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Abstract

Carbon capture and storage (CCS) is an important strategy for reducing CO 2 emis-
sions, with oxy-fuel combustion being one of the most promising technologies because
of it is high efficiency and low cost. In oxy-combustion, CH4/0 2/CO 2 mixtures burn
at low temperatures (~1700 K), high pressures (~40 bar), where laminar burning ve-
locities are about 7 times lower than in traditional CH4 /Air mixtures. Thus oxy-fuel
combustors are more prone to blowoff and dynamic instabilities. In this thesis we
examine turbulent oxy-combustion flame stabilization physics at the large and small
scales using experimental studies and numerical simulations.

Experimental measurements are used to establish the stability characteristics of
flame macrostructures in a swirl stabilized combustor. We show that the transition
in the flame macrostructure to a flame stabilized along both the inner and outer
shear layers (Flame IV), scales according to the extinction strain rate, similar to air
flames. To achieve accurate scaling, extinction strain rates must be computed at the
thermal conditions of the outer shear layer, emphasizing the role of heat interactions
with the wall boundary layer. Care must be exercised while modeling the chemical
structure of oxy-flames. We show that the kinetics of CO2 (used as a diluent in oxy-
combustion) is important in determining the consumption speed and flame extinction
strain rate. Specifically, the extinction strain rate was found to be heavily impacted
by the reaction C02+ H - CO + OH.

Large Eddy Simulations (LES) models, first validated for various combustor ge-
ometries, fuels and oxidizers, are used to examine the stabilization mechanisms of
these flames. First, we demonstrate the importance of choosing the correct global
chemical kinetics mechanism in predicting the flow structures in multi-dimensional
simulations and develop a priori criterion of selecting a reduced mechanism based on
the extinction strain rate. Besides flame macrostructures, recirculation zone lengths
are found to linearly scale with extinction strain rates. This scaling holds regardless
of fuel or oxidizer type, Reynold's number, inlet temperature, or combustor geometry.
It is thus very important that a chemical mechanism is able to correctly predict ex-
tinction strain rates if it is to be used in CFD simulations. We use the validated LES
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framework to model the transition to Flame IV in the swirl combustor for methane
oxy-combustion mixtures. The 3D turbulent flame structure strongly resembles a
ID strained adiabatic laminar flame structure in the combustor interior, and non-
adiabatic flames near the combustor wall. The results support the earlier conclusions
regarding the use of the extinction strain rate and the wall thermal boundary condi-
tion in scaling and modeling turbulent combustion dynamics.

Thesis Supervisor: Ahmed F. Ghoniem
Title: Ronald C. Crane Professor, Department of Mechanical Engineering
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Chapter 1

Introduction

Greenhouse gas (GHG) emissions are the leading contributers to climate change.

Combustion of fossil fuels results in the formation of significant amounts of carbon

dioxide (C0 2), the primary GHG released into the atmosphere. At the global scale,

CO 2 emissions accounted for approximately 65% of all GHG emissions in 2014 [24].

According to the Environmental Protection Agency (EPA), about 26% of all global

GHG emissions were produced by the electricity generation sector. It is also estimated

that the world CO 2 emissions from electricity production will increase by approxi-

mately 43% by 2035, from 30.2 billion metric tons in 2008 to 43.2 billion metric tons

[25]. Much of this growth in emissions is attributed to the developing non-OECD

countries which continue to rely on fossil fuels to meet their growing energy demand.

By 2040 these non-OECD countries are expected to contribute as much as 69% of

the world's total emissions, whereas the OECD emissions, totaling about 14 billion

metric tons, represent the balance [25].

The agreement reached in Paris in late 2015 at the 21st Conference of the Parties

(COP21) was a pivotal moment in the fight against global warming and decarbonizing

our energy systems. Its main aims were to peak global emissions as soon as possible

and reach net-zero emissions in the second half of this century, as well as to keep the

global temperature rise well below 2'C while pursuing efforts to limit it to 1.5 C. The

International Energy Agency (IEA) developed different policy scenarios to model this

shift towards reducing emissions from the energy sector. Two of these scenarios are
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Figure 1-1: Global energy related CO 2 reductions by technology area (data from [1])

shown in Figure 1-1 along with strategies to achieve these emissions reductions. One

of these scenarios is a business-as-usual case and is referred to as 6DS. This largely

assumes an extension of current trends, and so primary energy demand and and

process-related CO 2 emissions would grow by about 60% from 2013 to 2050. Since

there is no effort to stabilize atmospheric concentrations of GHGs, average global

temperature rise above pre-industrial levels would be projected to reach 40 C by the

end of the century and 5.5'C in the long-term.

The most stringent scenario is the 2DS. As shown in the figure, the 2DS sets

the target of cutting emissions by almost 60% by 2050 in order to limit the average

global temperature increase to 2'C. It lays out an energy system deployment pathway

and emissions trajectory consistent with these targets with carbon emissions from

fuel combustion and industrial processes projected to decline after 2050 until carbon

neutrality is reached. The 2DS identifies changes that help ensure a secure and

affordable energy system in the long run.

A portfolio of low-carbon technologies is needed to reach the 2DS cost-effectively

[1]. One of these promising technologies is Carbon Capture and Storage (CCS). In

this technology, CO 2 released from power plants is separated, liquefied, compressed

and transported to a site for underground injection in secure geological formations,

28

- - - - - - - - - - - - - - - - - - - - - - - --........ ................. ... ..... ..................... ................................. ... .............



including natural underground reservoirs, or depleted oil and gas fields. The integra-

tion of these CCS technologies with the power generation plants has not yet been fully

demonstrated commercially [27, 28]. Oxy-fuel combustion is one of the promising CCS

options [29], the other ones being post-combustion CO 2 capture and pre-combustion

CO 2 capture [30]. The main difference between these technologies is the location at

which the CO 2 is removed in the cycle. In oxy-fuel combustion, the fuel is burned in

oxygen diluted with CO 2 or water or a mixture of both, at stoichiometric conditions

so that the products consist of only carbon dioxide and water. Water can then be

easily separated from the carbon dioxide by condensation. A diluent is added to

the fuel and oxidizer to moderate the temperatures of combustion and the resulting

products. Due to the simplicity of the carbon capture system in oxy-fuel combustion,

the CO 2 capture rate is very high (~98%) [30].

Oxy-combustion efforts in both research and implementation has often been asso-

ciated with coal since coal power plants produce about two times as much CO 2 per

MWh than natural gas power plants [31]. On the other hand, natural gas' share of

the world's electricity generation is expected to grow from 22% in 2010 to 24% in

2040 [25] and applying the same concept to this fuel has been suggested. Estimated

cost of electricity by source [32], suggest that natural gas power plants with CCS are

competitive with other zero carbon energy sources.

Methane oxy-combustion cycles require combustors that can burn fuel and an

oxygen stream along with some diluent, so that the CO 2 in the flue gases can easily

be captured by condensing out the water. In order to control the flame temperature

in these combustors, the oxidizer is diluted with either H 20 or CO 2 depending on

the cycle layout. In the Semi-Closed Oxy-fuel Combustion Combined Cycles (SCOC-

CC), CO 2 is used as the dilution medium [33, 34, 35, 36, 37]. Using CO 2 as the

diluent is our main focus in this thesis since these types of cycles have the highest

efficiency and lower costs [38]. The air separation unit (ASU) needed to produce the

oxygen stream for the combustor consumes a significant fraction of the plant power

and is a cost intensive process [38], therefore these oxy-fuel cycles typically operate

at stoichiometric conditions (equivalence ratio = 1).
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Flame speed calculations have shown that the oxy-flame has a laminar burning

velocity about 7 times lower than the air-equivalent mixture. The lower burning

velocity of the oxy-flame negatively impacts the stability of these flames by increasing

their propensity to blowoff and increasing flame length. Figure 1-2 shows the issues

associated with oxy-combustion in the equivalence ratioflame temperature coordinates

[2]. High flame temperatures and equivalence ratios result in excessive CO emissions.

High flame temperatures and low equivalence ratios, meanwhile, are associated with

high 02 emissions. On the other hand, too low flame temperatures causes blowoff.

Therefore there is a limited range of equivalence ratios and flame temperatures which

minimizes the operational issues associated with oxy-combustion.

Premixed and non-premixed methane oxy-combustion were both examined exper-

imentally in our swirl combustor [39]. However it was reported that the non-premixed

case resulted in long flames with bright and sooty tips whereas the premixed case had

a more compact flame. These observations of the non-premixed oxy-flame can also

be seen in another recent study [40]. 1-D flame calculations have also shown that dif-

fusion flames result higher CO and lower CO 2 in the products compared to premixed

flames. These findings coupled with the fact that premixed flames generally have
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more uniform outlet temperature profiles [41], have led us to focus solely on studying

premixed oxy-combustion flames in this thesis.

1.1 Swirl Combustion Stability and Scaling

A number of important and critical issues face the operation and design of combustors,

all of which are impacted by the fuel and oxidizer properties. These are: blowout,

flashback, combustion instability, autoignition, emissions and flame compactness. A

number of studies have looked at blowout both experimentally [39] and numerically

[2] for methane oxy-combustion. Both agree that CO 2 diluted oxy-combustion flames

blowoff at higher temperatures for a given Reynolds number than air combustion

flames. This was explained by the fact that CH4/0 2/CO 2 flames have slower kinetics

making them easier to blowoff [42]. Premixed combustion, especially, is susceptible to

combustion instabilities [43], which result from the acoustic coupling of heat release

rate fluctuations that accompany unsteady flow oscillations (ex. vortex shedding)

or equivalence ratio oscillations, causing extinction, flashback, excessive structural

vibrations and even system damage and failure [44, 45].

These combustion instabilities in oxy-fuel combustors is not a well understood

topic but it has been gaining interest in the literature recently [46, 47, 48]. In oxy-

fuel cycles with CO 2 recycle, combustor inlet temperatures are on the order of 700 K

while the outlet temperatures are set to 1600 K due to materials limitations [38]. In a

study by Altay et al. [49], it was found that, in a backward-step combustor, thermoa-

coustic instabilities (associated with increase in pressure oscillations) shift to lower

equivalence ratios (or lower adiabatic flame temperatures) as the inlet temperature is

raised. Results of Shroll et al. show that the sound pressure levels in an oxy-fuel swirl

combustor start to rise for mixtures whose adiabatic flame temperatures are around

1850 K at 300 K inlet temperature [46]. Therefore we expect that during the practical

operation of high inlet temperature oxy-combustors, combustion instabilities will be

a major issue.

We begin by reviewing the work that has been done on combustion instability

31



characterization in gas turbine combustors. Previously, in pour lab the onset of

thermo-acoustic instabilities and their link to the mean flame configurations were

investigated in a swirl combustor for an CH4/H 2/Air mixture [3]. Four different

flame configurations were observed: (I) columnar flame, (II) bubble-columnar flame,

(III) single conical flame, and (IV) double conical flame. These configurations are

shown in Figure 1-3 along with the sound pressure levels and frequencies. Transitions

II to III, III to IV and IV to V (not shown) do show strong changes in the acoustic

signature. When these results were compared to those of the uncoupled case of the

short combustor, the same configurations as those observed in Figure 1-3 were still

seen [3]. However in the transition from III to IV in the short combustor, unlike

that of the long combustor, occurred without the onset of instability. But during this

transition, the flame starts to appear intermittently in the outer recirculation zone

(ORZ), also known as ORZ flame flickering. This observed flame flickering occurs

in a same range of equivalence ratios at which the long combustor exhibits its first

unstable mode, highlighting the importance of this flame transition. Modeling and

understanding this flame transition for oxy-combustion is a main focal point of this

thesis as will be shown in the forthcoming chapters.

In the multiple studies performed for various fuels (methane, hydrogen, syngas,

propane) and oxidizers (air, oxy) looking at their stability in the swirl combustor

[46, 50, 51], there was a noticeable similarity in the pressure level data as a function

of equivalence ratio or flame temperature between all of these different operating

conditions. This implied that some form of a universal scaling parameter might exist

which would collapse this data regardless of fuel concentration. Indeed it was reported

first by Speth et al. [50], then Altay et al. [49], then Hong et al. [5] and most recently

by Shanbhogue et al. [51], that a strained consumption speed or extinction strain rate

could collapse these pressure data for the multiple fuels and combustor geometries.

