can be represented by the corresponding steady-state values. As such, the production rate
for A, is proportional to the yield of A, _; and its consumption rate is proportional to its own mass

fraction. Practically, the modeled PAH chemical source term can be written as

wa, =a(Z,X) - Ya,_, +b(Zx) Y, (5.32)

The coefficients a and b can be tabulated solely using steady-state flamelets by dividing the produc-
tion and consumption rates of A,, by the mass fraction of A,,_; and A,, respectively.
The proposed model for PAH source terms is consistent with the general picture of relaxation for

PAH species described in the previous section. Small radicals relax extremely fast, which makes the
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consumption rate of A,, proportional to its own mass fraction. The production rate of A,, has been
identified to be proportional to radicals associated with A, _1. The mass fraction of these radicals
becomes proportional to the stable molecule A,,_1 after a short period of time (~ 30us) due to the
small chemical time scales (Table. 5.1). Therefore, it is reasonable to model the production rate of
A,, to be proportional to the yield of A, _1.

To further justify the proposed model, the modeled production and consumption rates (Eq. 5.32)
for C1oHg are compared against the exact rates obtained from the unsteady calculations for the
flamelets perturbed from various initial Y, values to ys = 20s~!. As shown in Fig. 5.8(a,b),
the production and consumption rates are both reasonably well captured by the relaxation model
based on the representative reactions (Eq. 5.31). Furthermore, the model performs equally well for
both smaller and larger initial xs as well as small and large fluctuations in ys. Fig. 5.8 shows a
comparison of the exact overall reaction rate on the species mass fraction against that predicted
with the current model. For comparison, the linear relation determined by Eq. 5.30 is also plotted
in Fig. 5.8(c) for C1oHg for the same perturbed flamelets. It can be seen that the form of chemical
source is not well captured by the previous one-step relaxation model (Eq. 5.30), which assumes

that the production rate is constant and independent of species yield.

5.5.3 Discussion

In the following, we discuss a few key aspects of the proposed relaxation model. First, instead
of evaluating the source terms using Eq. 5.32, the modeled source term for PAH (green curve in
Fig. 5.8(c)) could be entirely tabulated as a function of Y¢,,m,. However, this method may become
computationally more expensive, and the insight into the major chemical pathways leading to the
formation and consumption of PAH will be lost. Therefore, the proposed relaxation model (Eq. 5.32)
is more advantageous.

Second, the proposed relaxation method remains valid as long as turbulent effects occur over a
time scale greater than 30us (characteristic chemical time scales for radicals). Under this condition,

transient effects of radicals and small species do not need to be considered. This assumption repre-
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sents the same level of approximation as considering small radicals and major species to follow the

steady-state flamelet solutions, which is found to be valid in practical circumstances [63, 145, 146].
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Figure 5.9: Dependence of the chemical source term of CgHg on its mass fraction during the relax-
ation from steady-state flamelets (with various initial xs) to the final steady-state (with x%, = 20)
at Zcene,max = 0.19. The chemical source terms are plotted in kg - m~3s~!. The initial steady-
states are circled. The final steady-state is indicated by the dashed horizontal and vertical lines.
The arrows indicate the paths that unsteady solutions follow as time increases.

Third, it is worth pointing out that the source term of CgHg relaxes to the final steady-state
value faster than its mass fraction (Fig. 5.6(a)), since the radicals leading to the formation of benzene
relax to the new steady-state relatively fast. The variation of the source term (wc,n,) is within less
than 10% of its final steady-state value (except for the very early stage of the relaxation process), as
shown in Fig. 5.9. Therefore, the chemical source term of benzene could be treated as independent
of its mass fraction and legibly tabulated based on steady-state flamelets (Method II for chemistry
tabulation). As such, benzene is the first aromatic species for which unsteady effects should be
considered. For aromatic molecules beyond benzene, the model represented by Eq. 5.32 should be

used.

Ce Hy —> ClOHB — C14 Hm — ClG Hm

l

CpoHg —--> CiHy ----> CpHy

Figure 5.10: Diagram of reactions leading to the formation of PAH species.

PAH species include a lot more species than those discussed so far. PAH species such as ace-
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naphthylene (C12Hg), acephenanthrene (Ci16Hig), and acepyrene (C13Hig) were not considered in
the current model. The formation of these PAH could be generally depicted in the representa-
tive graph, as shown in Fig. 5.10. The mechanism used in the present work does include these
species and predicts that these species are mainly formed from their corresponding PAH without
the five-membered ring (e.g. C16H1 is mainly formed from C;4Hig). Unfortunately, as the chemical
compounds get larger, less is known on the major pathways controlling their chemistry. Extending
the relaxation model to include PAH species listed above is possible but its final accuracy would be
strongly dependent upon the accuracy of the detailed chemical model used. It is also beyond the
scope of the current work.

Finally, the proposed relaxation model can be easily extended to turbulent calculations and would
only be slightly more expensive than traditional chemistry tabulation methods without a relaxation
model. In addition, the coefficients in the model, namely a (Z, x) and b(Z, x) in Eq. 5.32, can be
fully tabulated with steady-state flamelets, and looked up using the local, instantaneous x values.
The proposed relaxation model is also advantageous for integration into Large-Eddy Simulations

(LES) since the linearity of the model makes its future application to LES easier.

5.5.4 Validation

The unsteady flamelet equations are solved for benzene (CgHg), and naphthalene (C19Hg) with the
respective forms of the chemical source term tabulated using the proposed relaxation model. As

for the analysis presented in Section 4, the flamelet considered has the initial y, = 10s~!

, and is
perturbed to x4, = 20s~!. The mass fraction profiles and time-evolutions are compared against those
calculated from the same unsteady flamelet equations with the full detailed chemical mechanism for
benzene and naphthalene in Fig. 5.11 and 5.12. Finally, for comparison, unsteady flamelet equations
are also solved using the previously-suggested relaxation model [8] represented by Eq. 5.30.
Intermediate solutions of the unsteady flamelet equations obtained using the proposed relaxation

model (Eq. 5.32) show satisfactory agreement with the detailed chemistry results for both species,

whereas results obtained using the relaxation model of Eq. 5.30 show relatively large deviation.
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(a) Intermediate solutions. (b) Time-evolution at ZggHg,max = 0.19.

Figure 5.11: Comparison of the time evolution of benzene mass fractions resulting from the detailed
chemistry mechanism and the relaxation models.
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(a) Intermediate solutions. (b) Time-evolution at Zc,,Hg,max = 0.155.

Figure 5.12: Comparison of the time evolution of naphthalene mass fractions resulting from the
detailed chemistry mechanism and the relaxation models.

These a posteriori results are not surprising as Eq. 5.32 captures the correct dependence of the
chemical source terms on the various species mass fractions, and the unsteady evolution of the
chemical production terms of PAH species cannot be neglected.

After validating the current relaxation model for PAH species, the next step is to apply this model
to the numerical simulation of a turbulent sooting flame, to investigate the effects of non-equilibrium

aromatic chemistry.
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Chapter 6

Effects of aromatic
chemistry-turbulence interactions
on soot formation in a turbulent
non-premixed flame

The objective of this work is to investigate the effects of the aromatic chemistry-turbulence inter-
actions on the formation and later evolution of Polycyclic Aromatic Hydrocarbons (PAH) and soot,
using the relaxation model proposed in the previous chapter. These effects are investigated in a
well-documented, piloted turbulent sooting jet flame, for its relevance to gas turbine engine com-
bustion environment and for the available measurements on soot quantities that are characterized
potentially by non-equilibrium aromatic chemistry [94]. The study of such a configuration allows the
examination of the effects of aromatic chemistry-turbulence interactions on the inception, growth,
and oxidation of PAH species and soot particles. Due to the extremely high computational cost as-
sociated with the direct simulation of such a configuration, as mentioned in Chapter. 1, Large-Eddy
Simulations (LES) are performed. Particular attention is paid to the inception locations, magni-
tude and fluctuations of aromatic species and soot. This chapter is organized as follows. Section
1 describes the models used for soot transport, gas-phase combustion, radiation, LES closure, and
PAH relaxation. In Section 2 and 3, the presented models are applied to the LES of an ethylene/air

piloted turbulent sooting non-premixed jet flame.
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6.1 Numerical algorithms

The proposed simulation framework relies on five major components: a soot model, a gas-phase
chemistry model, a radiation model, a turbulence closure model, and finally a relaxation model for

PAH species.

6.1.1 Soot model

In the present study, the geometry of a fractal soot aggregate is described using a bi-variate repre-
sentation based on its total volume V and total surface area S [115, 147]. Accordingly, the number of
primary particles per aggregate (n,) and the diameter of the primary particles d,, can be expressed
as [115]

—— V728 and d, = 6VS~'. (6.1)

np:

The evolution of soot particles is described, from a statistical point of view, by solving the transport

equations for several key moments,
M, = / / n(V, S)V*5vdVds, (6.2)

of the soot Number Density Function (NDF) n(V,S). Their transport equations, derived from the
population balance equation of the soot NDF, are [114]

OMy

ot + V- (M, ) = Wy y, (6.3)

where

u* =u-— 0.556%VT (6.4)

is the velocity vector accounting for thermophoresis effects [42, 22], v is fluid kinematic viscosity, and
Wy,y accounts for the nucleation, surface growth, coagulation, condensation, and oxidation of soot

particles [114]. The soot NDF is approximated using two delta functions. The first delta function
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is intended to capture the population of small, young soot particles, and the second delta function
corresponds to the population of large, mature soot particles. Four soot moments are tracked in the
numerical simulations, and the source terms w, , are closed using the Direct Quadrature Method of
Moments (DQMOM) [115] to capture the multi-modal nature of the soot NDF [148, 149]. Details

of the form of the different source terms and their closure can be found in [22, 114, 115].

6.1.2 Gas-phase chemistry model

Using the definition of the mixture fraction, Z, the local thermochemical state in the mixture is
described using the Flamelet/Progress Variable (FPV) model proposed by Pierce and Moin [59, 22,
150]. This model predicts that all thermochemical quantities ¢ (temperature, species mass fractions,

etc.) can be parametrized by the mixture fraction Z and a reaction progress variable C

p=9(Z,0C). (6.5)

The functional dependence $ is determined by the solutions of the following steady-state flamelet
equations, in which species transport is assumed to be described by a unity Lewis number (see
Section 5.1)

1 9% _ We

- §Xﬁ = 77 (6.6)

where wy includes the chemical source term of the thermochemical quantity ¢. Species source terms,
mass fractions, and other thermochemical quantities are pre-computed and stored in to a flamelet
library.

For the prediction of turbulent reacting flows where local extinction and re-ignition processes are
present, the stable, unstable, and unburnt branches of the flamelet solutions in a S-Shaped curve
have to be all included [8, 22, 150]. Therefore, a reaction progress variable, C, is required in the
FPV model to overcome the ambiguity in the description of the of the steady-state flamelet solutions

using the scalar dissipation rate, x [8]. In the following , this progress variable is defined as a linear
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combination of the mass fractions of the major products [150]
C = Yco, + Yco + Yu,o0 + Yu,- (6.7)

Assuming that the transport of all species is described using a unity Lewis number, the evolution of
the progress variable can be derived from the transport equations of the individuals species included
in the definition of C'

apC

W +V. (pC’u) =V (pDVC) + wce, (68)

where we = weo, + weo + w0 + Wi, [8, 15, 22]. Further details of the FPV approach can be

obtained from [8, 59, 22, 150, 26].