Shanbhogue et al. [51] conducted experiments with CH4/H 2 mixtures on the swirl

combustor using PIV and chemiluminescence measurements, and they successfully

scaled the flame shape, flow structure and combustor stability according to the extinc-

tion strain rate. This scaling indicates that the flame response to stretch dominates
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the flame location as it can stabilize in regions with high strain rate. This observation

was also seen in simulations by Michaels et al. [6] on a bluff body combustor as will

be explained in the next section.
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Figure 1-4: Characteristic ORZ flow time versus characteristic flame time for
CH4/Oxy, CH4/Air and CH4/H 2/Air flames. The flame times were all computed
at 400 K, reflecting the actual conditions in the ORZ [4].

Taamallah et al. [4] also studied the physical mechanism leading to a flame transi-

tioning to the ORZ in air combustion (Flame III to IV). For each operating condition,

there was a critical qonet at which the flame appears in the ORZ and ultimately sta-

bilizes along the OSL. They found that the appearance of the flame in the ORZ

starts intermittently and is associated with a flame spinning along with the predom-

inately azimuthal ORZ flow at a clearly defined frequency foRz. The survival of a

flame in the ORZ was represented as a balance between a characteristic flame time

Tf lame (taken as the inverse of the extinction strain rate Kext) and the ORZ flow time

TORZ flow (taken as the inverse of the ORZ spinning frequency foRz), as can be seen

in Figure 1-4.
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1.2 Scaling in Other Geometries

Next, we show that the extinction strain rate scaling observed in the literature for

the swirl combustor, is also seen in other geometries such as the backward-facing step

and bluff body combustors.
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Figure 1-5: (Left) Measured data showing recirculation zone length as a function of
equivalence ratio for different fuel compositions. (Right) Same data as is the left plot,
but now plotted as a function of extinction strain rate. The y-axis is the inlet velocity
divided by recirculation zone length and has the same units as the x-axis, which is a
chemical time scale. Using this representation, the slope of the graph is the Karlovitz
number (a chemical time/flow-time). Data reproduced from Ref. [5]

Wake flows are the preferred mode of flame stabilization in lean premixed com-

bustion because they create recirculation zones that can anchor flames. However

coupling between the flow dynamics and system acoustics can result in combustion

instabilities [45]. The combustor geometry also determines the size and structure

of the recirculation zone and these recirculating flows in the wake of a bluff body,

behind a sudden expansion or downstream of a swirler, are pivotal for anchoring the

flame and expanding the stability range. Hong et al. [5] investigated the impact of

fuel composition on the recirculation zone structure for C 3H8/H 2/Air mixtures in a

backward-facing step combustor. The results in Figure 1-5 show the spread in the re-

circulation zone length data when plotted as a function of equivalence ratio, whereas

the scatter is significantly reduced when the data are plotted versus the extinction

strain rate.
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Cocks et al. [52] questioned the ability of LES to predict the large scale dynamics

in reacting flows, e.g. the recirculation zone features. They used the same combustor

geometry which is also tested in our work, triangular bluff body combustor, as will

be explained later. It has been recently demonstrated that in CFD simulations,

predicting the extinction strain rate is an important indicator that a multi dimensional

simulation can be expected to reproduce for accurate flow and combustion features.
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Figure 1-6: Temperature contours for reactive mixtures, with overlaid contour of 10%
from the maximum heat release (black line), streamlines (white lines), and a + mark
for identifying the downstream stagnation point. The bluff body is plotted as a white
square. (reproduced from [6]).

In Michaels et al. [6], DNS of laminar premixed bluff body stabilized CH4 /H 2 /Air

flames at various temperature ratios were conducted. Results shown in Figure 1-6 il-

lustrate that the higher the extinction strain rate of the mixture (either by increasing

equivalence ratio or H2 percentage), the shorter the recirculation zone and the flame

leading edge moves further upstream. The next question to ask is, since these recir-

culation zone lengths appear to change with Kext, can Kexi be used as a surrogate to

scale these lengths? The answer is shown in the plots in Figure 1-7. When the laminar

burning velocity was considered in defining the chemical time scale, the recirculation

zone length data is widely scattered and no clear trend is observed. However when
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the data is plotted using the extinction strain rate to define the chemical time scale,

there is a clear trend revealing that the recirculation zone length correlates well with

a chemical time scale based on the flame extinction strain rate of the inlet mixture

[6].

These scaling results observed, suggest that regardless of combustor geometry,

flow regime, fuel or oxidizer, and inlet temperature, recirculation zone lengths might

be correlated with the extinction strain rate. This will be studied in greater detail in

Chapter 5 and how this can be applied to oxy-combustion mixtures. Next we review

the work that has specifically focused on modeling methane oxy-combustion mixtures

both experimentally and numerically.

1.3 Methane Oxy-Combustion Modeling

To retrofit or re-design existing natural gas based power generation plants, thorough

understanding of the fundamental differences in the flame characteristics associated

with the substitution of N 2 with CO 2 as the diluent is needed. Unlike N 2, CO2 is not

inert but impacts the kinetics primarily through the reaction CO 2 + H = CO+ OH

[9, 2]. Due to the high concentrations of CO 2 under oxy-fuel conditions, the forward

reaction is primary responsible for the chemical effect of CO 2 at medium to high

temperatures [13].

The oxy-fuel combustor requires significant modeling and experimental investiga-

tions due to the increased instability of CO 2 recycled oxy-fuel flames [53]. Most of

the modeling so far on oxy-fuel combustion has been focused on coal. More work is

needed especially for modeling and simulating premixed methane oxy-combustion in

a gas turbine combustor. CFD modeling is also an important industrial tool for ac-

quisition of in-depth knowledge, as well as design and optimization. It can effectively

provide details on the velocity, temperature and concentration variations that are not

easily obtained through experimental measurements. In this section, we review the

literature on methane oxy-combustion starting from chemical kinetics modeling and

then presenting results from a selection of CFD and experimental studies.
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Figure 1-7: Flow vs chemical time scales for different fuels and inlet temperatures
from DNS simulations of premixed laminar CH4/H 2/Air mixtures in a bluff body
stabilized combustor. The flow time scale is associated with a recirculation zone
length while the chemical time scale is either represented by the flame speed (top) or
extinction strain rate (bottom) of the chemical mechanism. Figures were generated
using data from Michaels et al. [6].
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1.3.1 Numerical Modeling

The choice of reaction mechanism plays an important role in modeling oxy-combustion

flames. In a highly CO 2 rich environment, reaction rates are much different than

from conventional methane air-combustion due to the chemical effect of C0 2; mainly

influencing the reaction: CO + OH + C02 + H. Until now there is no clear consensus

on which reaction mechanism should be used for oxy-combustion whether it is which

detailed mechanism for simpler calculations or which reduced/global mechanisms for

CFD modeling of oxy-combustion.

Detailed Mechanisms

Detailed reaction mechanisms for oxy-combustion are not very plentiful and there are

so far only a few mechanisms that have been tested under these conditions. There

are also not many comprehensive comparative studies analyzing which mechanism

best captures effects in these high-C0 2, and close to stoichiometric environments.

The three detailed mechanisms which are commonly used in the literature for oxy-

combustion of methane are, the GRI-Mech 3.0 [54], the mechanism developed by

Glarborg et al. [13, 55, 56], and the recently developed AramcoMech 1.3 mechanism

by Metcalfe et al. [57]. This new mechanism has recently started to appear in

literature studies on methane oxy-combustion mixtures [9, 58]. Unlike the other two

mechanisms, the AramcoMech 1.3 is based on a recent O-H model [59] and includes

an improved rate constant for the reaction H + 02= OH+ 0 [60]. However it doesn't

include a model for nitrogen oxides (NO,) formation but as has been shown, these

compounds are negligible for realistic 02 purities [61], therefore it should not be a

problem when using the AramcoMech 1.3. Table 1.1 compares the number of species

and reactions of these three detailed mechanisms for oxy-fuel combustion.

Recently, Bongartz et al. [9] performed a comparison of these mechanisms by

looking at burning velocities, ignition delay times and CO concentrations. Figures

1-8 to 1-10 show some of these results. All three mechanisms correctly capture the

extent of the decrease in burning velocity for a CH4-air flame diluted with CO 2 (see
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Mechanism No. of Species No. of Reactions
GRI-Mech 3.0 53 325
Glarborg et al. 49 350

AramcoMech 1.3 124 766

Table 1.1: Detailed mechanisms for methane oxy-combustion

1.L --- AramcoMech 1.3
- - GRI-Mech 3.0

Glarborg et al.

0.5

C
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0 0.1 0.2

CO2 Mole Fraction [-]

Figure 1-8: The modeling results (lines) are shown along with the experimental data
(symbols) of Halter et al. [7] (o) and Kishore et al. [8] (A) for the reduction of the
laminar burning velocity of stoichiometric CH4-air flames with CO 2 addition (T
300 K, p = 1 atm) (reproduced from [9]).

Figure 1-8) This trend is well established in the literature and it has been shown

that both thermal and chemical effects are responsible for the reduction in laminar

burning velocity when adding CO 2 to CH4-air flames [62, 7, 8].

With H20 dilution of CH4-air flames, the impact on the burning velocity of CH4

has also been looked at in a number of studies [10, 11, 12, 63]. Figure 1-9 shows this

effect on the burning velocity at two pressures comparing the mechanisms' results

with the experimental data. All three mechanisms agree with the data equally well

at atmospheric pressure but the AramcoMech 1.3 appears to perform better at the

higher pressure.

Bongartz et al. [9] also showed that all of the mechanisms were able to reproduce

the inhibiting effect of large CO2 concentrations on CO oxidation observed by Abin et
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Figure 1-9: The modeling results (lines) are shown along with the experimental data
(symbols) of Albin et al. [10] (A,7), Mazas et al. [11] (0), and Babkin and V'yun
[12] (o) for the reduction of the laminar burning velocity of stoichiometric CH4 -air
flames with H 20 addition at atmospheric pressure (reproduced from [9]).

al. [64] both for lean and rich conditions. Moreover the mechanisms also captured the

inhibiting effect of larger concentrations of H 20 on CO oxidation, at the extremely

lean conditions (0 ~ 0.04) observed by Glarborg et al. [65].

Looking now at CO formation for CH4 oxidation in the atmospheric reactor of

Glarborg and Bentzen [13], all of the mechanisms predict the effect of CO 2 on CO

concentrations (see Figure 1-10). At the more practical stoichiometric condition, the

AramcoMech 1.3 appears to have a better agreement with the experimental data

compared to the other mechanisms.

The GRI and Glarborg mechanisms were also compared by calculating their lami-

nar burning velocities and extinction strain rates in a counterflow non-premixed flame

configuration in a study by Watanabe et al. [18]. The calculations were compared to

experimental data by Maruta et al. [66] in a similar flame configuration and inflow

conditions. The results of the extinction strain rate calculations will be shown later in

Figure 3-8. But the calculations showed that the Glarborg mechanism with radiation

seems to have the best agreement with the experimental data for the oxy flame. This
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importance of radiation has also been seen in other studies [2, 67, 68, 69, 70, 71, 72, 73].

Although the GRI-Mech 3.0 is still commonly used in oxy-combustion calculations

[74, 53, 75, 76, 19], recently, the Glarborg mechanism has been able to model and

capture experimental observations [16, 18]. Therefore, we can use this mechanism in

methane oxy-fuel combustion studies with adequate agreement.

Reduced and Global Mechanisms

We showed in the previous section that there are detailed reaction mechanisms which

are valid under oxy-fuel combustion conditions. However in computational fluid dy-

namics (CFD) modeling, it is computationally expensive to implement these detailed

mechanisms. A number of reduced and global mechanisms have been proposed to

model oxy-flames kinetics in these CFD studies.

Frassoldati et al. [14] compared the popular Westbrook and Dryer (WD) [77] and

Jones and Lindstedt (JL) [78] mechanisms for methane oxy-combustion and found

that the original JL mechanism performs slightly better. Therefore they then focused

on tuning the JL mechanism for the combustion of methane in pure oxygen using a

laminar diffusion flame. They reported improved agreement of temperature and CO 2

profiles for their modified JL mechanism over the original JL mechanism, as seen in

Figure 1-11. "DKM" refers to a detailed kinetic mechanism previously developed and

validated for hydrocarbons up to 16 C atoms by the authors [79].

Almost simultaneously, Andersen et al. [15] presented their own modified oxy-

fuel versions of the WD and JL mechanisms each for CO 2 dilution. They left the

fuel consumption reactions unchanged and modified the CO-CO 2 reactions to bet-

ter fit plug flow reactor results obtained using the detailed mechanism by Glarborg

and Bentzen [13] under C0 2-diluted oxy-fuel condition. They found the modified

mechanisms to give a closer agreement for CO concentrations (see Figure 1-12) and

equilibrium values and also improve the prediction of a turbulent diffusion flame.

Once again for the global mechanisms proposed for modeling oxy-combustion,

there is no obvious mechanism that stands out as being the best. In Chapter 5,

we test different reduced mechanisms in LES of a swirl combustor to evaluate their
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performance.

CFD Simulations

Numerical CFD modeling of oxy-fuel gas turbine combustors can help to predict

the system performance and also help develop the fundamental understanding of the

combustion dynamics, flame stability as well as predicting velocities, temperatures

and concentration variations inside the combustor. But most of the studies that

have been done on natural gas oxy-combustion has focused on furnaces and boilers

or on diffusion combustors [73, 80, 81, 82, 29]. Nemitallah et al. [29] investigated an

atmospheric diffusion oxy-combustion flame in a gas turbine combustor. To model

the reaction kinetics, they used the 3-step WD mechanism modified by Andersen

[15] that was mentioned in the previous section. They reported a good prediction

of temperatures and CO emission trends in the simulations compared to experiment.

Since the reaction mechanism was validated by Andersen et al. [15] using diffusion

flames, this agreement is not unexpected. Premixed methane oxy-combustion in the

swirl combustor is less addressed.

Moreover, the CFD modeling in the literature for oxy-combustion has also mostly

focused on reproducing quantities such as adiabatic flame temperature or emissions.

Studies on more complex and practical insights such as the response to strain, pre-

dicting flow structures, and predicting flame macrostructures, have been limited. We

will explore these important characteristics in LES of premixed practical combustors

in this thesis.

1.3.2 Experimental Investigations

There have been a number of experimental studies on premixed and partially premixed

methane oxy-combustion in swirl combustors.

The effects of swirl number, quarl angle and flame temperature on the stabilization

and shapes of premixed air and oxy-flames were analyzed by Jourdaine et al. [83]

in a swirl combustor. The C02-diluted flames were found to be less stable than the
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N 2-diluted flames at Re < 20,000, however the flame shapes were matching when the

swirl numbers and adiabatic flame temperatures were the same for both. Runyon et

al. [84] also studied the flame structures and emissions that result from premixed

methane-oxygen and methane-air mixtures in a swirl-stabilized burner at varying

thermal power pressure similar to Shroll et al. [46]. The oxy-flames demonstrated

stable combustion at a range of thermal powers and pressures (up to 3 bar). The

size of the central recirculation zone was also found to increase in size by about 14%

for the CO2 diluted flame over the N 2 diluted case. Amato et al. [2] showed the

operability boundaries of a CO 2 diluted system to be significantly reduced compared

to methane-air mixtures in a premixed swirl combustor, mainly due to the slower

kinetics of the CH4/0 2/CO 2 mixture. The CO 2 diluted mixture was found to blow

off at temperatures about 300K hotter than the air mixture for a given nozzle exit

velocity.

Shroll et al. [46] examined the dynamic stability characteristics of premixed

methane oxy-fuel flames and methane air flames in a swirl stabilized combustor.

They reported similar flame structures for air and oxy flames in each of the dynamic

modes [46]. These flame structures were similar to the ones described previously in

Section 1.1. At the highest flame temperature, the combustor is unstable at the first

harmonic of the combustor's natural frequency. The flame was very compact at these

low dilution levels and the dominant instability frequency corresponds to that of the

first harmonic of the combustor's natural frequency. Then as the temperature was

reduced, the combustor jumps to fundamental mode and then to a low frequency

mode (below the combustor's natural frequency), before eventually blowing off.

Throughout this reduction in temperature, the flame length increases and the

flow structures switch between a double-helix type and a spiral type breakdown.

The transitions between these different instability modes, for both the air and oxy

cases, were shown to be predominately a function of the mixture adiabatic flame

temperature. But the dominant frequencies for the high, medium and low frequency

modes are shifted higher for air due to the differences in acoustic properties of the

reactants and products between air and oxy-combustion [46].
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Building upon the previous work of Shroll et al. [46], Watanabe et al. [16]

investigated the structure of these flames but under stable conditions experimentally

in a swirl stabilized combustor. High speed chemiluminescence images were taken

along with planar laser-induced fluorescence (PLIF) measurement of OH radicals

which were used to study the instantaneous flame front at the microscale, and flame

photographs were also used to describe the average flame configuration or macro-

structure. Finally, flame extinction characteristics were computed in the twin flame

configuration using CHEMKIN-PRO to help explain some of the experimental results.

In Watanabe et al. [16], flame configuration IV, where the flame appears in the

outer shear layer, was the focus of the tests. It was found that as the equivalence

ratio is reduced, the flame length increases for both the air and oxy cases, this was

also observed in [46]. Similar flame shapes and macro-structures were observed for

both cases as the equivalence ratio was reduced until # = 0.6. At this equivalence

ratio, as seen in Figure 1-13, the flames are wrinkled for both cases but surprisingly

a flame is not stabilized in the outer shear layer (OSL) for the air flame, unlike the

oxy case. Since the air flame has a higher laminar flame speed than the oxy flame,

one would expect the air flame to be "stronger", moving to the ORZ earlier. When

chemiluminescence images were used to compare the dynamic flame shapes for air

and oxy flames (Figure 1-14), with decreasing equivalence ratio, the intensity of the

chemiluminescence decreases in both air and oxy cases and a toroidal flame shape is

also observed in the ORZ (except for air at # = 0.6). For # = 0.6, the oxy flame is

flickering and rotating but the outer toroidal-shaped flame is rarely observed for the

air case. It was shown that the extinction strain rate plays a role in the combustion

dynamics and flame configurations [16]. This type of analysis was used to explain the

observed differences at q = 0.6.

Figure 1-15 shows the extinction strain rate of air and oxy-flames for equivalence

ratios 0.6-0.68. As can be seen, at low # the extinction strain rate is higher for oxy

than air but at high # the opposite is true. This means that at these low 0, oxy

flames can sustain higher strains than air flames, which might explain why the oxy

flame has a flame stabilizing in the ORZ but air does not. Heat loss plays a major
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Figure 1-13: Mean flame configuration and OH-PLIF images of air and oxy-flames at
# = 0.60 [16]
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Figure 1-14: Chemiluminescence images of air and oxy-flames [16]
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Figure 1-15: Extinction strain rates of premixed twin air and oxy-flames (CH 4 /0 2 /N 2
vs. CH 4/0 2 /CO 2 ) [16]

role in the extinction of flames in the ORZ due to their proximity to the combustor

wall. Thus they are vulnerable to extinction earlier than those in the inner shear

layer.

The Lewis number of the oxy-flame is lower than unity while it is around 1 for the

air-flame, and it was also found that the OH radical concentration to be higher for the

oxy case at q = 0.6. Therefore it was determined that the combined effects of these

two results is what lead to oxy-flames appearing to be "stronger" than air-flames at

= 0.6 [16].

Looking at CO emissions now, the important and critical pollutant in oxy-combustion

is carbon monoxide (CO). Williams et al. [61] showed that in a premixed, 20 kW

swirl-stabilized combustor, CO emissions do not become significant until an equiv-

alence ratio greater than 0.95. Also at this near-stoichiometric limit, CO emissions

rise faster for oxy-combustion than air-combustion.
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Ditaranto and Hals [48] presented acoustic mode results from a 2 kW premixed,

expansion-stabilized combustor. They reported thermo-acoustic instabilities occur-

ring as the 02 content in the oxidizer was increased, hence CO2 decreased, with

stoichiometric operation similar to other studies [46, 83]. They also found that the

different instability modes can be triggered depending on the ratio of flame speed to

inlet velocity.

From this extensive review, a number of gaps exist in the literature and unex-

plained observations arise which will be answered in this thesis with the main aim of

advancing the fundamental knowledge on oxy-combustion flames.

1.4 Thesis Overview

1.4.1 Objectives

The overall goals of this work:

" Establishing the stability characteristics for flame macrostructure transitions

for turbulent oxy flames in a gas turbine combustor.

" Investigating the role of kinetics versus transport on the response to strain of

methane oxy-flames.

" Examining the importance of chemical kinetics modeling in LES of premixed

flames for multiple geometries, fuels and oxidizers.

" Understanding and modeling the flame macrostructure transition mechanism

for oxy-flames in the swirl combustor.

" To further aide in the design of oxy-combustors for power plants, experiments

will be conducted and LES models will be validated for oxy-combustion.
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1.4.2 Outline

A combined experimental and numerical approach will be used to take advantage of

both types of tools in exploring the combustion dynamics of oxy-fuel flames. Having

access to both advanced experimental tools and numerical capabilities is not very

common and so using these facilities in our lab will put us in an advantageous position.

These tools are presented in Chapter 2.

In Chapter 3, flame stabilization of air and oxy-combustion mixtures are modeled

and scaled in the experimental swirl combustor. The extinction strain rate is found

to be an important parameter for modeling these methane-oxy flames. Subsequently,

these effects are investigated further in Chapter 4 to identify the role of transport

and chemistry on the response to strain of these flames.

Rigorous LES simulations are performed in Chapters 5 and 6 to study the turbulence-

chemistry effect on premixed flames. Chapter 5 focuses on the impact of chemical

kinetics modeling on the prediction of important flow structures such as recircula-

tion zones in multiple geometries, and for different fuels and oxidizers. In Chapter 6,

the flame macrostructure transition phenomenon is simulated and used to study the

flame microstructures and to understand the interplay between the flow and flame

dynamics in an oxy-fuel gas turbine combustor. Finally, Chapter 7 wraps up with

the summary of this thesis and the list of publications.
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Chapter 2

Experimental and Numerical

Setups

2.1 Experimental

2.1.1 Combustor Description

All experimental data presented in this thesis were obtained from the fully premixed

atmospheric swirl-stabilized combustor at the Reacting Gas Dynamics Laboratory at

MIT. It is similar to setups used in previous studies [50, 39] and similar to those found

in modern gas turbines. The major advantage of this setup at MIT is having access
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Figure 2-1: Overview of the swirl combustor experimental setup.
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to several modern diagnostics techniques for combustion phenomena including high

speed selective chemiluminescence, high speed particle imaging velocimetry (PIV)

and planar laser induced fluorescence (PLIF). High speed chemiluminescence can be

used to track dynamics larger than the flame thickness scale as only the flame brush

can be inferred from this relatively large exposure time technique. PLIF can provide

us with enough spatial resolution to identify the flame front and explore the way it

interacts with the turbulent flow but without temporal resolution (10 Hz). Lastly two-

dimensional, two-component high-speed particle imaging velocimetry (PIV) system

can be used to interrogate the reacting flow field and provide us with instantaneous

and mean velocities in the flow. Along with the optical diagnostics, temperature

measurements can be performed. A K-type sheathed thermocouple with a diameter of

1/16 inches and a response time around 1 s will be used to obtain these measurements

at various locations within the combustor. One of these possible positions is shown

in the Figure.

The 50kW axisymmetric swirl-stabilized combustor operates at atmospheric pres-

sure with a fixed swirl number. The axial swirler blade angle is fixed throughout

experiments in this thesis (a, = 450). The corresponding swirl number can be

estimated using the expression [45]:

Sw = - 1 (Dcb/Din)3 ) tan(a,) ~ 0.7
3 1 - (Deb/Din)2

with as, being the blade angle, Din the inlet tube diameter (38 mm) and Dcb the

centerbody diameter (9 mm).

Methane, oxygen and carbon dioxide gases are supplied by Sierra C100M Smart-

Trak digital mass flow controllers with a mass flow rate uncertainty of 1% of maxi-

mum capacity. A Sierra Instruments 780S Flat-Trak flow meter was used to measure

the air flow rate with the same uncertainty. Subsequent relative error on the equiv-

alence ratio is 2% of maximum capacity. For example, setting # at /set point = 0.59

for a CH 4/air at Reinlet = 20,000 led to a measured omean = 0.5919 and a standard

deviation OWst = 0.0024.
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Figure 2-2: The axial eight-vane swirler with 450 vane angle used in the experiment
[17].