6.1.3 Radiation model

Radiative heat transfer from gas-phase species and soot particles was found to have a significant
influence on flame structure, species profiles and soot emissions [8, 139, 151, 152, 153]. The RADCAL
model [92] is used for gas-phase radiation. Under the optically thin assumptions, the radiative heat
loss rate per unit volume is calculated following Eq. 2.5.

For soot radiation, the radiative heat losses of soot aggregates, ¢so0t, can be calculated by consid-

ering the broadband integrated soot radiative intensity, e. This intensity can be calculated as [154]
<K
e(T) = 471'/ eTfU SI(NT) - dA, (6.9)
0

where K, is the dimensionless extinction coefficient, f, is the local soot volume fraction, A is the
wavelength of the electromagnetic radiation, and I (X, T) indicates the black-body emission following
Plank’s law

(6.10)

In the above equation, h, ¢, and k are the Plank constant, the speed of light, and the Boltzmann

constant, respectively. Recent experimental measurements suggest that the extinction coefficient
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is nearly a constant K, ~ 7.0 [154]. Accordingly, the broadband emissivity, a, for soot radiation,
defined as

e(T) = dac f,T*, (6.11)

can be well represented by the following function

a ~ 18627 (6.12)

This approximation for emissivity is preferred over others [151, 155, 156] since it represents a better
asymptotic behavior around T = 1700K, at which soot particles are generally formed [154, 157].
These expressions (Egs. 6.11 and 6.12) are used for soot radiation in the LES of the piloted ethy-
lene/air turbulent jet flame.

A new quasi-steady-state flamelet-based radiation model has been developed to take into account
the effects of radiative heat losses due to gas-phase and soot radiation [158]. An enthalpy defect
parameter,

H = Hyoq — Hag, (6.13)

is introduced in the flamelet library as a measure of the departure of radiating flamelet solutions
from non-radiating flamelet solutions. In the above equation, H,,q denotes the enthalpy of the
radiating gas-phase mixture, and H,4 denotes the enthalpy of the adiabatic gas-phase mixture. As
such, radiative heat losses can be consistently taken into account using the steady-state flamelet
formulation by solving the following equation for the enthalpy defect parameter, H,

X0l
2 022

- WH - T(QTad + QSoot)a (614)

where r is a radiation intensity parameter ranging from 0 to 1. Accordingly, the FPV model

accounting for radiative heat losses can be extended from Eq. 6.5 as

0=%(Z,C,H), (6.15)
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where the different thermochemical quantities are mapped in the three-dimensional manifold mapped
by Z, C, and H [26, 158].

In physical space, assuming unity Lewis number for all species, constant pressure, and negligible
heating due to viscous dissipation, a transport equation can be derived for the enthalpy defect
parameter

opH

W + V- (pHu) =V (pDVH) — (jrad — q.soot- (616)

6.1.4 LES closure
6.1.4.1 Transport equations

In this LES, the continuity and momentum equations are filtered spatially and solved

op -

En +V-(pu) = 0, (6.17)
dpu e _ e _
rr +V-(puu) = -Vp+V:(puu—puu)+V-7. (6.18)

In physical space, the spatially filtered transport equations for the soot moments, mixture fraction,

progress variable, and enthalpy defect (Egs. 6.3, 2.6, 6.8, and 6.16) are solved

M, , ~— ~

T V-(u*M,,) = V-(u*M,, —u*M,,)+wys,, (6.19)
opZ oy s o =
W+V~ (pZu) = V-(pZa-pZu)+V - (pDVZ), (6.20)
apC ~ . -
% LV (3CH) = V- (pCa—pCu)+ V- (3DVC) +we, (6.21)
6ﬁﬁ — T~ — Iy~ —Tr — R 7 - -
W +V- (pHu) = V- (pHu_pHu)+v (pDVH) ~ 4rad ~ 4soot- (622)

The modeling of the unclosed terms is detailed below.

6.1.4.2 subfilter modeling

In these filtered equations, all subfilter stresses are closed using a dynamic Smagorinsky model [11,

12, 13]. This model is based on an artificial eddy viscosity approach, where the effects of turbulence
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are lumped into a turbulent viscosity. The approach treats dissipation of kinetic energy at subgrid
scales as analogous to molecular diffusion. The dynamic Smagorinsky model expresses the subfiler
stresses (residual stresses) as

1 —~
Tij ~ 370 = —2nSij, (6.23)

where v4 is the turbulent eddy viscosity and

~ 1[0 0
Sii =5 (axj + 8%) (6.24)

is the rate-of-strain tensor. In the static Smagorinsky model, the turbulent eddy viscosity is modeled

as
v = (CsA)20/28,,5,; = (CoA)? ‘5 ,

where A is the filter width (practically the grid size), Cs is a constant, and S = \/25,2-3’;. In the

(6.25)

dynamic Smagorinsky model, the constant Cy is determined using a dynamic procedure by applying
a second filtering operation ~, usually referred to as test filtering, with filter width A larger than

the grid size A. The constant C is calculated as

Lo M
Cc:= (6.26)
MijMij
where
Mi; = 22 (|§\ S, —a?|5 5) , (6.27)
and
Lij = gy — iy, (6.28)

where a = A/A,
As written, this procedure has been found numerically unstable since the numerator could become

negative, and large fluctuations in C; were often observed [11, 12, 13]. Hence, additional averaging



is often employed, leading to:

Li;M,;)

cz = LuMiy) 6.29
T (MyMa) (6:29)
In the current study, this averaging is applied over time following Lagrangian fluid trajectories [159,

160]. In practice, the Lagrangian-averaged value of a dummy variable, ¢, at time ¢ and location

x (t) is calculated discretely as
(o) (t,z (1) =wp (t,z(t) + (1 —w)p(t — Atz (t — At)), (6.30)

where At is the time step size, and w is a weighting function defined as

2A¢-cE
w=—35 (6.31)
2AL(E
1y el
In the above equation,
¢ = (LijMij) (MizMi;) . (6.32)

In Eq. 6.19, the portion of the soot moment source terms which is a function of the thermochem-
ical state of the gas is tabulated as any other gas quantities (Eq. 6.38). The other portion in the soot
moment source terms is treated using laminar closure. Similarly to the residual stresses, all subfilter
scalar fluxes in the above equations are closed using a dynamic Smagorinsky model [11, 12, 13] with

Lagrangian averaging techniques [159, 160).

6.1.4.3 Equation of state

The Favre-filtered thermochemical quantities,

-
|

: (6.33)

z
SR
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are obtained from the equation of state (Eq. 6.15) by convolution with a joint subfilter Probability

Density Function (PDF) P
¢(Z,C,H) = / / 3(Z,C,H)P(Z,C,H)dZdCdH. (6.34)

By introducing the mixture-fraction-independent parameters A = C|Zs; and E = H|Z,;, each solu-

tion to the steady-state flamelet equations can be uniquely identified [8], leading to
$p=35(Z,C,H)=86(Z,\,E). (6.35)

The independence of A and = on Z by definition ensures that the marginal distributions for the
mixture fraction, progress variable, and enthalpy defect can be modeled separately. In the current

work, the subfilter PDF is presumed to have the form [8, 131, 161, 162]
P(Z,C,H)=P(Z,A\E) =8 (Z;Z,ZTQ) 5 (A—K) 5 (E —E) , (6.36)

where [ represents a beta distribution and § denotes a Dirac distribution. Using this presumed

PDF, the filtered thermochemical state can be represented as

=& (Z Z7m A= (6.37)

1]
~—

—_

Assuming a unique inversion relation [8], the dependence on A and = can be re-expressed as

dependence on C and H , leading to the final form of the state relation

$=2 (Z, z7m.C, H) , (6.38)

where £ is the flamelet library established on the steady-state flamelet solution, convoluted with the

presumed subfilter PDF.
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6.1.4.4 Subfilter variance modeling

A scalar-gradient-based scaling law is used to obtain a closed-form algebraic equation for the subfilter
variance, Z/2 [14, 163]

7 = C,A2VZ]?, (6.39)

where C, is the model constant determined dynamically, and A is the filter width. The following

expression (dynamic procedure) is used to determine the model constant

(6.40)
where () indicates once again Lagrangian averaging, and the quantities L and M are defined as
L=27-27, (6.41)
and
M=AVZ.VZ. (6.42)

The top hat operator ~ indicates the second filtering operation at the test filter level, with filter

width A.

6.1.5 PAH relaxation model

Soot formation depends critically on the concentrations of its precursors, namely aromatic hydro-
carbons (AH), which exhibit substantial transient effects due to turbulent unsteadiness [42]. To
account for these effects, as mentioned in the previous chapter, spatially filtered transport equations
are solved for their mass fractions [22, 130]

aﬁf’AH
ot

+ V- (pYagl) = V- (pYagl—pYagu)+ V- (BDVYay)+wan.  (6.43)
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With a conventional dynamic model for the subfilter scalar fluxes [11, 12, 13], the only unclosed
terms in the above equations are the filtered chemical source terms w 4.

The chemical source terms for these transported aromatic species are closed using the relaxation
model described in [25] (previous chapter). By grouping respectively the chemical production and
consumption reactions of an aromatic species with n aromatic rings (4,,), its chemical source term
is given by
(6.44)

c'uAn :a~YAn71 —b-YA

n°

The coefficients a and b (both positive) were found independent of the species mass fractions [25]
and can be tabulated solely using flamelet solutions by dividing the production and consumption

rates of A, by the mass fraction of A,,_1 and A,,, respectively

. + Py

Wi Wy
= —" db= . 6.45
a Va o an Y, ( )

n

Benzene (CgHg) is the first aromatic species formed in the gas-phase mixture. Therefore, in this
model, it is the first species for which unsteady effects are considered and its overall chemical source
term is tabulated directly based on flamelet solutions [25]. For aromatic molecules beyond benzene,
the model represented by Eq. 6.44 is used. In the current work, as a first step, only benzene and
naphthalene (C19Hs) are considered, due to the relatively high uncertainties in the chemistry of PAH
larger than naphthalene. It is important to note that the accuracy of the proposed PAH relaxation
model is limited by that of the full chemical mechanism.

The correlations in both terms on the right hand side of Eq. 6.44 are closed using the turbulence
closure model proposed in [8, 22, 130]. This leads to the final form of the filtered chemical source

terms for CgHg and C1oHsg

ECGHG = aCgHe <Za 2727 5) fI) ) (646)



aClng = E(Z,ZV/Q,57E[>~)~/CGHG

- i(z.2°.0.H). (fmeHg)? (6.47)

in terms of spatially filtered quantities. The third term on the right hand side of Eq. 6.47 corresponds
to the removal of naphthalene due to dimerization, leading to the nucleation of soot [22, 115]. The
turbulent closure of this term, same as introduced by Mueller and Pitsch [22], approximates the
average of a square by the square of the average. The present work assumes that soot nucleates only

from the dimerization of naphthalene, since it is the largest PAH considered [22].

6.2 Choice of the flame under study

6.2.1 Experimental studies of non-sooting turbulent non-premixed flames

Progress in the fundamental understanding of turbulent combustion and in the development of
computational combustion models has been enabled by the availability of detailed scalar and velocity
measurements on increasingly well-characterized flames and by both quantitative and qualitative
comparisons between measured data and numerical simulation results. Previous research efforts
have been devoted along this direction within the framework of the International Workshop on
Measurement and Computation of Turbulent Non-premixed Flames (TNF) [164].