0 50 100 150 200
mm

Figure 2-3: Example of a flame macrostructure captured using the digital camera
without a filter for methane oxy-combustion at <0=0.65 and Re=20,000.

After the premixed reactants enter the combustor through the 38 mm diameter

inlet pipe, the flow is choked, and then passes through the swirler (shown in Figure2-2.

The flow then expands into a 400 mm long and 76 mm diameter combustion chamber

with a quartz tube for optical access.

2.1.2 Diagnostics Tools

The main experimental diagnostics tools utilized are described in this section. Mean

flame images are taken using a Nikon D5100 SLR camera. These are used to describe

the time-averaged flame shape, or flame "macrostructure" (see Figure 2-3) because

this long exposure time technique averages out micro-scale features of the flame such

as instantaneous wrinkles on the flame surface.

High speed chemiluminescence data is acquired at 1 kHz with an infrared (IR)
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Figure 2-4: Example of a flame chemiluminescence image with an IR filter for methane
oxy-combustion at 0=0.65 and Re=20,000 (flow is from left to right).

blocking filter (2-mm CG-BG-39 Schott glass) using a 1280x 1024 pixel high-speed

NAC GX-1 CMOS camera mounted above the combustor field of view as shown later

in Figure 3-4). Chemiluminescence is used to identify the flame transition to the ORZ

and also compute foRz (frequency in ORZ) as will be explained and shown in detail

in the next chapter. An example of a flame chemiluminescence image is shown in

Figure 2-4.

We also use a two dimensional, two-component high-speed particle imaging ve-

locimetry (PIV) system to interrogate the flow field and compare it for air and oxy-

combustion. Aluminum oxide A12 03 seeding particles (diameter between 0.9 and 2.2

micron) are introduced into the main air flow upstream of the swirler. A dual pulse

Nd:YLF laser at 1kHz with pulse energies of 25 mJ/pulse is used along with sheet

optics (a spherical lens with a focal length of 1000 mm and a cylindrical lens with a

focal length of -20 mm) to produce a light sheet of wavelength 527 nm less than 1 mm

thick. A 1280 x 1024 pixel NAC GX-1 CMOS camera is used with an F-mount Nikon

60 mm lens to collect the scattered light at a 1 KHz rate. The PIV measurements are

then processed using the LaVision DaVis 7.2 software. An example of PIV results is

shown in Figure 2-5.

In addition to optical diagnostics, temperature measurements are performed; a K-

type sheathed thermocouple (TC1 ) is used to measure the temperature in the ORZ.

It is inserted through a hole in the quartz tube 15 mm downstream of the sudden
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Figure 2-5:
Re=20,000

Example of PIV results for methane oxy-combustion at 0=0.65 and
(flow is from left to right).

expansion side wall and 5 mm into the ORZ (as shown in Figure 2-1). TCi has a

sheath diameter of 1/16 inch and a response time around 1 s and a 20 Hz sampling

rate. Multiple measurements were made to evaluate an uncertainty of t 5 K. TCi

is used to measure the relatively low temperature of the unburnt reactants in the

ORZ before the appearance of a flame in that zone. The measurement error due to

radiative heat exchange between the probe and its surroundings is neglected. The

sensitivity of the measurement to the thermocouple depth into the ORZ was evaluated

and found to be less than 2%; this also suggests that the ORZ temperature is fairly

homogeneous at the conditions studied in this thesis.

2.2 Numerical

2.2.1 Large Eddy Simulations

Large Eddy Simulations (LES) is a major tool that is utilized in this thesis. It serves

as an important numerical approach for investigating combustion dynamics phenom-
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ena, giving access simultaneously to any variable needed as well as any location in the

domain as opposed to experimental diagnostics. The LES code is similar to the one

described in previous studies by Kewlani et al. [85, 86, 87]. This code is implemented

using OpenFOAM's C++ libraries based on finite volume spatial discretization. Im-

plicit second order temporal schemes are used along with a combination of first and

second order schemes for spatial discretization. For the turbulent combustion model,

the artificially thickened flame (ATF) approach is used [88].

LES resolves the large scales of the flow but models the smallest (and most expen-

sive) scales of the solution, rather than resolving them as DNS does. The governing

equations for LES are obtained by applying a spatial filter to the conservation equa-

tions of mass, momentum and energy, and species transport equations. This low

pass filter operation eliminates the small scales of the solution. The sub-grid-scale

stresses resulting from the filtering operation are unknown, and require modeling.

These terms can be modeled using different approaches but in our code the one-

equation eddy viscosity model [89] is implemented. Also for these reacting flows,

since the density cannot be considered constant, and to simplify the equations, Favre

or density-weighted filtering is applied [85]. Applying these filters to each term in the

partial differential equations governing the flow (ideal gas, mass, momentum, species,

energy) results in the following equations.

LES Filtered Governing Equations

The Favre filtered Navier-Stokes equations that are solved are shown below, following

general form (using Poinsot et al. notations [90]). Several terms are neglected in our

implementation based on the specific flow conditions we are simulating in this thesis.

p = pRT (Equation of state) (2.1)
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where t is the time and xi the space variable (Einstein notation was used). p,

ui and p represent the density, the spatial components of velocity and pressure of

the gaseous mixture respectively. y is the molecular viscosity. h, and T and A are

the sensible enthalpy, the temperature and the thermal diffusivity. Yk is the mass

fraction of species k. The over bars and tildes represent the spatially filtered and

density-weighted filtered values with a filter width A respectively.

The terms (A to K) in the system of governing equation are detailed below. These
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are in some cases modeled and other cases neglected:

* A: molecular or resolved viscous stress modeled as ri = - 2 6t Oi,+p ( + )

for a Newtonian fluid.

* B: The sub-grid scale (sgs) stress is unknown and results from the LES filtering

operation. It represents the effect of the sub-grid stresses on all the scales

equal or larger than the filter level. This term requires modeling and we use

the Boussinesq hypothesis and the Prandtl's one-equation model based on the

turbulent kinetic energy (TKE) [89]; this requires solving an additional PDE

for k the turbulent kinetic energy.

" C: Body forces like gravity forces are neglected. The Froude number is estimated

based on the conditions studied in this thesis: Fr ~ 45; gravity forces are thus

neglected.

* D: Heating due to compressibility effects. This term is characterized by the

dimensionless Eckert number Eck = C UT. In this study Eck ~ 1_ -' thus the

heating due to compressibility effects can be neglected compared with heat

release from combustion. This is generally the case in reacting flows and the

term is neglect in our model.

" E1 : The laminar thermal diffusion flux is approximated by Fourier's law using

the molecular thermal diffusivity.

* E2: The unresolved sensible enthalpy flux is modeled using the gradient assump-

tion analogous to Fourier's law but using a subgrid scale thermal diffusivity

(cZsgs). asgs is calculated from vsg, and a turbulent or sgs Prandtl number.

* F: The viscous dissipation term is neglected as the Brinkman number (Br =

k) associated with this term is small compared to one Br ~ 1-n.

" G: Heat transport due to species diffusion. This Dufour effect is neglected.

" H: Heat release due to chemical reactions.

* I: The laminar species diffusion flux is approximated by Fick's law using the

mass diffusivity.
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" J: The unresolved species flux is modeled using also the gradient assumption

analogous to Fick's law but using a subgrid scale mass diffusivity (DAg9 ). Dsgs

is calculated from vsgs and a turbulent or sgs Schmidt number (Scsgs). Scsgs is

assumed equal to the laminar Schmidt number.

" K: The filtered reaction rate requires modeling. This is the subgrid scale com-

bustion model. We use the artificially thickened flame (ATF) model allowing

the use of an Arrhenius type reaction rate as described in the next section.

Turbulent Combustion Modeling

The species transport equation, after applying Fick's law to the species diffusion flux,

becomes:

arPy OiY _ a aY _~

at + x xi a-Dk ax x-

C;;k is the filtered reaction rate which requires modeling. This is the sub-grid scale

combustion model.

We use the ATF model allowing the use of an Arrhenius type reaction rate [88].

This involves artificially thickening the flame front so that it can be resolved on the

LES grid, in a DNS-like approach, while maintaining the same laminar flame speed

and turbulence-flame interaction. This approach has some advantages over other

combustion models since it allows the use of suitably detailed reaction chemistry and

can be applied to different combustion regimes; allowing for accurate predictions of

flame stabilization and combustion dynamics [91, 92].

In the ATF model, the molecular diffusivity (D) and reaction rate (&) are modified

accordingly using a thickening factor, F, (FD & 4/F) to maintain the same flame

speed [86]. When the flame is thickened, however, this leads to a modified turbulence-

chemistry interaction and the wrinkling of the flame front is reduced. To account

for the wrinkling effect of the unresolved features on the thickened flame front, an

efficiency function, E, is introduced. This efficiency function is implemented following
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the algebraic expression proposed by Colin et al. [88]. A dynamic thickening approach

is implemented [93] wherein the thickening factor and the diffusivity are represented

locally (Floe & D1oc). The filtered species conservation equation then takes the form:

+ = pFlocEDefflock + (2.6)
at axi Oxj axi Foe

where,

Foe = 1 + (F - 1)4T(c) (2.7)

Deff,loc,k = A EFoc + (1 - IF(c)) Asgs (2.8)
Sc Scags

with I(c) = 16[c(1 - c)]2 is a locally defined function based on the reaction

progress variable: c = 1 - f e). ft and Sc are the dynamic viscosity and the
\ fuel/

Schmidt number respectively.

Following the expression proposed by Colin et al. [88] for modeling the efficiency

function in terms of the dimensionless wrinkling factor, E, local filter width, A,

unstrained laminar flame speed, So, thickness of the laminar (60) and thickened

flames (6L), and local sub-grid scale velocity fluctuation, a

E = ;> 1 (2.9)
1= 1) 1

21n2 U'A '
+= 1 + a 0 (2.10)

3Cm,,,(Ret/ _ ) s r " '

2/3 - .

= 0.75(- exp -1.2 (2.11)
s o 60S

The term alF expresses the increase in flame wrinkling due to the turbulent
L

stretch. While the function F represents the dimensionless stretch of a flame with

velocity S and thickness 60 impacted by a range of vortices. This function, F,

62



Twin Flames

CHgAir CHgAir
or or x

CH4/O 2/CO 2  CH4/O 2/CO 2

Premixed Premixed
Reactants Reactants

Figure 2-6: Numerical premixed laminar twin flame configuration setup

attempts to estimate the strain effect of the flow on the flame. When the flame

propagation estimated using this combustion model is weak, either due to the effects

of strain or temperature, extinction occurs as the convection-diffusion balance is upset

and so reaction rates are very low and this impacts the species conservation equations.

This formulation has also been used extensively in very recent studies [94, 95].

Reactions are taken into account using an appropriate chemical mechanism de-

pending on the mixture type. Choosing this mechanism is one of the most important

aspects of this combustion model since it greatly impacts the results as will be dis-

cussed later in Chapter 5.

2.2.2 Chemkin

CHEMKIN-PRO is used to perform all of the consumption speed and extinction

strain rate calculations in this thesis.

A one-dimensional strained flame model (OPPDIF module) is used to compute the

consumption speed at different strain rates. The laminar premixed flame is stabilized

in a planar stagnation flow, and extinction occurs when higher strain rates push

the opposed twin flames closer together. Figure 2-6 shows this setup. The distance

between the two nozzles is set to 1.4 cm. 1000 grid points is also the maximum number
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allowed to resolve the computational domain. We use an absolute tolerance of 1 x

10-9 and relative tolerance of 1 x 10-4 to determine convergence of the governing

equations. The strain rate is taken as the maximum axial velocity gradient on the

inlet's side just before the flame. CHEMKIN-PRO outputs the different properties

of the mixture at each position along the flame and then the consumption speed, Sc,

of the flame is calculated using:

f0  4ll"/c1 dx
Sc = - (2.12)

PU(Tb - Tu)

where 4.' is the volumetric heat release rate, cp is the specific heat of the mixture,

x is the axial coordinate, pu is the unburned mixture density, and T and T are the

unburned and burned temperatures, respectively. Extrapolating the consumption

speed to a strain rate of zero gives the laminar burning velocity. Multicomponent

and thermal diffusion effects are also included in every numerical simulation.

The extinction strain rate, Kext, is calculated using the premixed twin flame con-

figuration where twin flames are formed near the stagnation plane of the two opposed

CH4/Air or CH4/0 2/CO 2 flows (see figure 2-6). The extinction strain rate is obtained

from curves of the maximum temperature and the strain rate. Besides the adiabatic

flame, gaseous radiation for oxy-flames was included using an optically thin radiation

model with a Plank mean absorption coefficient. The simple optically thin model has

been frequently used in studies to examine the effects of CO 2 dilution on the flame

radiation for CH 4/0 2/CO 2 mixtures [96, 97, 98]. In recent work [18] simulations

adopting this radiation model were found to produce the most accurate extinction

strain rates when compared to experimental results (shown later in Figure 3-8). By

using this radiation model, we are considering the maximum impact of radiation on

extinction for these mixtures since it generally over-predicts radiative losses. Effects

of radiation led to changes on the order of 10% and 1% for oxy-flames and air-flames

respectively. Therefore, we only included radiation in the oxy-flame computations.

This setup is used in most of the laminar flame profiles and calculations we show

in the forthcoming chapters to compare with turbulent flames. However in Section
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6.3, unlike before where both jets are identical mixtures of premixed reactants, in

these results, we model one jet containing a premixed unreacted mixture and another

containing equilibrium products of the mixture, but at various product temperatures.

We use this to compute flame profiles under different levels of heat loss with product

temperatures extracted from LES simulations as will be explained later.
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Chapter 3

Scaling Flame Stabilization Modes

in the Swirl Combustor

3.1 Introduction

In this chapter, we establish the stability characteristics for flame macrostructure

transitions of turbulent oxy-flames in a gas turbine combustor. We compare the

conditions leading to the stabilization of turbulent methane air and oxy-flames in

the outer recirculation zone (ORZ) of our lean premixed acoustically decoupled swirl

combustor. The appearance of a flame in the ORZ is an important flame macrostruc-

ture transition that was previously shown to be associated with the onset of thermo-

acoustic instability under acoustically coupled conditions [3]. The study discussed

in this chapter was also motivated in part by an early observation for methane-air

flames where it was shown that a Karlovitz number criterion, based on the extinction

strain rate, could adequately model the flame transition in the ORZ [4].

3.1.1 Literature Review

Changing the diluent from N 2 to CO 2 impacts the combustion process because of the

differences in thermo-physical properties, chemical kinetics and radiative properties

[67, 13, 2, 46, 99]. N 2 and CO 2 have sizable differences in density, specific heat
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capacity and diffusivities. CO 2 dilution impacts the chemical kinetics by affecting

the radical pool mainly through the reaction C02 + H ; CO + OH [9]. Moreover,

the CO 2 dominated combustion products lead to more radiative heat exchange with

the surroundings, compared to air-flames.

These differences impact the flame macrostructures and there have been a number

of studies on premixed methane oxy-flames in swirl-stabilized combustion systems

[46, 99, 83, 2, 100]. Shroll et al. [46] investigated thermo-acoustic stability of premixed

CH4/0 2/CO 2 and CH4/0 2/N 2 mixtures in a swirl combustor. Oxy-flames were kept

at stoichiometric conditions, which is the practical operating condition owing to the

relatively large 02-production cost; variable CO 2 dilution levels were used to keep the

same adiabatic flame temperature as the air-flame. They found that the transition

between thermo-acoustic modes is mainly a function of adiabatic flame temperature.

Watanabe et al. [99] compared air and oxy-flames in the same premixed swirl

combustor considered in this thesis. Different flame shapes were observed when com-

paring air and oxy-flames with the same inlet Reynolds number (Re), swirl number

(Sw), adiabatic flame temperature (Tad), and equivalence ratio (#).

The effects of swirl number and adiabatic flame temperature on the lean stability

and shapes of premixed air and oxy-flames were analyzed by Jourdaine et al. [83].

Air and oxy-flame shapes matched when the swirl number and flame temperature

were the same for both, at Reynolds numbers less than 20,000.

Amato et al. [2] focused on the lean blowoff limit and showed that the operability

boundaries of a CO 2 diluted system reduces significantly compared to methane-air

mixtures in a premixed swirl combustor; this was attributed to the slower kinetics of

CH4/0 2/CO 2. The CO 2 diluted mixture was found to blowoff at adiabatic flame tem-

peratures 300 K higher than the air mixture for a given nozzle exit velocity, showing

that the adiabatic flame temperature does not govern the flame static stability.

Work on oxy-combustion has been also carried-out in a swirl combustor by Kutne

et al [100] at atmospheric conditions. The 02 mole fraction in the oxidizer mixture,

as well as the equivalence ratio and thermal power were varied to also study the flame

macrostructure and static stability at lean conditions. Here, an enhanced stability was
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found as the 02 fraction in the oxidizer was raised; they attributed this observation

to the change in laminar burning velocity and Reynolds number.

Several researchers reported the existence of different flame shapes or macrostruc-

tures in swirl-stabilized combustion with air as the oxidizer. These have been previ-

ously documented as functions of different parameters such as the fuel composition,

equivalence ratio, Reynolds number, swirl number, as well as centerbody geometry

[101, 102, 103, 104, 105]. Similar swirling flame macrostructures have also been re-

ported for oxy-flames under stoichiometric conditions [46]. Most of these studies

reported the following flame macrostructures: columnar tubular flames (flame I);

bubble-columnar flames (flame II); single conical flames stabilized along the inner

shear layer, ISL, (flame III); and a double conical flame with an additional flame

front stabilized in the outer recirculation zone and along the outer shear layer, OSL,

(flame IV). These different shapes were illustrated in Figure 1-3.

Recently, it was demonstrated that there is a strong correlation between these

flame macrostructures, the transitions among them, and the different thermo-acoustic

modes observed in a swirl-stabilized combustor [3]. The sharp and sudden transition

to limit-cycle pressure oscillations was concomitant with the flame shape transition

from flame III to IV in acoustically decoupled combustion. For this reason, examining

the conditions for flame shape transitions is of critical importance.

Efforts to model this transition have recently been carried out [4, 106]. Taamallah

et al. [4], studied the physical mechanism leading to a flame transitioning to the

ORZ in methane-air combustion. For each operating condition, there was a critical

bonset at which the flame appears in the ORZ and ultimately stabilizes along the OSL.

They found that the appearance of the flame in the ORZ starts intermittently and is

associated with a flame spinning along with the predominately azimuthal ORZ flow at

a clearly defined frequency, foRz. It was shown that foRz is a surrogate for the flow

conditions in that zone and is weakly affected by chemistry. The associated Strouhal

number (St = foRz.Din) was shown to be independent of the inlet velocity but
Uin,bulk

the kinematic viscosity was not varied to extend that independence to the Reynolds

number. This will be tested in the current work. For air flames, the survival of a
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flame in the ORZ was represented as a balance between a characteristic flame time,

Tf lame, (taken as the inverse of the extinction strain rate, Kext) and the ORZ flow

time, Tf low, (taken as the inverse of the ORZ spinning frequency, foRz). foRz can

also be interpreted as a surrogate for the bulk strain rate in the ORZ; following this

interpretation, the flame can survive in the ORZ when its extinction strain rate is

higher than the prevailing strain rate.

3.1.2 Objectives

In this chapter, we investigate the transition from flame III to flame IV for methane

oxy-combustion in the swirl combustor. The hypothesis is that the appearance of

the oxy flame in the ORZ is governed by the balance between the extinction strain

rate and prevailing strain rate in the ORZ as was shown previously for methane

air-combustion [4]. The following questions will be answered:

1. How does the critical 0 at which the flame appears in the ORZ change when

switching from air to oxy flames ?

2. In order to isolate the chemical effects when comparing air and oxy flames, what

inflow parameters lead to similar underlying flow conditions in the ORZ ?

3. Can the extinction strain rate be used as a scaling parameter for flame stabi-

lization in oxy-combustion, and how similar are the scaling curves for CH4/Air,

CH4/H 2/Air and CH4/0 2/CO 2 mixtures ?

3.2 Results and Discussion

When comparing air and oxy-combustion, certain parameters need to be held constant

in order to isolate the desired effect. Some studies keep the inlet Reynolds number

constant to satisfy dynamic similarity. Others keep the thermal input constant to

make it easier to test the retrofitting of existing air combustors. Other studies com-

pare air and oxy-flames at the same adiabatic flame temperature in order to have
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Figure 3-1: Time-averaged PIV data for air (left) and oxy (right) at Re=20,000 and
#=0.65. The zero axial velocity contours are indicated by the black lines.

similar combustor and turbine inlet temperatures, a major constraint in gas turbine

combustion. The choice of inlet parameter to hold constant for comparisons is crucial

and an important part of this work.

In this study, we vary equivalence ratio (#), the inlet velocity (Ui,) and the inlet

Reynolds number (Rei,) in order to compare air and oxy-combustion and isolate

thermo-chemical effects (Table 3.1); all other parameters are held constant (including

the inlet temperature to the combustor at 300 K). For oxy-combustion, the CO 2 mole

fraction (xco 2 ) is adjusted to obtain the same Tad at the same #, when compared to

combustion in air. For example, at Tad = 1666 K for CH 4/Air combustion for #=0.60;
in order to obtain the same Tad for a CH 4/0 2/CO 2 mixture at #=0.60, we impose

xco 2 = 0.642.

Inlet Gas # Flame Shape Re (x 1000) Uin (m/s)
CH4 +0 2 + N 2  0.56- 0.65 III - IV 10-35 4-15

CH 4 + 02 + C0 2 0.57- 0.64 III - IV 14-35 4-10

Table 3.1: Experimental testing conditions in the swirl combustor
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3.2.1 Flow Fields

We begin by comparing the flow fields of the air and oxy combustion mixtures using

the PIV data available at Re=20,000 and #=0.65. The velocity vectors for these

mixtures are plotted in Figure 3-1 along with the zero axial velocity contours. At

the same Reynolds number, the two mixtures have vastly different flow fields. Each

mixture has distinct recirculation zones, as indicated by the black lines, especially

the inner recirculation zone (IRZ). The IRZ in oxy-combustion is shorter and begins

after the sudden expansion (x=0).

The axial velocity magnitudes in the jets are also much higher for the air mixture.

In order to keep the Reynolds number fixed, due to the density differences of the

mixtures (N 2 vs C0 2 ), the inlet bulk velocity is lower for oxy than air (Ui,=5.4 vs

8.4 m/s at Re=20,000). If we plot the axial and transverse velocity profiles at several

axial locations, this difference is clearly seen (Figures 3-2 and 3-3). 'R' refers to the

radius of the combustor (R = 37.5 mm). The velocities in the jet regions for the air

case are about 1.5 times those of the oxy case mainly due to the differences in inlet

velocities.

Therefore we observe that by keeping the Reynolds number constant when com-

paring the two mixtures, there are still significant differences in the flows which can

lead to very different flow fields in the ORZ. Hence the effect of chemistry cannot be

isolated. The next step is to investigate which inlet conditions should be chosen in

order to maintain similar flow fields (and strain rates) in the ORZ. The important

question to answer is, is it more relevant to impose the same inlet Reynolds number

or the same inlet velocity ?

3.2.2 ORZ Flow Dynamics

During the transition from flame III to IV for both air and oxy-flames it was observed

that the appearance of the flame in the ORZ to be intermittent over a range of

equivalence ratios and associated with a flame spinning frequency (foRz). This ORZ

flame is spinning azimuthally at that clearly defined frequency, foRz, predominately
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Figure 3-4: Left :A sample of oxy-flame chemiluminescence image (at Ui,,=9.9 m/s
and 0=0.67) showing the field of view and two different choices for the area used to
integrate the ORZ flame signal. Right : FFT obtained using two areas covering the
ORZ.

dictated by the flow and independent of the fuel and equivalence ratio as was shown

by Taamallah et al. [4]. High speed chemiluminescence data is acquired during these

transitions for each mixture and a Fast Fourier Transform (FFT) algorithm is applied

to the chemiluminescence signal integrated over an area that encompasses the ORZ

in order to obtain foRz. The frequency extracted from the images is found to be

insensitive to the choice of the area over which the signal is integrated, as shown in

Figure 3-4.