In the frame of TNF, laboratory-scale turbulent flames have been routinely used to study non-
premixed turbulent combustion. Several types of experimental set-up (primarily flame burners)
have been used. On the one hand, complex burners, such as the bluff-body combustor [165] and the
TECFLAM swirl burner [166], have been designed to mimic the combustion environment in practical
combustion devices. However, these configurations are either complex in construction or have limited
access for optical measurements [94]. On the other hand, simple jet burners [167, 168, 169] have also
been employed, since they have well characterized inlet flow conditions and can be operated as open

flames, facilitating the implementation of laser diagnostic and eliminating both experimental and
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computational complications arising from enclosed flows [94]. Based on simple jet burners, piloted
burners, utilizing a premixed pilot flame system that surrounds the fuel jet, have been designed.
These piloted turbulent jet flames [63, 92, 136] can sustain stable flames for a wide variety of fuels,
and at high jet velocity without experiencing liftoff or blowout. The most well-studied piloted
combustor is the so-called Sydney burner [170], which has been been used for the series of flames
experimentally studied at the Sandia National Laboratories (flames A through F) [63, 92, 136].
These Sandia flames have been subject of many computational investigations [8, 58, 171, 172]. A
similar poiloted burner is the Delft natural gas burner [173].

The various turbulent non-premixed flames mentioned above have been selected as target flames
for the TNF workshop over more than one decade [164]. However, since the primary focus has been
placed on the characterization of major combustion characteristics, the soot yield (volume fraction)
in these TNF target flames is only on the order of several parts per billion (ppb). The fuels used
in these flames have been selected to avoid sooting conditions, mostly methane with different levels
of dilution by nitrogen. Numerical simulations [8, 56, 57, 58, 59, 60, 61, 171, 172] of these flames
have been targeting the accurate prediction of the mean and variance of the velocity, temperature,
mass fractions of major combustion products (e.g. HoO, COs3), and several intermediate combustion
products with relatively high concentration (e.g. CO,NO). The flamelet-based combustion model,
LES closure models, and radiation models employed in the current study have been developed and
tested extensively in previous numerical investigations on these flames [8, 15, 56, 57, 58, 60]. These
models have been demonstrated to be able to capture the very complex turbulent flow field and

major combustion characteristics accurately.

6.2.2 Experimental studies of sooting turbulent non-premixed flames

Soot formation and oxidation introduces additional challenges in addition to those involved in tur-
bulent non-sooting flames. Such new challenges involve chemical and physical processes interacting
over a wide range of time scales, and strong thermal radiation from soot modifying the local flame

temperature, which has coupled effects on the gas-phase chemistry. Motivated by the strong de-
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sire to improve the predictive modeling capability for soot formation and emission, spatially and
temporally resolved data in turbulent reacting flow fields, specifically for sooting fuels (fuels with
higher-C-number than methane), are in pressing need for the validation of predictive models of soot
formation. As mentioned previously, such data has been in development for many years for soot-free,
turbulent non-premixed flames, in the frame of the TNF workshop, and more recently for a slightly
sooting methane flame [174].

There have been a number of previous experimental investigations of sooting non-premixed tur-
bulent jet flames using heavier hydrocarbon fuels than methane, notably acetylene, ethane, ethylene,
propane, and kerosene [175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190,
191, 192, 193, 194, 195]. Unfortunately, these sooting flames were not designed with modeling in
mind and suffer from one or more important deficiencies in this regard [94]. These deficiencies in-
clude not providing a coflowing air stream to prevent ambient disturbances, having insufficient fuel
tube length to achieve fully developed turbulent pipe flow profiles at the fuel pipe exit, or having a

poorly characterized pilot flame exit flow.

6.2.3 Selected flame

Recently, the experimental investigation of a series of piloted non-premixed turbulent sooting jet
flames has been reported by Zhang and Shaddix [94] for gaseous ethylene fuel. The design of these
flames and their burner configuration is inspired from previous experimental investigations of non-
sooting turbulent non-premixed flames, specifically the Sandia flames [63, 92, 136]. These recent
sooting flames represent a natural progression from simple (methane) to more complex (ethylene)
fuel chemistry. These flames are different from other sooting turbulent non-premixed flames for the
well-characterized conditions at the exit of various nozzles, well-designed co-flowing oxidizer stream,
and well-justified dimensions of the different nozzles [94]. In addition, the burner configuration and
running conditions of these flame are very similar to those of the Sandia flames. The similarities
between these flames and the Sandia flames further justify the appropriateness of using the vari-

ous models described in the previous section, since these numerical combustion models have been
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extensively validated in the numerical investigations of the Sandia flames, as mentioned previously
(Section 6.2.1).

The series of ethylene/air sooting turbulent jet flames mentioned above contains four different
flames. The flow parameters and the visible flame heights are listed in the table below. Fast-shutter

digital photographs of these flames are reproduced in Fig. 6.1.

Fuel exit Main jet exit | Pipe fuel radius R Visible
Reynolds number | velocity [m/s] | flow rate [slpm] R | flame height [mm)]
10,000 274 0.26 660
15,000 41.0 0.39 760
20,000 54.7 0.52 840
25,000 68.4 0.66 860

Table 6.1: Flow parameters for the four piloted ethylene jet flames studied by Shaddix and Zhang.

Re =10,000 15,000 20,000 25,000

Figure 6.1: Fast-shutter photographs of ethylene jet flames stabilized on the piloted jet burner.
These figures are taken from Shaddix et al. [94,157,197]

Out of these four flames, we choose the flame with a fuel exit Reynolds number of 20,000 as the
target flame for our numerical investigation. This flame has sufficiently strong turbulence to test the
robustness of combustion models, and yet not frequent local extinction (as in the flame with a fuel
exit Reynolds number of 25,000), which would introduce additional modeling challenges to handle
local extinction and re-ignition.

This flame is representative of other turbulent sooting flames, and offers an ideal combustion

environment to study soot nucleation (close to the burner), soot growth by condensation and surface
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reactions (mid-height of the flame), and soot oxidation (close to the flame tip). This flame has been
selected as one of the target flames for the forthcoming International Sooting Flames (ISF) workshop
for the same reasons, and the present LES is the very first numerical study on this flame [26]. Details

about the flame configuration are provided in the next section.

6.3 Simulation details

The models previously described are integrated into LES of a non-premixed ethylene/air piloted

turbulent jet flame, experimentally investigated at the Sandia National Laboratories [94, 157, 196].

6.3.1 Flame configuration

A schematic of the burner configuration is depicted in Fig. 6.2. The burner consists of two concentric
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Figure 6.2: Schematic of the burner configuration.

tubes, with high-speed fuel injection in the inner one, and low-speed injection of fuel/air mixture in
the outer one (pilot flame). The flame is attached to the burner and stabilized by 64 tiny premixed
pilot flames arranged in three concentric rings, which guarantee a flat pilot flow profile. While
the fuel jet delivers pure ethylene, premixed ethylene/air mixture at an equivalence ratio of 0.9 is
supplied as pilot stream, at a flow rate corresponding to 2% of the energy release rate of the main

jet. Finally, the burner sits on top of a vertical wind tunnel, providing wide co-flowing air to prevent
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room-air disturbances. The characteristic parameters of the burner and the inlet co-flow are listed

in Table. 6.2.
Fuel jet inner diameter Dy, 0.0032 m Pilot inner diameter D, 0.0152 m
Fuel jet outer diameter Dy, 0.0045 m Pilot outer diameter D, 0.0191 m
Fuel jet wall thickness Wy 0.00065 m Pilot wall thickness W), 0.00195 m
Fuel stream bulk velocity 54.7 m/s Oxidizer stream bulk velocity 0.6 m/s
Fuel stream inlet temperature 294 K Oxidizer stream inlet temperature 330 K
Pilot plane recession L, 0.0032 m Pilot stream bulk velocity 0.43 m/s

Table 6.2: Characteristic parameters for the piloted turbulent jet flame.

A more detailed description of the burner configuration is given in [94, 157, 196]. Based on the
bulk velocity and diameter of the fuel jet, the jet Reynolds number is estimated to be approximately
Re = 20,000. This high Reynolds number justifies the unity Lewis number assumption made in the

PAH relaxation model and the gas-phase combustion model described earlier [63].

6.3.2 Numerical set-up

The filtered conservation equations for mass, momentum, mixture fraction, progress variable, en-
thalpy loss parameter, and the two aromatic species mass fractions (benzene and naphthalene)
are solved in a cylindrical coordinate system using the NGA code [90]. The scalar equations are
discretized spatially using the BQUICK scheme [39].

Details about the numerical set-up, such as the boundary conditions, the choice of grid resolution,

and the generation of the flamelet library are provided below.

6.3.2.1 Boundary conditions

The boundary conditions for all the velocity components and scalar quantities are similar to the case
of the laminar flame, studied in Chapter. 3. These conditions are described in detail in Chapter. 3.1.3.
There are three inlet boundary conditions to specify, one for each of the three streams (fuel, pilot,
and air).

Instead using of a constant Dirichlet boundary inlet conditions as in the case of the laminar flame

studied in Chapter. 3, a time-dependent Dirichlet boundary condition is used in this simulation.
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The turbulent inlet velocity profile for the fuel stream is extracted from a separate, fully-developed
periodic pipe flow simulation with the experimentally measured axial mean bulk velocity. More
details are provided in Section 6.3.2.2. The velocity inlet profilesfor the pilot and air streams
are treated as flat with their corresponding bulk velocities shown in Table. 6.2. These boundary
conditions have been extensively used in the numerical investigations of similar turbulent non-
premixed jet flames [8, 56, 57, 58, 59, 60, 61, 171, 172].

In this simulation, gas-phase combustion is modeled using the extended Flamelet/Progress Vari-
able approach, as mentioned earlier. The species mass fractions are not transported along with the
flow field; instead, the flamelet variables (Z, C, and H) are transported. Their values, along with
those of the transported aromatic species mass fractions (benzene and naphthalene), at the inlet

boundaries are summarized in the following table.

Z C H | Yoou, | YouoHs
fuel steam 1 0 0 0 0
pilot steam 0.0626 | 0.247 | O 0 0
oxidizer steam 0 0 0 0 0

Table 6.3: Details of the inlet conditions for the transported scalar quantities.

In the pilot stream, the value for the mixture fraction variable is set to the stoichiometric value
for ethylene combustion in air (Z = Zs; = 0.0626). The value for the progress variable is set to the
corresponding value on the burnt side of a one-dimensional ethylene/air freely-propagating premixed

planar flame (C' = 0.247). This flame is computed using the FlameMaster code [103].

6.3.2.2 Fully-developed pipe flow simulation

A separate, incompressible, fully-developed periodic pipe flow simulation is performed to generate
the time history of the turbulent inlet velocity profile for the fuel stream. This time history is used
as input in the turbulent flame simulation. For this purpose, only the velocity field is solved for,
with no transported scalar. The pressure is imposed to be the ambient pressure, as specified in
the experimental study [94]. The density and viscosity of the flow is imposed from FlameMaster

calculations for ethylene at 294 K under ambient pressure (fuel conditions from [94]).
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In this large-scale simulation, the fuel pipe is simulated on a periodic domain in the stream-wise
direction. The pipe length is selected to be 10D¢;. The azimuthal direction is discretized using 64
uniformly distributed grid points. The mesh used in the radial direction contains 64 grid points
and is, beginning at the pipe wall, stretched towards the centerline of the pipe, using a hyperbolic
tangent function with a stretching rate of 2.8. In the axial direction, the grid is uniform, with 128

grid points. A plane cut of the computational domain at a fixed azimuthal angle is shown in Fig. 6.3.

r [mm]
-3.2 0 3.2

0 16 32
X [mm]

Figure 6.3: A plane cut of the computational domain at a fixed azimuthal angle (6 = 0).

No-slip boundary conditions are used at the pipe walls (top and bottom boundaries in Fig. 6.3).
Parabolic boundary conditions are used in the axial direction (left and right boundaries in Fig. 6.3).
A parabolic profile with the experimentally measured axial mean bulk velocity is used as initial
condition at the inlet boundary superimposed with random perturbations. The same LES closure
models are used in this pipe flow simulation, as those used in the turbulent flame simulation (dynamic
Smagorinsky model with Lagrangian averaging techniques, see Section 6.1.4.2).

The simulation is performed over 20 flow through time (0.011 second in physical time) to be
statistically stationary (fully-developed pipe flow). The simulation is then recorded for 0.1 second
in physical time, to provide the turbulent inlet velocity profiles, which will be used in the flame
simulation. To assess the performance of the pipe flow simulation, the time-averaged velocity profile
near the pipe wall is plotted in Fig. 6.4, in wall units.

The wall coordinate is calculated as

+_ Yur 4
Yy o (6.48)
The dimensionless velocity is calculated as
ut =2 (6.49)
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Figure 6.4: Velocity profile near the pipe wall.

In the above equations, the friction velocity is calculated as

TU)
Ur = (] —, 6.50
P (6.50)
where the wall shear stresses is calculated as
ou
v = b= |y— 6.51
= 150 (651)

In Fig. 6.4, the grid point closest to the wall is shown to be at y™ ~ 0.1. Therefore, the grid
resolution used in the pipe flow simulation provides a well resolved near-wall region. Quantitatively,
the asymptotic behavior, u™ = y* is well captured in the viscous sublayer, for y© < 5. In the
log-law region (20 < y* < 200), the law of the wall is also well reproduced. Overall, the reasonably
good results from the pipe flow simulation provide high-fidelity inlet conditions for the fuel stream,

which are necessary for the accurate prediction of the turbulent flame.
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6.3.2.3 Choice of the computational domain and grid resolution for flame simulation

Based on the visible flame height (0.84 m) and width (0.2 m) measured in the experiments, the size
of the computational domain is selected to be 1m x 0.3m X 27 in the axial, radial, and azimuthal
directions, respectively (Fig. 6.2).

The discretization of the computational domain should be done with great care for three reasons.
First, the various co-flowing streams generate thin shear layers, which need to be well captured. It
requires a minimum level of grid resolution in the radial direction to capture these shear layers. Sec-
ond, soot formation occurs at downstream locations (x/d > 50 as observed in the experiments [94]),
and is very intermittent spatially. Once again, a minimum level of grid resolution in the axial di-
rection is required for the accurate prediction of soot formation and growth. Finally, the trade-off
between computational cost and accuracy sets an upper limit to the total number of grid points
(typically two to five million grid points) to make the simulation affordable. Based on the above
considerations, the grid points need to be distributed in an optimal fashion, to achieve high accuracy
and computational efficiency.

Following previous numerical investigations of similar piloted turbulent jet flames [8, 15, 22],
the general strategy for the discretization of the computational domain is the following. The grid
in the axial direction is the finest at the burner exit. To save some computational cost, the grid
can be, beginning at the burner exit, stretched downstream. A larger stretch rate may be used at
more downstream locations. The grid in the radial direction needs to be the finest within the shear
layers between the fuel and pilot streams and between the pilot and oxidizer streams. To save some
computational cost, the grid can be stretched away from the walls in each stream. In the azimuthal
direction, using 64 uniformly distributed grid points is a common practice in similar previous studies
and was shown to be sufficient to capture the complex turbulent flow field [8, 15, 22].

Following the general strategy described above, five different mesh configurations have been
developed for this simulation. Details of these meshes are summarized in the following table. For
these meshes, the smallest and largest cells in the axial direction are located at the burner exit at

the outflow plane, respectively. The smallest cell in the radial direction is located in the shear layer
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Mesh 1 | Mesh 2 | Mesh 3 | Mesh 4 | Mesh 5
nx 234 296 192 384 468
ny 184 184 102 204 204
nz 64 64 64 64 64
Total grid points [x10°] 3.3 3.5 1.25 5.0 6.1
AZpin [mm] 0.15 0.1 0.2 0.1 0.1
AT, [mm] 29 24 36 18 8.2
AT, [mm] 0.03 0.03 0.05 0.025 0.025
AT ppae [mm] 33 33 58 29 29

Table 6.4: Details of the computation meshes tested at different grid resolutions.

between the fuel and pilot streams, while the largest cell in that direction is located at the edge of
the oxidizer stream. The total number of the grid points used in these meshes range from 2.5x105
to 6.1x106.

Mesh 1 and Mesh 2 are preliminary testing meshes used to initiate the simulation. Mesh 4 is
more refined than Mesh 1 and Mesh 2 in both the axial and radial directions and is the mesh used
for the final simulations. Mesh 3 is twice coarser than Mesh 4 in both axial and radial directions.
The grid point distribution used in Mesh 5 is the same as in Mesh 4 in the radial direction. However,
the grid is more refined (by a factor of more than 2) for Mesh 5 than for Mesh 4 at downstream
locations (x/d > 50) in the axial direction where soot forms. The grid used in the azimuthal
direction for all five meshes is the same. The sensitivity of simulation results on the computational
grid are illustrated in the following, using Mesh 3, Mesh 4, and Mesh 5. For these three meshes,
the corresponding grid spacing diagrams in the axial (Axz) and radial directions (Ar) are shown in
Fig. 6.5.

As aforementioned, the two most important locations in the flame under study are the shear
layers close to the burner lip and the downstream locations where soot forms Both need to be
well-captured with appropriate grid resolution. Effects of the grid resolution on important flow and
combustion characteristics at these two locations are shown separately, by comparing simulation
results obtained using Mesh 3, 4, and 5.

To investigate the effects of grid resolution on the shear layers, time-averaged mixture fraction,
VA , axial velocity, (7, and root mean square of mixture fraction, Z,,s = 72— (Z )2, are plotted at

two upstream locations (2.5 mm, x/d ~ 0.8, and 5 mm, z/d ~ 1.6, from the burner exit plane)
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Figure 6.5: LES grid stretching diagram for the three different resolutions. The axial direction is
shown in the left column. The radial direction is shown in the right column. The insets in the graphs
show zooms of the grid around the fuel nozzle.
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Figure 6.6: Time-averaged important characteristics at two locations close to the burner lip. Left
column: 2.5 mm downstream of the burner lip. Right column: 5 mm downstream of the burner lip.
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using results obtained with Mesh 3 and 4. Results obtained using Mesh 5 is not included since Mesh
5 uses the exact same grid as Mesh 4 in these shear layers. The Favre-averaged mean velocity is
shown to focus on the development of the Kelvin-Helmholtz instability and the shear layer. The
mean and root mean square of mixture fraction highlight the mixing of fuel and air in the turbulent
shear layer. These three quantities are critical in reproducing any turbulent flames. For all these
quantities, Fig. 6.6 shows that both meshes provide virtually the same results. Using an even finer
grid than Mesh 4 in these shear layers will burden the simulation with additional computational
cost, and is expected to have negligible effects on the fluid mechanics and primary combustion
characteristics (mixture fraction). Overall, Mesh 4 provides sufficient grid resolution to characterize
the shear layers without introducing too much computational overload.

Soot does not form close to the burner exit and is only present at downstream locations far from
the burner exit plane (x/d > 50). To investigate the effects of axial grid resolution on soot formation
at these locations, time-averaged soot volume fraction is plotted in Fig. 6.7 at two downstream
locations (x/d =50 and 140) using results obtained with Mesh 4 and 5. The first location corresponds
to where soot inception is observed, and the second location corresponds to where the maximum

mean soot volume fraction is found (See Section 6.4).
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(a) Soot volume fraction at z/d = 50. (b) Soot volume fraction at z/d = 140.

Figure 6.7: Time-averaged soot volume faction at two different locations for three different meshes.

At both downstream locations, due to the reduced axial velocity in the turbulent jet, the char-

acteristic flow time scale is much larger than close to the burner. Therefore, simulation results need
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Figure 6.8: A plane cut of the computational domain at a fixed azimuthal angel (6 = 0).

to be averaged over a longer time period to eliminate artificial oscillations in the time-averaged
statistics. This requires a longer simulation time. The run with the final mesh (mesh 4) is averaged
over 0.89 second (physical time), the run with Mesh 3 is averaged over 0.11 second (physical time),
and the run using Mesh 5 is averaged over 0.035 second (physical time). At both locations, only
minor differences between results using Mesh 4 and 5 are observed, while large deviation is found
between these results and those obtained using a coarser mesh (Mesh 3). The differences observed
between results obtained with Mesh 4 and 5 at 2 /d = 140 are likely due to the short period of time,
over which the simulation results using Mesh 5 are averaged.

Based on the above analysis, Mesh 4 provides sufficient grid resolution both in the shear layers
close to the burner lip and at downstream locations where soot forms. This grid is used in the
following for the turbulent flame simulation. A plane cut of the this mesh at a fixed azimuthal angel

(6 = 0) is depicted in Fig. 6.8.
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The present analysis of the sensitivity of the simulation results to the resolution of the compu-

tational grid is, to the best of the author’s knowledge, the best that can be done.

6.3.2.4 Generation of the flamelet library

The detailed chemical mechanism employed in the present flamelet-based combustion model is the
same as the one used in the previous chapter for the perturbed flamelet analysis [25]. Similar
to previous chapters, the unsteady flamelet equations (Eqs. 6.6 and 6.14) are solved using the
FlameMaster code [103]. The resulting flamelet library leads to a smooth mapping of all the branches
of the S-shaped curve. It is discretized with 100 x 25 x 100 x 100 grid points in Z, ﬁ, 5, and
H directions, respectively. This flamelet library is the largest one that can be generated, given
the memory per processor on the accessible, scientific computing platforms operated by the U.S.

Department of Energy and the U.S. National Science Foundation.

6.3.2.5 Preliminary verification

The radial profile of temperature 5 mm downstream of the burner exit (z/dsimeql.6) is compared
to the measured temperature profile using line Rayleigh imaging [94]. It can be seen that the both

the shape and magnitude of the experimentally measured profile is very well reproduced by the LES

(Fig. 6.9).
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Figure 6.9: Radial profile of the temperature 5 mm downstream of the burner lip.
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The good agreement with experimental measurements indicates that the current modeling strat-
egy for the pilot flames is appropriate. More precisely, the ensemble of the 64 tiny premixed pilot
flames (in the experimental set-up) can be modeled as a single pilot flame with flat velocity inlet
profile, as has been done in similar previous numerical studies [8, 15, 22]. Further, the good agree-
ment between the simulation results and experimental measurements between r =5 mm and r =10
mm indicates that the mixing process is well captured. This further justifies that the grid resolution
selected is sufficient to well characterize the shear layers between different flow streams.

Unfortunately, no species measurements or other temperature measurements are provided as
part of the original experimental work [94]. Under these conditions, the quality of the numerical

predictions may not be fully assessed.