This measured foRz is used as a surrogate for the flow conditions in the ORZ.

Figure 3-5 depicts foRzfor both air and oxy flames plotted as a function of both Rej"

and Uj,. The spinning frequency of the ORZ flame linearly increases with increasing

inlet Reynolds number and inlet velocity. However we observe that when foz is

plotted versus the inlet velocity, the air and oxy flames' plots collapse despite the

different densities and dynamic viscosities. This shows that the ORZ flow dynamics

are only dictated by the bulk inlet velocity rather than the inlet Reynolds number.

This is also seen in Figure 3-6 where the Strouhal number is independent of the

Reynolds number at a constant value of 0.12 regardless of the two mixtures.

Thive o result has e the ara ompwich th a, in order to maintain similar

flow conditions in the ORZ when comparing air versus oxy combustion, it is more
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relevant to fix Uin rather than Rein.

3.2.3 Flame III to IV Transition

After examining the ORZ flow dynamics, next we compare the equivalence at which

the flame appears in the ORZ for air and oxy-flames, #onset. This is done by raising

# gradually starting from close to lean blow-off conditions. When the flame appears

in the ORZ, #onset is recorded along with high speed flame chemiluminescence during

the intermittent transition. The chemiluminescence images were used to compute the

ORZ flame spinning frequencies (foRz) shown earlier. Each #onset measurement is

repeated three times; mean values are shown along with error bars.

First, air and oxy combustion are compared at the same inlet Rein in Figure 3-

7a which illustrates the dependence of qonset on Rein. At larger Rein, a higher # is

required for both air and oxy flames in order for the transition to an ORZ flame to

take place. Moreover, for a fixed Rein, the air flame requires a # about 0.01 higher

to stabilize in the ORZ.

The trends are different when #onset is plotted versus Uin (Figure 3-7b). The air

flames now transition at earlier equivalence ratios than oxy flames. This is closer to

what might be expected since oxy flames are considered "weaker" than air flames due

to their lower laminar burning velocity (SO) for the same Tad and # [62]. Another

interesting observation here is the existence of a crossover point at an equivalence

ratio of about 0.56 where the air and oxy flames both have an OSL-stabilized flame

at the same inlet bulk velocity of about 3 m/s.

Using the results from the previous section, we now know that the experimental

results in Figure 3-7b are more relevant if we want to purely isolate the thermochemi-

cal effects on the ORZ flame transition. In order to study the two time scales present

in the mixtures, we can represent the flow time scale using fORz derived from Figure

3-5b since it is only dependent on Uin. The next unknown becomes, which flame

property can be used to represent the flame time scale to help explain the trends we

see in Figure 3-7b? Figure 3-7 also shows the laminar burning velocity of the two

data points closest to the crossover point around 0=0.56. As can be seen, there are
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Figure 3-5: ORZ flame spinning frequency as a function of: (a) Rej, (b) Uin.
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Figure 3-6: Strouhal number's (St = fORJDin) dependence on the inlet Reynolds
number.

differences in flame speeds of the two mixtures at the same inlet velocity and equiva-

lence ratio transition. Thus it fails to explain this transition adequately and another

flame property is needed. In the next section, we test the use of the extinction strain

rate as a surrogate for the flame time scale as it has been recently shown to be of

importance in understanding premixed flame stabilization [107, 4, 6].

3.2.4 Flame III to IV Scaling

Extinction Strain Rates

Extinction strain rate (Kext) calculations are performed using CHEMKIN-PRO [108].

Details about these calculations were explained in section 2.2.2. The air-flame (CH 4/

0 2 /N 2 ) is modeled using the commonly used GRI-Mech 3.0 [54]. It involves 53 species

and 325 elementary reactions. In this chapter, the oxy-flame (CH 4 /0 2 /CO 2 ) kinet-

ics are modeled using the mechanism proposed by Mendiara and Glarborg [109]. It

involves 49 species and 350 elemental reactions. This mechanism has been recently

developed specifically for methane oxy-combustion with GRI-Mech 3.0 as the start-

ing point and with nitrogen chemistry removed. In a previous study [18] we also

showed that the Glarborg mechanism had a better extinction strain rate agreement
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and air flames. Flame time computed at 300 K and 400 K. (Figure adapted from Ref.
[18])

with non-premixed experiments by Maruta et al [66], compared to calculations us-

ing GRI-Mech 3.0 (see Figure 3-8). The results using GRI-Mech 3.0 underpredicted

extinction strain rates. Premixed experimental extinction strain rates for these oxy-

combustion mixtures are not yet available in the literature in order to further validate

the mechanism under the conditions studied in this thesis. Recent studies have also

used this mechanism and have found good agreement in their results [99, 18]. Gaseous

radiation for oxy-flames was included using an optically thin radiation model.

The computed extinction strain rates are plotted as a function of equivalence ratio
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Uin Rein Tad TORZ
(m/s) (103) (K) (K)

Air 8.4 20 0.59 1648 407
8.4 29.5 0.59 1648 402

Oxy 5.7 20 0.58 1630 398

Table 3.2: Measured TORZ for air and oxy flames just before the appearance of an
ORZ flame.

for air and oxy-flames (Figure 3-9), first with atmospheric reactant inlet temperatures

(Tin = 300 K). Air and oxy flames' Ket increases with # but at different rates; this

leads to the existence of an equi-extinction strain rate K* point at 0* ~ 0.70 where

oxy and air flames are equally resistant to the strain rate (such a crosspoint was

observed in previous studies [99]). We also noticed a crosspoint in Figure 3-7b with

the existence of an experimental equi-transition point; however this occurred at a

lower equivalence ratio (~ 0.56).

The choice of computing K,,t at Tin = 300 K was made using the fact that

the reactants entering the combustor are at atmospheric conditions. However, since

we are mainly investigating the stabilization of a flame in the ORZ, it would make

more sense to understand the thermal conditions present in that zone and compute

extinction strain rates at those conditions. Using a thermocouple placed inside the

ORZ, temperature measurements are recorded and are shown in Table 3.2. TORZ is

the steady state ensemble-averaged temperatures of the ORZ recirculating reactants,

at # just before the ORZ flame appearance.

While the inlet temperature of the combustor is ambient, we see that the average

ORZ temperature, TORZ, is higher and closer to 400 K. There is a minor variation in

this temperature with inlet velocity and mixture type. It is also important to note

that the measured ORZ temperature varies with #. For example, for air-combustion,

it ranged from 374 K at Uin = 5.5 m/s and # = 0.56, to 419 K at Uin, = 12.6 m/s

and q = 0.63.

Since we now know that the temperatures in the ORZ are in fact closer to 400 K,

Kext is recomputed using this new inlet temperature and results are shown in Figure
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Figure 3-9: Calculated extinction strain rates for air and oxy flames at 300 K and
400 K inlet temperatures.

3-9. Kext increases with Tin as might be expected for both air and oxy flames but

interestingly enough, the crosspoint we saw earlier at 300 K has now shifted to q ~

0.55. The higher Tin has a weaker effect on the oxy-flame's slope which causes the

crossover point to shift to leaner conditions. The exact reason for this will be inves-

tigated further in the next chapter. This new calculated crossover equivalence ratio

of 0.55, is in much better agreement with the experimental crosspoint we observed

earlier in Figure 3-7b with # ~ 0.56.

ORZ Scaling Curves

Using the results from Figures 3-5b and 3-9, we replace the axes of Figure 3-7b by

their respective characteristic time scales. We define a characteristic ORZ flow time

based on foRz, TORZ flow = 1/27rfoRz, and a characteristic flame time based on Kext,

Tflame = 1/Kext. At each #onset required for the transition from Flame III to IV, the

imposed flow time is plotted against the associated flame time scale computed at both

Tin = 300 and 400 K (Figure 3-10). From Table 3.2 we know that the reactants in

the ORZ are at temperatures closer to 400 K. The importance of taking into account
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Figure 3-10: Characteristic flame time versus characteristic ORZ flow time for air
and oxy flames. Flame time is computed at 300 K and 400 K.

the preheating of the ORZ reactants is clearly seen in the figure; both the air and

oxy data only collapse into a single line that splits the flow-flame times space into

flames III and IV regions, at 400 K. This is not the case when Tflame is computed at

Tin= 300 K. Therefore this proves that modeling and scaling flame stabilization also

requires an accurate understanding of the thermal conditions present in that zone of

interest.

Taking this scaling a step further, data from a previous study on CH4/H 2/Air

flames [4] are reproduced and plotted in Figure 3-11 along with the oxy data from

the current work. The extinction strain rates of the data points from this previous

study were recomputed at Tin=400 K to better account for the temperatures in the

ORZ. The figure shows results for multiple swirl numbers, Reynolds numbers, fuels

and oxidizers. Despite all the different variables between the data points, we once

again observe that the results fit relatively well along a line separating the conditions

between Flame III and Flame IV. Specifically, the fact that the CH4/H 2/Air mixtures

with relatively fast chemistry (high SL) [110], and the CH4/0 2/CO 2 mixtures with
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Reynolds numbers and Swirl numbers. Flame times are all computed at 400 K.

slow chemistry both collapse onto the same curve in the Tflame-TORZ flow space is a

novel finding. Therefore, one of the most important outcomes from this plot is the

establishment of the extinction strain rate as a critical flame parameter for under-

standing and scaling these premixed reacting flows. This point will be emphasized

and expanded upon throughout the rest of this thesis.

3.3 Conclusions

In this chapter, we examined the specific flame transition linked to the occurrence

of combustion instabilities in a gas turbine combustor for methane oxy-combustion

mixtures. The following conclusions were reached:

1. The spinning frequency of this ORZ flame is a purely kinematic phenomenon

with a fixed Strouhal number independent of the Reynolds number. This makes
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the inlet velocity a more relevant parameter for maintaining similar flow condi-

tions in the ORZ and isolating thermo-chemical effects, when comparing air to

oxy-combustion.

2. There exists a flame transition point where the onset of flame stabilization in

the ORZ takes place at the same equivalence ratio and inlet velocity in both

air and oxy-combustion. This equi-transition point occurs at a point where the

laminar burning velocities between the two mixtures are much different.

3. By defining the inverse of the ORZ spinning frequency as a characteristic flow

time and the inverse of the extinction strain rate as a characteristic flame time

scale, we constructed a map with a single line separating two different flame

stabilization modes, valid for a whole range of different inlet conditions (Swirl

numbers, Reynolds numbers, fuels and oxidizers).

4. In order to successfully scale this data for the different mixtures (CH4 /H 2/Air

and CH4/0 2/CO 2 ), the extinction strain rate must be computed at the realistic

temperature of the ORZ reactants.

These results serve to promote a better understanding of the governing mechanism

behind flame stabilization in turbulent swirling oxy-combustion systems. The most

novel finding is the importance of the extinction strain rate as a flame parameter for

scaling these flows. In the next chapter we delve deeper into what exactly impacts

extinction strain rates in oxy-combustion mixtures, and also why we observe this de-

pendence of extinction strain rate on the inlet temperature. In the other forthcoming

chapters, we investigate what other flow features (ex. recirculation zone lengths) also

scale with extinction strain rate and whether LES can capture the correct ORZ flame

transition mechanism.
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Chapter 4

Response of Flames to Strain; Role

of Chemistry and Transport

4.1 Introduction

Prior works have shown that when changing the fuel by adding hydrogen to a gaseous-

hydrocarbon, it is the extinction strain rate that determines the flame shape [110, 4],

flow-structure[5] and combustion instability triggering point [107. This naturally

leads to the question of what drives the extinction strain rate effect: Is it due to the

fuel chemistry - which we refer to as the chemical effect - or due to the transport

properties such as diffusivity, viscosity, etc. ?

In the previous chapter, we compared the conditions leading to the stabilization of

lean turbulent methane air and oxy-flames in the outer recirculation zone (ORZ) of a

premixed swirl combustor. We found that when similar bulk flow conditions are im-

posed, the transition in the flame macrostructure to an ORZ flame, scaled according

to the extinction strain rate and can occur at different adiabatic flame temperatures.

Two key points are the importance of calculating the extinction strain rates at real-

istic thermal conditions (in the ORZ), and the existence of a crossover point in the

extinction strain rate curves for air and oxy combustion. As the inlet reactant tem-

perature was changed, this crossover point was found to occur at different equivalence

ratios portraying the different sensitivities for air versus oxy combustion. In the cur-
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rent study, the explanation for these different sensitivities will be investigated further

as a way to fundamentally understand the differences in air versus oxy combustion

and the importance of the CO 2 effect.