6.3.3 Computational cost

In this simulation, the size of the computational time step, At, is determined by the limiting convec-
tive Courant-Friedrichs-Lewy (CFL) number, uAt/Ax, where u is the convective velocity and Az
is the computational cell size. The CFL number reaches its maximum at the burner exit where the
smallest computational cells are present and the flow velocity is the highest. Given the computa-
tional cell size at the burner exit (Az = 6.5 x 107°m) and the fuel injection velocity (v; = 54.7m/s),
the time step size is fixed at At = 1 x 10755 to ensure a convective CFL number smaller than 0.8
throughout the computational domain, for stability considerations. The numerical simulation is run
over eight flow-through times to obtain a statistically stationary flow field. However, due to the
large time scales associated with soot formation, more than ten flow-through times are required to
obtain converged soot statistics. The flow-through time, defined as

L
d
ty = / & (6.52)
0

u

along the flame centerline, is calculated to be t; = 0.09s. Therefore, the simulation is advanced for

ty/At ~ 9 x 10* time steps.
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The simulation requires typically 168 processors to achieve the highest computational efficiency,
and the computational time spent per time step is around 11s (310us per grid point). The contribu-

tion from each of the numerical processes is shown in Table. 6.5. Under these conditions, the total

Momentum | Pressure | Scalar | Combustion | Soot | Sub-grid models
Time/step [s] 0.82 5.70 1.43 1.02 1.37 0.66
Time/step [%] 5.05 53.1 13.3 9.55 12.8 6.2

Table 6.5: Computational time spent per time step.

computational cost of the simulation is around 0.5 million CPU hours. The actual run time of the
simulation is more than three months. For reference, the simulation of the non-reacting counterpart

of the same turbulent jet is found to be approximately 7 times less computationally demanding.

6.4 Results and discussion

6.4.1 Instantaneous fields

The instantaneous fields of temperature, benzene mass fraction, naphthalene mass fraction, and soot
volume fraction are depicted in Fig. 6.10. As expected, the main flame is attached to the burner
due to the presence of the pilot flame. The yield of aromatic species and soot is predominant in fuel
rich regions inside the stoichiometric mixture fraction iso-contour.

The formation of benzene is shown to initiate at x/d ~ 15, while naphthalene is observed to form
only after x/d ~ 50. Soot formation occurs at locations even more downstream at x/d ~ 90. These
lags in formation locations reflect the combined effects of the sequential formation of aromatic
species and soot, and the large time scales governing their formation. Soot volume fraction and
naphthalene mass fraction are found to be highly intermittent, where thin and confined regions of
high soot volume fraction are followed by extended low soot volume fraction regions [42], similarly

to the experimental observations [94].
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Figure 6.10: Instantaneous fields of temperature, benzene mass fraction, naphthalene mass fraction,

and soot volume fraction. The iso-contour of stoichiometric mixture fraction (indicating the flame
front) is shown in solid line.

6.4.2 Mean soot profile

To highlight the effects of the interactions between turbulence and PAH chemistry on soot, a separate
LES is performed, in which aromatic species concentrations are tabulated directly using steady-
state flamelet solutions (Egs. 6.15 and 6.34), as for all other gas-phase species. As a consequence,
aromatic chemistry-turbulence interactions are not included in this LES. In the following discussion,
this second simulation is referred to as ”steady-state LES”, while the original simulation (aromatic
species being transported) is referred to as ”relaxation LES”. As such, the only difference between the
two LES simulations is the inclusion of the PAH relaxation model. Results from both simulations
are compared to experiments, to quantify the effects of turbulence-chemistry interaction on the
evolution and distribution of soot.

Figure 6.11 shows the time-averaged soot volume fractions on the flame centerline from both

LES and from laser-induced incandescence measurements [196]. The relative uncertainty of the ex-
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Figure 6.11: Mean soot volume fraction on the flame centerline.

perimental data was £20% [196]. Comparison between LES data and experimental results indicates
that the relaxation LES predicts the mean soot distribution reasonably accurately. The simulation
predicts the correct location of soot inception around z/d = 50, where the gradual increase in soot
volume fraction through inception and growth is also qualitatively well reproduced. The peak in
soot volume fraction occurs close to z/d = 150 in both experiments and the relaxation LES. The
location where soot peaks corresponds to where soot nucleation balances soot oxidation. Since the
height of the flame is reasonably well predicted compared to experimental observations [94], the
peak soot location is well predicted in the simulation. The optical depth was calculated to be 0.02
(<« 1) through a flame radius at the peak soot location (x/d ~ 150). The optically thin assumption
made in Section 6.1.4 is therefore acceptable. The magnitude of the mean soot volume fraction is
slightly under-predicted for z/d < 180. This might be primarily due to the under-estimated filtered
naphthalene dimerization rate (Eq. 6.47) and the exclusion of PAH species larger than naphthalene
in the present study. Including more species to nucleate from would increase the total soot yield.
At z/d > 180, oxidation dominates and eliminates soot. The relatively satisfactory mean volume
fraction predictions at these locations indicate that the oxidation process is also well captured.

On the other hand, the steady-state LES predicts a lower soot yield and a slightly shifted soot
profile towards the burner exit (peak in soot volume fraction occurs around z/d = 130). Furthermore,
the increase in soot volume fraction, depicting the soot inception processes, starts closer to the burner

exit. This pre-mature soot nucleation is not surprising as the yield of aromatic species is already at



133

the flamelet-predicted steady-state values at the burner exit.

6.4.3 Effects of PAH chemistry-turbulence interaction

From steady-state flamelet calculations using the same combustion configuration as in the turbulent
sooting flame, it is found that the mass fraction of benzene (CgHg) reaches its maximum at a
mixture fraction value around Zcgpu, = 0.25, and the mass fraction of naphthalene (C1oHg) reaches
its maximum at a mixture fraction value around Zc¢, i, = 0.23. To investigate the importance of the
interactions between turbulence and aromatic chemistry, the relaxation LES results are compared
to the solutions of the steady-state flamelet equations for CgHg and CioHg along mixture fraction
iso-contours at Zcyn, and Zc, Hy, respectively, as shown in Fig. 6.12. The mean profiles of CgHg and
C19Hg mass fractions, conditioned on mixture fraction, Z, scalar dissipation rate, x, and enthalpy

defect, H, are plotted in Fig. 6.12 as well.

YC6H6 [ppm]
YCst [ppm]

10
X [s71 x [s71]
(a) Benzene. (b) Naphthalene

Figure 6.12: Mass fractions of CsHg and C;oHg sampled at Zc,n, and Zc,, 1y, respectively, from
the relaxation LES are shown in red dots. Mean profiles conditioned on mixture fraction, Z, scalar
dissipation rate, y, and enthalpy defect parameter, H, are plotted in black dash line. The steady-
state flamelet solutions are shown in blue solid line.

Within the range of scalar dissipation rates encountered in the relaxation LES, benzene mass
fraction values fall in the range 10 < Y, m,[ppm] < 2000, while naphthalene mass fraction spans

a much wider range 0.1 < Yo, ug[ppm] < 200. Even in the absence of turbulent fluctuations
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(steady-state flamelet solutions), the mass fraction of naphthalene displays a significantly stronger
sensitivity to scalar dissipation rate compared to benzene. Significant scatter around the mean
values is observed for both species, which may be explained by the rapidly changing turbulent flow
field and the slowly adjusting chemical species. This result is consistent with findings from previous
studies [42]. Furthermore, it can be seen that mass fractions of both benzene and naphthalene
obtained from the relaxation LES do not scatter around the steady-state flamelet prediction. The
difference between the conditional mean profile of the LES data and the flamelet prediction is more
pronounced for naphthalene than for benzene. Similar behaviors have been found in previous studies
of non-premixed flames under forced perturbation for species with relatively slow chemistry [83,
84]. These differences result primarily from the substantial turbulent unsteady effects on aromatic
chemistry, and demonstrate that direct chemistry tabulation using steady-state flamelet solutions
(Egs. 6.15 and 6.34) is not appropriate for these aromatic species [25]. The flamelet solution at
low scalar dissipation rate overestimates the mass fraction of both benzene and naphthalene. The
difference is due to unsteady flamelet effects, which are known to be more pronounced at low scalar
dissipation rate [16, 42].

In Figs. 6.13 and 6.14 time-averaged fields of naphthalene mass fraction and soot volume fraction
obtained from the relaxation LES are compared against those obtained from the steady-state LES.
Several observations can be made.

First of all, a systematic lag in the formation locations of benzene, naphthalene, and soot is
observed between the two simulations. These aromatic species and soot are found to form at locations
closer to the burner exit in the steady-state LES. Their delayed formation in the relaxation LES is
due to the interactions between turbulence and their slow chemistry. It is interesting to note that
the locations at which aromatic species concentrations and soot volume fraction peak (x/d ~ 150)
are practically the same between these LES, despite the differences in inception locations. Second,
taking into account these unsteady effects (by transporting aromatic species) leads to larger aromatic
species concentrations. This is primarily due to the non-monotonic time-evolution of the aromatic

species and their chemical source terms [25]. The maximum mean mass fraction of benzene is around
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Figure 6.13: Time-averaged fields of naphthalene mass fraction. Results obtained using the relax-
ation model for transported aromatic species are shown on the left half. Results obtained using
tabulated aromatic species concentrations are shown on the right half. The iso-contour of stoichio-
metric time-averaged mixture fraction (indicating the flame front) is plotted in white solid line.
Radial profiles are plotted at x/d = 30 and x/d = 120.

1.6 times larger in the relaxation LES than in the steady-state LES. A similar observation can be
made for naphthalene. The maximum mean soot volume fractions found in the relaxation LES and
steady-state LES are 0.36 ppm and 0.15 ppm, respectively. This factor of 2.4 difference in soot
is consistent with the factor of 1.5 difference observed in naphthalene, since the dimerization rate
leading to soot nucleation scales as the naphthalene mass fraction to the second power (Eq. 6.47).
Finally, lower temperatures are found in the relaxation LES, compared to the steady-state LES,
as shown in Fig. 6.15. These differences (~ 100K) are found at the same locations where large soot
volume fraction is observed. They are due to the more pronounced radiative heat losses captured in
the relaxation LES, associated with a larger predicted soot yield. Consequently, the relaxation LES

predicts a flame 7% longer than that predicted by the steady-state LES [94, 197, 198].
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Figure 6.14: Time-averaged fields of soot volume fraction. Results obtained using the relaxation
model for transported aromatic species are shown on the left half. Results obtained using tabulated
aromatic species concentrations are shown on the right half. The iso-contour of stoichiometric time-
averaged mixture fraction (indicating the flame front) is plotted in white solid line. Radial profiles
are plotted at x/d = 40 and z/d = 140.
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Figure 6.15: Mean profiles on the flame centerline.
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6.4.4 Soot volume fraction fluctuations

Chemistry-turbulence interactions impact not only mean quantities, but also the fluctuations in soot,
as shown in Fig. 6.16. Probability Density Functions (PDF) of soot volume fraction are calculated
at mid-height (z/d = 140) and at an elevated height (z/d = 200) on the flame centerline, and they
are compared against experimental measurements [157]. The experimental data on soot volume

fractions are obtained using the 3-line diagnostic [94], with a relative uncertainty of £12% [199].
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Figure 6.16: PDF's of soot volume fraction at two locations on the flame centerline.

At x/d = 140, both the mean value and the magnitude of fluctuations (width of the PDF) are well
captured by the relaxation LES; although occurrence of low soot volume fractions (f, < 0.2 ppm) is
slightly over-predicted. In contrast, the steady-state LES predicts a lower mean, as aforementioned,
and significantly smaller fluctuations (narrower PDF).

At z/d = 200, the steady-state LES still over-predicts the occurrence of low soot volume fractions.
The experimentally observed peak in soot volume fraction PDF centering at f, ~ 0.2 ppm is not
well captured. It also fails to predict the tail in the experimentally measured PDF at large soot
volume fractions: no occurrence of f, > 0.4 ppm is predicted. In the relaxation LES, the tail of
the PDF is much better reproduced, since larger fluctuations are enabled by taking into account
chemistry-turbulence interactions using the relaxation model [25].

In the steady-state LES, the fluctuations in the mass fractions of different species, including PAH
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species, primarily come from the fluctuations in the flamelet independent variables, namely, mixture
fraction, Z, progress variable, C', and enthalpy defect, H. As can be seen in Fig. 6.16, including
only these fluctuations in PAH mass fractions leads to significantly underestimated fluctuations in
soot volume fraction, compared to the experimentally measured data. On the other hand, in the
relaxation LES, fluctuations in the chemical source terms of PAH species are taken into account,
through the relaxation model. These fluctuations come not only from the fluctuations in the flamelet
independent variables through tabulation, but, also, from the turbulent transport of PAH species.
By comparing the steady-state and relaxation LES results, it can be concluded that the turbulent

transport of PAH species represents the major contributor to soot fluctuations.
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Chapter 7

Conclusions and future directions

7.1 Conclusions

Presumed local flame structures (flamelets) have been shown to be a promising framework for the
efficient numerical modeling of non-premixed reacting flows [53, 54, 55, 56, 57, 58, 59, 60, 61, 22, 62].
In the present study, new numerical models were developed for both laminar and turbulent flames,
and tested under laboratory-scale configurations. Particular attention was given to the inclusion of
multi-dimensional convection and diffusion effects in laminar non-premixed reacting flows and the
proper treatment of unsteady chemistry-turbulence interactions for large aromatic compounds in

turbulent non-premixed reacting flows.

7.2 Modified flamelet equations for YSI predictions

Conventional flamelet model was shown to be incapable of predicting the correct species mass frac-
tions along the axis of a methane-air confined axisymmetric laminar co-flow diffusion flame. The
main reasons for the failure of the conventional flamelet model were found to be the exclusion of
multi-dimensional diffusion effects and the inability of capturing the strong convection effects on the
rich side of the flame.

In an effort to overcome these deficiencies, a modified flamelet equation, valid only on the cen-
terline of the flame, was proposed. Using the proposed modified flamelet model, sooting tendency

(YSI) predictions were made for a wide range of aliphatic and aromatic hydrocarbons. The sooting
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tendencies were estimated from the increment of PAH dimer production rate on the centerline of
the flame when it is doped by a test species, without using an explicit soot model. Direct numerical
simulation with detailed finite-rate chemistry was conducted a priori as reference results, and to
provide the information required.

The present model is able to reproduce the species mass fractions correctly on the flame centerline.
Furthermore, it suggests that the YSI of different hydrocarbons can be predicted by considering
exclusively the chemistry mechanism, based on the knowledge of the undoped flame. This result is
consistent with experimental observations [93]. Comparison between YSI in the literature and their
predicted values has shown reasonably good agreement, and has highlighted deficiencies in the PAH

formation sub-mechanism.

7.3 Curved flamelet formulation

The physical mechanism behind the aforementioned strong convection effects on the rich side of
the flame was investigated further. A new flamelet formulation was derived, and its consistency
was examined under different conditions. The convective velocities were found to result from the
combined effects of the non-negligible curvature of mixture fraction iso-surfaces and the non-unity
Lewis number transport of species in laminar non-premixed flames. Curvature was found to affect
the transport of species by introducing a convection term in mixture fraction space.

To incorporate curvature effects in the one-dimensional flamelet formulation, tubular counter-
flow diffusion flames and unsteady spherical mixing layers were selected to represent various curved
flamelet structures. An approximate form for the scalar dissipation rate as a function of mixture
fraction was found numerically for both configurations. Curvature was treated as constant in mix-
ture fraction space to a first approximation. With the proposed form of scalar dissipation rate and
curvature, one-dimensional numerical calculations using a detailed chemical mechanism were per-
formed at different curvature values. Results showed that differential diffusion effects are enhanced
by the presence of negative curvature, but reduced by the presence of positive curvature. Only minor

curvature effects were observed for species with Lewis numbers close to unity.
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The importance of this curvature-induced convection term was highlighted through a budget
analysis based on the full chemistry simulation results for an axisymmetric laminar co-flow diffu-
sion flame. A comparison was made on the flame centerline between species mass fraction profiles
obtained from the full chemistry simulation and chemistry tabulation methods with and without
curvature effects. A flamelet library without curvature effects was constructed a priori using flamelet
solutions with a series of prescribed scalar dissipation rate values, while the one with curvature ef-
fects was established using flamelet solutions with the same prescribed scalar dissipation rate values
and several prescribed curvature values. It was found that the chemistry tabulation based on curved
flamelets gave significantly better results compared to its counterpart using planar flamelets, and
achieved very good agreement with full chemistry simulation results.

Overall, chemistry tabulation based on solutions of the curved flamelet equations presents an
attractive technique for gas-phase combustion modeling in laminar and mildly turbulent flames,
since it has been found 100 times more efficient computationally than full chemistry calculations,

yet with almost identical accuracy.

7.4 Chemistry-turbulence interactions

In previous work from the literature, the unity-Lewis number assumption has been found valid in
the limit of sufficiently large Reynolds number, and the conventional flamelet model has been shown
to represent well the conditional means of species mass fractions in piloted turbulent methane/air
jet flames as the Reynolds number was increased [63, 66]. Consequently, the various issues pointed
out for laminar flames become negligible in turbulent non-premixed reacting flows [25], as curvature
effects and tangential diffusion are proportional to 1 — 1/Le; [24].

In these turbulent non-premixed flames, motivated by the inability of existing steady-state
flamelet formulations to account for the interactions between unsteady chemistry and fluid mo-
tions [42, 22], a new relaxation model was proposed for large aromatic compounds. This model was
developed by examining the response of different species mass fractions to turbulent unsteadiness

utilizing the one-dimensional unsteady diffusion flamelet model. Turbulent effects were modeled
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through abrupt changes in the scalar dissipation rate. Steady-state flamelets at various initial stoi-
chiometric dissipation rates were perturbed and the relaxation towards a new steady-state solution
was analyzed.

It was found that gas-phase chemistry responds extremely fast for some radicals, such as OH and
H, and still fast but to a lesser extent for small species, such as CO, COs, and C3H,. The steady-state
flamelet assumption for these species is well justified and their mass fractions can be pre-tabulated
legibly using the flamelet library based on solutions to the steady-state flamelet equations.

However, for polycyclic aromatic species (such as naphthalene and phenanthrene), the chemical
production terms were found to be linearly proportional to the mass fraction of smaller aromatic
species, and the chemical consumption terms were found to be linearly proportional to their own
mass fractions. This type of behavior was explained by identifying the major pathways leading to
the production and consumption of these PAH species. Based on these analyses, a linear relaxation
model was proposed for PAH, and validated for several selected species in the context of unsteady
flamelets. It was also shown that significantly better results were obtained using the proposed

relaxation model over using previously developed relaxation models.

7.5 Effects of chemistry-turbulence interactions on soot for-

mation

The effects of turbulent unsteadiness on the formation of aromatic species and soot were investigated
further in a non-premixed ethylene/air piloted turbulent jet flame. Large-Eddy Simulations (LES)
were performed on this flame. Transport equations for benzene and naphthalene mass fractions were
solved along with the flow field to capture unsteady aromatic chemistry-turbulence interactions.
Several interesting conclusions can be drawn from the simulation. First, these interactions lead
to a delayed inception of aromatic species away from the burner exit. The resulting inception
locations for soot were shown to be in good agreement with experimental measurements [94]. Second,

aromatic chemistry-turbulence interactions are also important to reproduce correctly the soot yield
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in the flame. Neglecting these interactions (steady-state LES) leads to the under-prediction of the
maximum mean soot volume fraction by a factor of three [157]. Finally, turbulent unsteadiness is
critical to capture the strong fluctuations in soot volume fraction. Significant under-prediction of
the occurrence of high soot volume fractions were observed when chemistry-turbulence interactions

were not included for aromatic species [157].

7.6 Recommendations for future work

A relaxation model has been developed for the non-equilibrium reaction-diffusion process for large
aromatic compounds in turbulent reacting flows [25]. The associated analysis also suggests a pos-
sible means for the systematic reduction of chemical mechanisms, not solely based on the chemical
kinetics, but from a local flame structure point of view. The same methodology can be extended to
investigate the evolution of other pollutants (e.g. NOy and SOy) with slow chemistry. Additionally,
more fundamental concerns can be addressed, such as those associated with the effects of temporal
turbulent intermittency on the formation of slow-chemistry molecules [83, 200].

Although the one-dimensional curved flamelet formulation offers attractive advantages, tangen-
tial diffusion effects are still not taken into account [24]. These effects lead to the breakdown of
the presumed one-dimensional flame structure. Simple combustion modeling concepts that do not
presume such a locally one-dimensional flame structure need to be developed.

As an initial step towards realizing this goal, a combined approach may be considered. More
precisely, the flamelet model, which is capable of capturing main combustion features, can be used
to describe the distribution of reactants and major products. In addition, concentrations of complex
combustion products and intermediates can be used to represent local flow characteristics due to
their high sensitivity to strains and flame curvature. Combining flamelet-predicted major species and
several constrained critical intermediates, Rate-Controlled Constrained-Equilibrium (RCCE) [201]
calculations can be performed to generate the database for chemistry tabulation, later used in flow
simulations. This combined flamelet-RCCE approach would present a necessary first step towards

reacting flow modeling without presuming local flame structures.
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Appendix A

Modified flamelet equations on the
centerline of axisymmetric laminar
co-flow diffusion flames

Using the continuity equation (Eq 2.1), the transport equations for mixture fraction (Eq. 2.6) and
species mass fractions (Eq. 2.8), and the boundary conditions on the centerline (Eq. 3.9), the com-

plete modified flamelet equations used in Chapter 3 for sooting tendency predictions are
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These equations are obtained by recombining diffusion in ¢ with diffusion in Z. The resulting com-
plete modified flamelet equations include the molar diffusion, mass correction, and molar correction

terms, with the global aggregate scalar dissipation rate x’.
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Appendix B

Curved flamelet formulation

B.1 Detailed derivation of the flamelet equations including

curvature effects

The transformation rules (Eq. 4.4) are applied to the species transport equations (Eq. 2.8).

The time-dependent term becomes

ovi _ (0%  0YidZ  0Yi0Zy 0O 0Zy (B.1)
Por =P\ or "oz ot "0z, ot " 0Zs ot ) '

Using Eq. 4.5, the convection term is transformed to

aY; aY; 9Y;
VY, = pu - V7 + —VNZ7Zy+ —VZ- B.2
pu-VY; = pu (3Zv +8Z2V 2+5ng 3) (B.2)
The diffusion term can be split into two parts
D _ pD_, 1
v (pLei VK) = Leiv Y, + LeiV(pD) VY; (B.3)
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By applying the Laplacian operator (Eq. 4.7) to Y;, the first part becomes
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Using the form of the gradient operator (Eq. 4.5), the second part becomes
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Therefore, the diffusion term becomes
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The second and third terms on the right hand side of the above equation can be regrouped as
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Similarly, The following terms on the right hand side of Eq. B.6 can be recombined as
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Combining the different terms and using the transport equation for mixture fraction (Eq. 2.6),

one obtains the flamelet equations in its final form
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where x and xj are defined in Eq. 4.9.