4.1.1 Literature Review

The impact of these fundamental differences on the turbulent oxy-flame was also in a

study by Watanabe at el. [18], where they also examined the structure of lean turbu-

lent premixed CH4/air and CH 4/0 2/CO 2 flames in a swirl-stabilized combustor at the

macro and micro-scales. The CO 2 dilution in the oxy-flame was adjusted to achieve

the same adiabatic flame temperature for both flames while keeping the equivalence

ratio (=0.65) and Reynolds number (=20,000) the same. At these conditions, it was

observed that the oxy-flame length was noticeably shorter than the air flame and the

oxy-flame also appeared to burn more intensely. A similar observation was made for

stoichiometric oxy flames in experiments by Shroll [39]. Although laminar burning

velocities of oxy flames are lower as has been extensively reported in the literature,

the turbulent dynamics properties such as the small scale wrinkling of the flame were

shown to explain these observed trends. The flame surface density of the oxy flame

at these conditions was found to be higher than of the air flame downstream of the

expansion section. The formation of smaller wrinkles in the oxy flame was attributed

to the Lewis number effects i.e. oxy-flames being more thermo-diffusively unstable.

There have not been many studies that investigate the specific role CO 2 plays in

changing important flame properties (ex. flame temperature, flame speed, extinction

strain rates...). Song et al. [19] isolated the chemical effects of CO 2 from the physical

effects (thermochemical, transport, radiation) in methane oxy-combustion, and found

that the chemical effects were primarily responsible for the reduction in combustion

temperature when compared to methane-air combustion with the same oxygen con-

centration. For the opposed diffusion flame they studied, an oxidizer compositioA of

36% 02/64% CO 2 was required for the oxy-flame to achieve the same temperature as

the air-flame. They also found that the heat release rate of CO 2 + H :- CO + OH to

be most heavily impacted by CO 2 addition (see Figure 4-1). The importance of this
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reaction will be further studied in this work as well.

In a computational study by Halter et al. [7], they predominately related the

heat capacity effect to the decrease in the laminar burning speed of a stoichiometric

methane-air flame diluted with CO 2 . The CO2 diluted flame also caused a larger

decrease in the burning speed compared to the N 2 diluted flame. In these calculations,

they kept the equivalence ratio constant and equal to stoichiometry. In order to isolate

the chemical effect of the CO 2 dilution, a new molecule was introduced (F-C0 2 , for

'False' C0 2 ) which was chemically inactive. They observed the laminar burning speed

for this F-CO 2 flame to be located between those corresponding to the CO 2 and N 2

diluted flames. The CO 2 dissociation effect was non-negligible but this effect became

less important as the dilution level was increased.

In another study by Watanabe et al. [99], they also investigated the role of CO 2

versus N 2 transport properties on the flame consumption speed of lean premixed oxy-

combustion of methane. The transport properties of CO2 were changed to those of N 2
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in the oxy calculation but the specific heat and density were kept the same in order

to match the flame temperature with air-combustion. They found that the new oxy

calculation (with N 2 transport properties) had a similar flame speed as the original

oxy calculation but lower extinction strain rate. This shows that the CO 2 transport

properties actually improve the stability of the flame by increasing the extinction

strain rate. But the effect of transport properties does not affect the flame speed

much, possibly implying that the chemical effect of CO 2 is mainly responsible. This

will be verified and expanded upon in the current chapter.

Two types of chemical times were calculated by Amato et al. [2] for both CH4/Air

flames and near stoichiometric CH4/C0 2/0 2 flames. The first time scale, the ratio of

premixed flame thickness and flame speed, showed the air flame to have lower values

than the oxy flame for an initial temperature of 533 K. Interestingly, the stoichiometric

oxy flame had the largest chemical time and so at this point, which maximizes fuel

and oxygen usage, the weakest flame stability is expected. For the other time scale,

the inverse of the extinction strain rate, they showed the CO 2 dilution and near

stoichiometric operation of the oxy flame had a major inhibiting effect. The air flame

was found to have chemical times ten times faster at 1800 K. It is still unclear why

exactly we see this difference between the two flames i.e. what exact role does the

CO 2 play in the inhibiting effect?

4.1.2 Objectives

In this chapter, we aim to relate the differences in the response to strain between

laminar air and stoichiometric oxy flames to help in explaining the turbulent flame

structure differences. By investigating the effect of chemistry, reactant inlet tempera-

ture, product composition, heat transfer and transport properties of the CO 2 dilution

in the stoichiometric oxy flame, a better understanding can be gained on the fun-

damental differences between these two flames. Specifically, the goals of this work

are:

1. Understanding the flame stability characteristics of practical premixed stoichio-
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metric oxy-combustion flames.

2. Why are there differences in the extinction strain rates and flame consumptions

speeds between air and oxy flames ?

3. Since flame stabilization scaling is sensitive to the reactant inlet temperature,

what effect does this inlet temperature have on the two flames ?

4.1.3 Cases Investigated

We mainly investigate five cases which are shown in Table 4.1. The two modified oxy

cases were implemented by modifying the chemical mechanism and transport files used

in the calculations. It should be noted that the Oxyco 2 inert case is not technically

"inert" since the CO 2 still participates in other reactions in the mechanism.

Case Label Description
Air (Lean) Air Lean CH 4/Air mixtures
Air (Stoichiometric) Airstoich Stoichiometric CH 4/Air mix-

tures
Oxy (Base) Oxy Stoichiometric CH4 /0 2 /CO2

mixtures

Oxy (CO 2 inert) OxyCo2 inert Stoichiometric CH4/0 2 /CO 2

mixtures with the forward
reaction of
CO2 + H < CO + OH
removed

Oxy (CO 2 with N 2 transport OxyN2 transport Stoichiometric CH4 /0 2 /CO 2
properties) mixtures using CO 2 with N 2

transport properties (mass dif-
fusivity, thermal conductivity,
dynamic viscosity)

Table 4.1: The main cases tested in this chapter

The proper mixture compositions for given adiabatic flame temperatures for both

air and oxy cases, are calculated using the open source software Cantera [23] by

equilibrating the mixture at constant enthalpy and pressure (complete combustion is

not assumed).

89



Twin Flames

CH/Air CH/Air
or or x

CH4O 2/CO 2  CH4O 2/CO 2

Premixed Premixed
Reactants Reactants

Figure 4-2: Numerical premixed laminar twin flame configuration setup

CHEMKIN-PRO [108] is used to perform all of the consumption speed and ex-

tinction strain rate calculations as explained in section 2.2.2. We use the symmetric

opposed reactants setup as shown in Figure 4-2. As we show in Chapter 6, the

asymmetric opposed reactants. and products configuration should be used in order

to better capture the effects of heat loss in the turbulent flame near the walls. The

conventional definition of extinction strain rate is used (see [111]), and it is defined

as the maximum axial velocity gradient just before the flame. This type of extinction

model was shown to capture the turbulent flame behavior in the previous Chapter

and will also be used in the rest of this thesis.

Besides the adiabatic flame, gaseous radiation for oxy-flames was included using

an optically thin radiation model with a Plank mean absorption coefficient. The

simple optically thin model has been frequently used in studies to examine the effects

of CO 2 dilution on the flame radiation for CH4 /0 2/CO 2 mixtures [96, 97, 98]. In

recent work [18], simulations adopting this radiation model were found to produce

the most accurate extinction strain rates when compared to experimental results. By

using this radiation model, we are considering the maximum impact of radiation on

extinction for these mixtures since it generally over-predicts radiative losses. Effects

of radiation led to changes on the order of 10% and 1% for oxy-flames and air-flames

respectively. Therefore, we only included radiation in the oxy computations.

Once again the air-flame (CH 4 /0 2 /N 2 ) is modeled using the commonly used GRI-
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Mech 3.0 [54]. For the oxy-flame (CH4/0 2/CO 2) kinetics, the mechanism proposed

by Mendiara and Glarborg [109] is used. As was shown in the previous chapter, this

mechanism had a better extinction strain rate agreement with non-premixed experi-

ments by Maruta et al [66], compared to calculations using GRI-Mech 3.0. The results

using GRI-Mech 3.0 underpredicted extinction strain rates. Premixed experimental

extinction strain rates for these oxy-combustion mixtures are not yet available in the

literature in order to further validate the mechanism under the conditions studied in

this chapter.

Also from the previous chapter, where we scaled the transition between flame sta-

bilization modes in a premixed swirl combustor using characteristic flow and flame

time scales, we showed that in order to successfully scale air and oxy data, the ex-

tinction strain rate must be computed at a temperature that reflects realistic thermal

conditions in the outer recirculation zone. We measured this temperature to be 400 K.

Therefore, in this chapter, we will continue using this criteria and so all of our strained

calculations are performed with inlet reactants at 400 K unless stated otherwise.

4.2 Transport Properties

The change in diluent from N 2 to CO 2 for oxy-combustion of methane impacts the

flame and combustion process due to numerous changes in some attributes includ-

ing, flame temperature and mixture heat capacities, important transport properties,

chemical kinetics and radiative heat transfer. In this section, the transport properties

are explored by looking at how different they impact air versus oxy-combustion.

4.2.1 Flame Temperature

We start off at the common reference point of comparing the adiabatic flame temper-

ature for air and oxy-combustion. As we mentioned before, we are looking at stoichio-

metric oxy-flames in this chapter. By fixing the equivalence ratio in oxy-combustion

there is one more degree of freedom in mixture composition: diluent mole fraction. In

order to have a fair comparison for the oxy and air flames, the same adiabatic flame
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Figure 4-3: Equilibrium flame temperatures for air and oxy-combustion mixtures

calculated at 300 and 400 K
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temperature is used in the comparisons by varying the CO 2 diluent mole fraction in

oxy-combustion and varying the equivalence ratio in air-combustion. This is the same

approach throughout most of the chapter. In section 4.3 we additionally consider an

air case where we have a stoichiometric mixture of CH4 and 02 and we vary the N 2

diluent to achieve the same adiabatic flame temperature as in the other cases (CH 4 +

202 + N2 ).

Figure 4-3 shows equilibrium flame temperatures plotted against the equivalence

ratio for air combustion and the stoichiometric oxy-combustion temperature is plot-

ted versus a reversed axis of moles of CO 2 in the reactants to make comparisons

convenient. These equilibrium calculations were done using the open source software,

Cantera [23] at atmospheric pressure and for two reactant temperatures (300 and 400

K).

In other words, the main reactant mixtures are # CH4 + 2 (02 + 3.76 N 2) for air

and CH4 + 202 + a CO 2 for oxy-combustion, where 0 and a are varied to achieve

the same flame temperature. The adiabatic flame temperature given in the figure is

the calculated equilibrium temperatures for reactant inlet temperatures of 300 K and

400 K at a pressure of 1 atm, since these are the conditions in our oxy-combustion

experiments (see previous chapter). In all of the references to mole fractions in this

chapter, the mole fraction is defined as the mole fraction in the whole reactant or

product mixture, not the mole fraction in the oxidizer for example.

The heat capacity of CO 2 is about 1.7 times greater than that of N2 , therefore

for oxy-combustion, one requires a greater mole fraction of 02 in the reactants, in

order to achieve the same flame temperature as in air-combustion and for the same

equivalence ratio. For example, a stoichiometric equivalence ratio in both air and

oxy-combustion, the 02 mole fraction is around 33% for the oxy case compared to

21% for air.

4.2.2 Lewis Number

The diluent gas transport properties has an important influence on flame characteris-

tics and quantities such as flame speed and stretch sensitivity. Table 4.2 compares val-

93



Consumption A L
speed sc Adiabatic flame

Non adiabatic3
L Marksten zone flame

s =s 0 Lc K Stretch K

0 Critical stretch

Figure 4-4: Effect of stretch on the consumption speed for fuel with Le < 1 [20]

ues of the density, thermal diffusivity, mass diffusivity (CH4 into diluent and 02 into

diluent), and the Lewis number, Le, for air, C0 2, CH4-Air, and CH4-Oxy mixtures,

assuming unity stoichiometry and atmospheric temperature and pressure, obtained

using Cantera. The Lewis numbers for the CH4/Air and stoichiometric CH4 /0 2/CO2

mixtures are plotted versus the adiabatic flame temperature for a reactant mixture

at 300 K in Figure 4-6. Since the oxy-fuel mixture is stoichiometric, we plot both the

fuel Lewis number and the oxidizer Lewis number. The Lewis number is defined as:

Le = (4.1)
Dk,m

where ce is the thermal diffusivity and Dk,m is the mass diffusivity between species,

k, and the mixture, m. For air-combustion, the Lewis number is calculated simply

using the mass diffusivity between the fuel (CH 4) and the mixture.