(B.10)
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B.2 Comparisons with the flamelet equations proposed by
Williams

In the limit of unity Lewis numbers, Williams proposed to rewrite the species transport equations

with respect to mixture fraction [52]. These equations take the following form

%
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Normal diffusion Dz

where the subscript 1 denotes components in the plane normal to the mixture fraction Z direction.

More precisely,

0s
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u = u-—u-VZz (B.12)

where s represents an arbitrary scalar, v represents an arbitrary vector, and u is the velocity vector.
Under unity Lewis number assumption, the above the flamelet formulation proposed by Williams
is equivalent to the currently proposed flamelet formulation. In this limit, Eq. 4.8 simplifies to
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In Eq. B.11, the normal diffusion term Dy takes the same form as in the currently proposed
flamelet equations (Eq. B.13). Explicit connections can be made for the other terms between Eq. B.13
and Williams’ flamelet formulation (Eq. B.11). The first two terms on the LHS of Eq. B.11 corre-
sponds to the flamelet unsteady term (First on the LHS of Eq. B.13) and the Lagrangian transport
term L; (Williams omitted the time dependence of tangential coordinates Zs and Z3).
The third term on the RHS of Eq. B.11 can be expanded as
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F

This term contains both the tangential diffusion D; and the tangential convection C; and an addi-
tional term F.

The last term on the RHS of Eq. B.11 can be rewritten as
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_ —pD% [V (In(VZ - V2Z))]- (V.Y

_pD {V((VZ V7))

0
= —pD57(VZ) (VoY)

)
= VZ.- (pDV 1Y) (B.15)

This term compensates exactly the additional term F found in Eq. B.14.
The current form of the flamelet equations, equivalent to Williams’ formulation, is preferred since

the effects of the different processes can be explicitly identified.
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B.3 The complete curved flamelet equations

The complete one-dimensional steady-state laminar diffusion flamelet equations including curvature

effects are given by

: 2y gy
u-VZ(l— 1)8}/,_1Xa)z Wi

Le;) 0Z — 2 Le; 022

d Y; Y, 02
—u-VZYV.— —J | = J -
w VaYigy Zj:Lej 2 X072 ZLeJ

1Y, W 1Y, ZYj 2w

ToLewXozz T aw |\ & Ie, | Xoz
1 Y; oW oW Y, Y;
Y Y or Yz \ 1
BN ARSI AT
2Le; 0Z 07 207 0Z \W 7 €;

In the above equation, u- VZ is calculated as

1 D D
u.VZ:(apx X Op )H X

9Z "D oz 2

(B.16)

(B.17)
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Appendix C

Review of the derivation of
flamelet equations including
curvature effects

The steady-state flamelet model [49, 50] has been a popular modeling approach in simulating both
laminar and turbulent non-premixed flames. The three substantial simplifications made by the
flamelet model are that combustion takes place in a thin layer close to the flame front, diffusion in
the direction parallel to the local iso-surface of mixture fraction is negligible, and the local flame
surfaces are essentially flat [24]. Recently, Kortschik et al. proposed a new derivation of the flamelet
equations with the goal of capturing the effects of flame curvature [73]. Unfortunately, several subtle
inconsistencies arise in the derivation. Very recently, Xu et al. re-derived the flamelet equations
considering curvature effects and partially addressed these inconsistencies [75]. The objective of this

work is to formally identify these inconsistencies.

C.1 Galilean transformation

The coordinate transformation used in [73] and in [75] is the same and is composed of two steps.
In the first step, the initial Cartesian system (X7, X3, X3) is rotated in such a way that the new
coordinate x; is normal to the mixture fraction iso-surface. Consequently, the new coordinates x5
and x3 lie in the plane tangent to the local mixture fraction iso-surface. In the second step, the x;

coordinate is replaced by the mixture fraction and the other two coordinates are left unchanged.
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The first inconsistency is related to the first coordinate change, namely the rotation. In itself,
this coordinate transformation used by both authors is appropriate (as long as the transformation
Jacobian is non-zero, i.e. 0Z/0x; # 0). However, Kortschik et al. further assume that “the
coordinate x; is normal to the local mixture fraction iso-surface” (page 148 of [73]). Making this
assumption at every point in the domain implies that the first transformation is not a Galilean
transformation. For reference, a Galilean transformation is a transformation between two reference
frames that corresponds to a constant relative motion between these frames. This is equivalent to
saying the entire space is rotated all at once. In other words, every point in the domain has the
exact same 1, Tz, and x3 axes.

As every point along an iso-surface of mixture fraction does not have the same x; axis (i.e. they
do not have the same normal directions), then the first transformation (used by Kortschik et al.)
is not Galilean. This conflicts with the expression used for the species transport equations (Eq. 5
in [73]) as gradient and divergence operators are written using only the 9/9x1, 9/0x2, and 8/0x3
terms. Using a frame of reference that rotates with the flame (i.e. not a Galilean transformation) is
mathematically possible, but additional terms would need to be added to these transport equations.
This is analogous to what happens when changing from a Cartesian coordinate frame to a polar,
cylindrical, or spherical coordinate frame (i.e. new terms in 1/r are introduced).

In summary, the various assumptions made by Kortschik et al. about the change of coordinates
assumes implicitly there is no curvature, i.e. the flame is flat. Only under this condition, can
the z; axis be both the same everywhere in the domain and perpendicular to the mixture fraction
iso-surface.

In the more recent work by Xu et al., the authors made a similar assumption of alignment between
the z1 axis and the gradient of mixture fraction (see for instance Eq. A.26 in [75]). However, the
major difference is that their flamelet equations were obtained by considering flamelets on the axis
of an axisymmetric case. Since these flamelets are located directly on the z; axis and x; is always
perpendicular to the mixture fraction iso-surface for every point of these flamelets, then the condition

of alignment is always fulfilled (see Fig. 3 in [75]). Unfortunately, this also means that their flamelet
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equations are only valid on the axis of symmetry.

C.2 Coordinate transformation rules

After the first coordinate transformation (i.e. the rotation), the 1 coordinate is replaced by the

mixture fraction, while the other two coordinates are left unchanged,

T —>Z(.’L‘1,l’2,$3>, To :Zg, T3 :Zg. (Cl)

corresponding to Eq. 13 in [73] and Eq. A.4 in [75]. This coordinate transformation leads to the

following rules for derivative changes (Eq. 14 in [73] and Eq. A.5-8 in [75] ),

0 _ 9z 9

8.’E1 ©2,L3 o 8$1 o0z Z2,73 ’

o _ oz o] 0

63:2 ©1,&3 o Bxg oz Z2,73 822 Zl,Z3’

0 0z 0 0

— = =. = — . 2
8303 @1,E2 axg oz Z2,23+ 823 Z1,Z5 (C )

The subscripts imply that the partial derivatives are taken while the other variables are held constant.
These equations state that, although Zs = x9, the partial derivatives with respect to Z, and x5 are
not equal because the other variables (held constant) are not the same. Only the differentials are
the same, i.e. dZy = dxs.

The second mathematical error of Kortschik et al. follows from the above expressions and is
located in Eq. 16 of their original paper [73]. Following the above transformation rules, which are
the same as in the original paper, the partial derivatives in Z; and xj are not exchangeable. In

other words, the left hand side of Eq. 16 in [73] is not equal to its middle side. Instead, Eq. 16
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should be replaced by
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Z o2 Z 8Z£
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k
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The additional terms appearing in the above equation and missing from Eq. 16 in [73] are the
same terms that are present in Eq. 15 of [73], i.e. tangential diffusion (second term on the RHS),
tangential convection (third term), and cross-diffusion (last two terms). Clearly, Eq. 16 in its original
form is not valid. Unfortunately, as a direct consequence, the derivation that follows from it is not
valid either.

This shortcoming present in the work of Kortschik et al. was addressed in the recent formulation

of Xu et al. [75].

C.3 One-dimensionality

The third inconsistency resides in the implicit assumption of one-dimensionality of the flamelet
equations. This is illustrated by writing the final flamelet equations as a function of a single variable,
the mixture fraction (see Eq. 23 in [73] and Eq. 21 in [75]). In other words, all variables can be
written as Y; = Y;(2).

A trivial consequence of this dependence is that the species mass fractions are not a function
of the other two coordinates, namely Z5 and Z3. Therefore, the fifth term in Eq. 15 in the work
of Kortschik et al. [73], which only involves these two variables, is identically zero. As this term
encompasses all curvature effects, then curvature effects are non-existent.

Xu et al. made a similar inconsistency in their derivation of the curved flamelet equations. In
their final forms, the flamelet equations (Eq. 21 and 22 in [75]) contain the difference between two

curvature terms, namely k7 and #;. Under the assumption of one-dimensionality, i.e. the species
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mass fractions are only a function of mixture fraction, then it can be shown that the mixture fraction

curvature (kz) and the species mass fraction curvature (x;) are identical.

vY; A vZ
= (o) = F (cgg vz) == (977) = 2 (4

The 4+ comes from the sign of the derivative of the species mass fraction with respect to mixture
fraction and is the reason why Xu et al. introduced the modified curvature, #;. The above equation
shows that the second term on the right hand side of Eq. 22 in [75] is identically zero. This result
comes from the one-dimensionality of the flamelet equations and is independent of the values of the

species Lewis numbers.

C.4 Tangential diffusion

Regardless of the one-dimensionality of the flamelet equations, it is interesting to investigate further
the term referred to as fe; in Eq. 21 in the recent work of Xu et al. [75]. This term is equivalent to
the CT'1 term in Eq. A.25 of [75]. First, it should be noted that this expression (Eq. A.25) is not
an approximation (as stated in the original paper), but an exact equation due to the axi-symmetry
of the configuration investigated (see section 1).

Second, Xu et al. rightfully refer to the fc; term as ”tangential diffusion”. Nevertheless, the
reader might be confused by the final form of this term as a diffusion term usually refers to a
second order derivative, while the fc; term only involves first order derivative of the species mass
fraction. The diffusion nature of this term and more importantly its tangential property are more
easily described by considering a different coordinate system.

We consider a curvilinear coordinate transformation where the Zs and Z3 coordinates lie within
the iso-contour of mixture fraction (see Fig. 4.1). With such transformation and utilizing the axi-

symmetry of the configuration, one can show that the two terms on the final right hand side of
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Eq. A.25 in [75] are related. In two dimensions, this gives exactly
d%Y; 2 0%Y;

=|VZ
03 V2|

aY; Y, ay;
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(C.5)

By combining the above expression with Eq. A.25 in [75], one can show that the fc¢; term takes the

form (again in two dimensions)
2 0%Y;
073"

fCl = |VZQ| (CG)

In this form, it is clear that the fc; term corresponds to a diffusion process in the tangential direction,
i.e. in the direction perpendicular to the gradient of mixture fraction. We also see that the difference

of the two curvature terms (k; and kz) drops out.

C.5 Summary

In summary, after identifying these various inconsistencies, the only mathematically correct form of

Eq. 23 in [73] or Eq. 22 in [75] in the limit of unity Lewis numbers is given by

33@_%321/}
Por ~ 2 022

+ i, (C.7)

which is the original flamelet equation derived by Peters [49, 50]. The above results suggest that,
under the assumption of a thin flame, curvature does not have any effects on the flamelet solution
when unity Lewis number is assumed [24].

It is important to note that the above derivations do not invalidate in any way the experimental
work presented in Kortschik et al. [73]. The major assumption used to derive the flamelet equation
in [73] is that the flame is thin. This is clearly not the case for the experimental work reported
therein. Consider the mixture fraction and formaldehyde-LIF images shown in Fig. 8 of [73] (top
two images), the right-most circle highlights a region of high curvature. If the flame thickness is
estimated either from the mixture fraction gradient or from the CH5O profile, it would be found

that the product of flame curvature by flame thickness is of order unity. Under these conditions, it is
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difficult to argue that the flame is thin. Curvature effects might re-appear if the flamelet equations

are re-derived without the assumption of thin flame [24].



158

Appendix D

Description of the simulation code:
NGA

NGA is an extension of the high order conservative finite difference scheme initially developed by
Morinishi et al. [99]. It allows for three-dimensional, variable-density turbulent flows to be simulated
in complex geometries, which can be either cylindrical or cartesian, on uniform or non-uniform
meshes [90]. Tt is discretely conservative of mass, momentum, and kinetic energy, and it can provide
an arbitrarily high order of accuracy. The various variables are staggered both in space and time.
All scalar quantities, such as the density, p, pressure, P, and species mass fractions, Y;, are stored
at the cell (volume) centers. The velocity components are stored at the faces of the cell volumes.
An overview of the NGA code and the time marching procedure is provided here in support of the

simulation data presented in this thesis.

D.1 Treatment of the convective and viscous terms

In the simulations performed using NGA, the convective term is discretized spatially with second
order accuracy in all simulations performed in this thesis. Second order interpolation operators are
applied when necessary (for instance when computing cell centered values from face values). The
density field is limited to second-order interpolation in the discretization of the momentum equation,
such that it is Total Variation Diminishing (TVD). Imposing a state of TVD prevents the density

field from becoming unbounded, and ensures the simulations remain realizable. It should be stated
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that the density interpolation is limited to second-order. When a study was performed, it was found
that such a limitation had little effect on the quality of the results obtained [90].

As viscous terms are dissipative by nature, they are inherently more stable than the convective
terms that were addressed previously. Accordingly, they are more easily discretized, and an approach
based on Lagrange polynomials is applied. The operators that are necessary to discretize the viscous
terms are different than those presented for the discretization of the convective terms, and these new
operators are based on a local Lagrange polynomial representation of the quantity to which they
are applied [90]. To develop an n*® order accurate interpolation and differentiation operator for a

given quantity ¢ at a given location in a given direction, an (n — 1)th

order Lagrange polynomial is
needed. This (n — l)th order Lagrange polynomial is fit through the n data points that are present
in the stencil. As this fitting operation is centered about the point being evaluated, the interpolation
or differentiation of the quantity ¢ is calculated from an equal number of points on either side of
the point being evaluated. In the simulations performed in this thesis, second order discretization
is used for viscous terms. A similar treatment is applied to the diffusive terms in the discretization
of the scalar transport equations.

As a consequence of this discretization, mass, momentum, and the scalar quantity solved for

through a scalar transport equation (without a source term) are discretely conserved.

D.2 Time-integration

An iterative procedure is applied to fully take into account the non-linearities in the Navier-Stokes
equations. This iterative procedure has been found of critical importance for stability and accuracy
considerations [90, 202, 203].

The numerical algorithmic sequence for one time step is described below, where a uniform time
step At is employed. The density, pressure, and scalar fields are advanced from time level ¢"+1/2
to t"+3/2 and the velocity fields are advanced from time level ¢* to t*T!. A total number of Q

sub-iterations is assumed.
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0. Upon convergence of the previous time step, the density, p"T/2, pressure, P"*+1/2 velocity
fields, u”, and scalar fields, Y 2 are stored, where Y represents the vector of species mass
fractions (Y7, ..., Y ) (the reacting mixture is assumed to contain a total number of N species).

These solutions are used as initial best guesses for the forthcoming iterative procedure

putBE = prt1/2 prS/2 _ prtl/2 yntl — ynand YRTE2 = yntl/2, (D.1)

where the subscript indicates the index of the sub-iteration. The vector of chemical source
terms is denoted by Q@ = (wq,...,wn), and Qg+3/ % is evaluated using the thermochemical

quantities obtained at the conclusion of the previous time step.
For the sub-iteration k =1,...,Q
1. The scalar fields are advanced in time using the semi-implicit Crank-Nicolson method [90, 203]

for the convective and diffusive terms, and explicit integration for the chemical source terms

n 2 +3/2
IR i 1

Y; D.2
k ) ) ( )
pziril‘)/zYZM/Q = prL2ynHl2 4 Ag [(Cz-ﬁ-l +Dzﬂ) Yi+ Q]

At (0C oD\ n+3/2 n+3/2

5 <aY + 8Y>k (YRR (D.3)

To simplify the discrete notations for spatial differential operators, the operators corresponding
to the convective and diffusive terms in the scalar equations (Eq. 2.8) are written as C and D,
respectively. The symbolic operators g—g and g—g denotes the Jacobian matrices corresponding
to the convective and diffusive terms, respectively. Depending on the order of discretization,
these operators are generally banded diagonal matrices (e.g. tri-diagonal for 2°¢ order dis-
cretization and penta-diagonal for 4" order discretization). It is important to note that the

semi-implicit Crank-Nicolson method proposed by Pierce and Moin [203] is not applied to the

time-integration of the species chemical source terms, ;. This is due to the extremely high
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computational cost associated with the calculation of the chemical Jacobian matrix, (g—g)z+ ,

and the even more expensive inversion of this matrix. The temperature equation (Eq. 2.4) is
advanced in time in the exact same fashion as the species mass fractions at the same time, the

discretized temperature equation is not shown for clarity.

2. The density field is predicted from thermodynamics using

—1
n+3/2
P . ZN Yik
0 i=1 " W,

pn+3/2 _
k - Bn+3/2
RI7

(D.4)

It is important to note that this density evaluation does not ensure primary conservation,
since no density rescaling such as the one proposed by Shunn et al. [202] is used. However,
upon convergence of the sub-iterations, this formulation is equivalent to the density treatment

proposed by Shunn et al..

3. The momentum equation is advanced in time using the same semi-implicit Crank-Nicolson

method as for the scalar fields

n n+1
u’ +u,

n+1/2+ n+3/2 n—1/2+ n+1/2
P e = T e [(00 D) i v
At (0C, oD,\"tV? n
N
k

4. A Poisson equation is then solved for the fluctuating hydrodynamic pressure

. 1

At 2 At

n+1/2 n+3/2 n+3/2 _ n41/2
V. <p Rl u’,';“) N - (D.7)

The Poisson equation is solved using the high-fidelity HYPRE package [90, 204]. The predicted
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velocity field is then updated through a projection step

2At n+3/2 n+3/2
e [V (T ). (B-8)
k

Convergence achieved after Q sub-iterations (¢g — ¢g—1 — 0, where ¢ represents any flow and

thermochemical variable at the current time level).

7. Upon convergence of the sub-iterations, the new solutions are updated

2 pg+3/2, pnt3/2 — PS+3/2, u =gt and Y'H/2 = Y8+3/2~ (D.9)

The above iterative time-marching scheme has been used for both laminar and turbulent flow mod-
eling [8, 15, 42, 22]. It is important to note that the above formulation becomes equivalent to the

fully-implicit Crank-Nicolson time-integration scheme upon convergence of the sub-iterations [203].
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Appendix E

Description of the FlameMaster
code

The FlameMaster code is a program designed to solve numerically typical problems found in combus-
tion processes. Several different configurations are supported such as computations of homogeneous
ignition delay times, laminar burning velocities, premixed flames, or counterflow diffusion flames.

The following description provides an overview of the configurations and the equations solved.

E.1 General Description

The FlameMaster code relies on detailed chemical mechanisms to solve the different combustion
problems. These chemical mechanisms are composed of thermodynamic and transport properties

for each species in the system and a list of reactions among these species.

E.1.1 Thermodynamic Properties

The thermodynamic properties for agiven species at a given temperature 7', such as heat capacity
(Cp(T)), enthalpy content (H(T')), and entropy (S(T')), are evaluated by polynomial interpolation

as follows

) _ a1 + asT + asT? + a, T2 + asT?* (E.1)

H as as o a4 .3 as .4 ag
— = T4+ 272y A 2t 2 E.2
R a + 5 + 3 + 1 + 5 + T (E.2)
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S(T
% =a1In T+ axT + %Tz + %Tg + %T4 + ar (E.3)

where R is the universal gas constant. The seven parameters (a; to a7) are constant and are different
for different species. To improve the quality of the polynomial fit, two sets of parameters are used.

The first set is used for low temperatures (1000 K > T') and the second set for high temperatures

(T > 1000 K).

E.1.2 Reaction Rates

Suppose the following reaction

n n
Z vij Sj S Z Vii Sjs (E4)
j=1 j=1
where S;j is the j-th species in the system and v;; is the stoichiometric coefficient for species j in

reaction 7. For a given reaction, the rate constant of the reaction is expressed in the modified

Arrhenius form which describes its temperature dependence

ki(T) = A;T™ exp (- 5}) . (E.5)

The reaction rate is simply evaluated from the forward (k;¢) and backward (k;;) rate constants as

’
Vi
)

(E.6)

n e Vij n Y,
st I1(5) -l ()
g=1 "7 j=1 "7

where p is the density and Y; and W} are the mass fraction and the molecular weight of species j,

respectively.

E.1.3 Transport Properties

The diffusion velocity is decomposed into three parts

v; = UJD + va + Ve (E.7)
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where UjD is the molecular diffusion, va is the thermal diffusion (Soret effect), and v, is the velocity

correction (the same value for each species). The molecular diffusion takes the following form
D
P = —y{vxj (E.8)

where X is the mole fraction of species j and D; is the average diffusion coefficient of species j in

the mixture. This coefficient is evaluated from the binary diffusion coefficient as

1->0 Y
D; = 2 k=1 Ve (E.9)

Xk
Yokti Dy

In order to conserve mass, the total mass flux due to diffusion should be exactly zero

> Y =0. (E.10)
j=1

This condition is ensured by defining the velocity correction as
vcz—ZYj~(ij —|—va). (E.11)

E.1.4 Mixture-averaged properties

Dynamic viscosity and thermal conductivity of the mixture are calculated with semi-empirical for-

mulae
= Z jAAJ (E.12)
j=1
with
n
M
Aj=Y" ijﬁjyk (E.13)
k=1 k
where

2

@
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The mixture-averaged thermal conductivity is evaluated as

-1

/\:% ZXjAjJr Z& : (E.15)

—
<.

E.2 Laminar diffusion flamelet calculations

The laminar diffusion flamelet equations are derived in mixture fraction space to predict temperature
and species distribuations on the centerline of a laminar counterflow diffusion flame. Figure E.1

shows a sketch of a typical laminar counterflow diffusion flame configuration in physical space. In

Figure E.1: Sketch of a counterflow diffusion flame

this configuration, the fuel is injected though a nozzle and the oxidizer is injected though a different
nozzle. In certain cases, a mixture of both oxidizer and fuel could be injected. As the flow coming
from both nozzles are diverted away, a stagnation plane is formed. The flame front typically sits
on the fuel side of the stagnation plane. On the centerline of the flame (z = 0), the governing
equations in physical space (equations described in Chapter. 2) can be rewritten in mixture fraction
space, considering the symmetry of the different quantities. These equations in mixture fraction are
called flamelet equations (Eq. 3.3), which are solved in the original version of the code [103]. The
FlameMaster code has been modified to solve both the centerline modified flamelets (Appendix. A)

as well as the curve flamelets (Appendix. C).
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