The Lewis number (Le) is an indirect measure of the flame intensity's sensitivity

to stretch. When Le<1 the relative mass diffusion is higher than heat diffusion,

therefore increasing the burning rate when the Markstein length is negative (Figure

4-4). However for Le>1, the opposite should be expected but very high strain will

always lead to extinction [90] (Figure 4-5).

The Lewis number for air-combustion is around unity, as is commonly seen in

the literature [110], but the stoichiometric oxy-combustion Lewis numbers are both

less than one and increase with the flame temperature. This impacts the response to
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Figure 4-5: Effect of stretch on the consumption speed for fuel with Le > 1 [20]

p a Dk,m Le
kg/M 3  10-6 M/s 2  10-6 M/s 2  (for mixtures)

Air 1.172 22.28 - -

CO 2  1.788 11.52 - -

CH 4  0.652 24.57 - -
CH4 + Air 1.123 22.44 22.40 1.002

CH4 + (02 + C0 2 ) 1.495 15.27 17.16, 20.28 0.889 (02/C0 2 ), 0.753
(CH 4/CO 2 )

Table 4.2: Some important transport properties for air and oxy-combustion mixtures
at 300 K and 1 atm (source: Cantera [23])

strain of the two flames. As a result, the oxy flames display enhanced flame speeds as

the flame is strained whereas the air flame's response is almost flat. But fuel stream

Lewis numbers in general had much stronger impacts on flame location, heat release

and flame dynamics than the oxidizer Lewis number [112, 113]. As can also be seen

in the figure, at the higher temperatures for oxy-combustion, where there is less CO 2

in the mixture, the Lewis number approaches that of air-combustion.

Despite these differences in the Lewis numbers between the air and oxy mixtures,

if we compare the mass diffusivities of the radicals into these two mixtures we do not

see a significant change. Figure 4-7 shows the mass diffusivities of certain radicals

into the two mixtures in order to have a better idea about the transport properties

effect on the flames and Table 4.3 presents the percentage differences of these values

between air and oxy. The average difference in diffusivities is only around 13% for an
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Figure 4-6: Lewis numbers of lean methane-air and stoichiometric methane-oxy flames

Tin (K) 300 400 600 800 1000 1200 1500
0 13.9% 12.7% 11.6% 11.1% 10.8% 10.7% 10.6%

% Diff. H 12.3% 10.8% 9.2% 8.4% 8.0% 7.8% 7.5%
OH 14.1% 12.9% 11.8% 11.3% 11.0% 10.9% 10.7%

Average 13.4% 12.1% 10.9% 10.3% 10.0% 9.8% 9.6%

Table 4.3: Differences in the mass diffusivities of radicals into the mixtures between
air and oxy versus inlet temperature

inlet mixture at 300 K and this difference decreases with the inlet temperature down

to 9.6% for 1500 K. This small change in the transport of the radicals when one goes

from a CH4-air mixture to a CH 4-oxy mixture, solely, does not seriously impact the

flame's response to strain and stability as we show later.

4.3 Consumption Speed

The consumption speed is calculated for all of the cases for the setup in Figure 4-2

and using equation 2.12. This symmetric, opposed reactants setup was described in
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Figure 4-7: Diffusion coefficients of important radicals into the two air and oxy mix-
tures as a function of inlet temperature

greater detail in Section 2.2.2. The strain rate was increased until extinction and at

each point, the speed was calculated. Flame extinction occurs at the turning point of

the flame consumption speed. The conventional definition of extinction strain rate is

used (see [111]), and it is defined as the maximum axial velocity gradient just before

the flame. This type of extinction model was shown to capture the turbulent flame

behavior in the previous Chapter and will also be used in the rest of this thesis.

Figures 4-8 and 4-9 show the calculated consumption speeds for all of the air and oxy

cases for adiabatic flame temperatures of 1800 K and 2100 K respectively.

As can be seen in the figures, at 1800 K the air case has a much higher consumption

speed than all of the three oxy cases (almost double). Due to very high concentrations

of CO 2 under oxy-fuel conditions, this enhances the forward reaction of:

CO 2 +-H <- CO + OH (4.2)

and along with the single most important chain branching reaction,:
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H+0 2 < > O+OH

this significantly reduces the concentrations of important radicals, leading to the

significant reduction of the fuel burning rate [62]. This then reduces the consumption

speed as is seen in the figures.

Moreover, the flame consumption speed and extinction strain significantly in-

creases in the OXYCO2 inert flame compared to the base oxy flame. This is again due

to the effect of reaction 4.2. When the forward reaction rate of this reaction is set to

zero, there is no longer that competitive reaction for H radicals and so both the flame

consumption speed and extinction strain rate are increased in this special oxy case.

The effect of the CO 2 transport properties have less of an impact on the oxy flame.

The flame consumption speed is almost identical to that of the base oxy case. But

the extinction strain rate of the OXYN2 transport flame decreases, indicating that the

CO 2 transport properties actually improve the flame stability and have a positive

effect of helping to increase the extinction strain rate. These responses agree with

what Watanabe et al. [18] also found for lean oxy-combustion. Our work here is a

follow up but for practical conditions of stoichiometric oxy-combustion and looking

closer at the effect of the reactant temperature. Since the Lewis Number in the CO 2

environment is lower, this results in an increase in its extinction strain rate, purely

due to transport [114].

In Figure 4-9, for the higher temperature, it is observed that the air and oxyco 2 inert

cases start to have similar consumption speeds and the oxyco2 inert flame actually has

a larger extinction strain rate. As will be seen in the next section, when we plot the

extinction strain rate dependence on temperature, there exists a cross point between

these two cases and for the higher temperatures, the air case starts to have lower

extinction strain rates than that special oxyco 2 inert case.

There is also a Lewis number effect observed in the plots. From section 4.2.2 we

saw that the air flame has a unity Lewis number whereas the oxy flame has a Lewis

number that is less than one and increases as the temperature increases. This effect
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is again seen here at the lower temperature where the Lewis number is lower, the oxy

cases have a clear increase in the consumption speed as the strain rate increases from

zero up until extinction. The air flame's consumption speed has almost no response

to stretch as was expected. However at the higher temperature of 2100 K, heat loss

from radiation starts to play a bigger role and counteracts this Lewis number effect

and so the strain rate has less of an effect on the consumption speed for the oxy cases

compared to those at 1800 K.

In Figure 4-10 we additionally model the air case which has a stoichiometric

mixture of CH 4 and 02 and the N 2 diluent is varied to achieve the same adiabatic

flame temperature as in the other cases (CH 4 +202+ON 2), the corresponding results

are referred to as "airt~Och" in the figure. Since CO 2 has a higher specific heat

capacity than N 2, less moles of CO 2 diluent is needed in the oxy mixture than moles

of N2 diluent in the stoichiometric air mixture in order to achieve the same flame

temperature. For example at Tad=2100 K, 5 moles of CO2 are needed in the oxy

mixture compared to 9 moles of N 2 in the air mixture. Since N 2 transport properties

reduce extinction strain rates as we showed for the oxy cases, this transport effect is

also reflected in the air-flame results in Figure 4-10. The stoichiometric air case has

much lower extinction strain rate values than the original lean air combustion case

partially due to the greater fractions of N 2 present. If we also compare the 02 mole

fractions in the reactants for these two air cases, we see that the stoichiometric case

has a lower 02 concentration of 17% versus 19% in the lean air case at Tad=2100 K.

The fuel mole fraction is about the same for the two air cases (~ 8.5 %). Since there

is less oxygen but the same amount of fuel in the reactants of the stoichiometric air

mixture, the consumption speed of this flame is lower as a result of the reduced heat

release.

4.3.1 Chemical Effect of CO 2

We also modified the chemical mechanism used for the air case (GRI) in order to

run a new case, "airC0 2 inert", just to see how the chemical effect of CO 2 now affects

the air flame. The results are shown in Figure 4-11 where the consumption speeds
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Figure 4-10: Consumption speeds at Tad=2100 K showing the additional stoichio-
metric air case (brown line).

are plotted versus the strain rate for the adiabatic flame temperature of 2100 K. The

two air and oxy CO2-inert cases are compared. We observe the same trend in the air

cases that was seen earlier for the oxy cases in that both the consumption speed and

extinction strain rates increase after modifying the chemical mechanism such that the

C02 is considered "inert". However due to the much higher concentrations Of C02 in

the oxy cases (as will be shown later), this effect is magnified. Both the consumption

speed and extinction strain rate almost double after modifying the mechanism for the

oxy case whereas in the air cases the increase in consumption speed and extinction

strain rate is much milder. This highlights the differences between the air and oxy

flames and the important role the presenceOf C02 plays.

These results show us that the chemical effect Of C02 has a much larger impact

on the flame extinction strain rate than the transport effect. Since the CO2 diluent

participates in the chemical reactions, it is mainly responsible for the decrease in

flame consumption speed when running oxy-combustion compared to air.
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Figure 4-11: Consumption speeds at Tad=2100 K showing the chemical effect of CO 2.

4.3.2 Effect of Inlet Temperature

Next we look at the impact of the inlet temperature on the consumption speed. Figure

4-12 shows the consumption speed plotted for the two temperatures of 300 K and 400

K for the adiabatic flame temperature of 2100 K. As expected, the consumption speed

increases with the increasing inlet temperature. This variation with temperature

shows the importance of choosing the right temperature when calculating these values

in order to accurately reflect the conditions present in the combustor regions being

investigated. The absolute values of the change in speeds is higher for the air and

OXYCo2 inert cases, as seen, but the percentage differences are almost the same for all

four cases. The consumption speed increases by approximately 66% when the inlet

temperature is increased from 300 K to 400 K. We see here that the absolute change

in consumption speed with temperature is different for the air and base oxy cases,

which agrees well with our results and observations previously.

Most studies in the literature perform flame calculations at atmospheric condi-

tions but as we showed previously, choosing the right reactant temperature for these
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calculations is very important. Therefore we next look at the sensitivity of Reaction

4.2 to reactant temperature since they are not the same for the air and oxy cases (see

Figure 4-13) due to the differing concentrations of CO 2 as we will also show in section

4.5. Figure 4-13 shows the sensitivity of reaction CO + OH , CO 2 + H to the inlet

reactant temperature for the same twin flame configuration. The reaction rates for

the net, forward and reverse reaction are plotted versus inlet temperature for air and

oxy cases. The results in the plot help explain why we see the different extents to

which the consumption speed and extinction strain rate change with inlet tempera-

ture for the air and oxy cases. For the air case, the net reaction rate (solid line) shows

an increase with the inlet temperature whereas for oxy-combustion, the net reaction

rate remains almost flat. This can also be seen from the forward and reverse rates

lines where they diverge at higher temperatures for air but their difference is almost

constant for oxy. These differing sensitivities to the inlet temperature by this reaction

rate, causes the effect we saw in the previous figure with the different responses for air

versus oxy in the flame characteristics. For air-combustion, since the reaction rate is

more sensitive to the inlet temperature than oxy, we see it's consumption speed and

extinction strain are also affected more by the inlet temperature than oxy (Figures

4-12 and 4-19). This further proves the point that the chemical effect of CO 2 is what

causes the main differences between air and oxy combustion when the flames have

different reactant temperatures. Practically speaking, the different zones in the com-

bustor might have reactants at different temperatures and so flame extinction and

stability behaves differently for air and oxy combustion as shown experimentally for

turbulent flames in the previous chapter.

4.4 Extinction Strain Rate

Next the extinction strain rate is calculated by looking at the strain rate at which

the turning point in the temperature response plot occurs. Results with and without

considering radiation for the oxy cases are considered as well as the effect of inlet

temperature.
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Figure 4-14: Extinction strain rates for inlet reactants at 400 K and radiation is
considered for the oxy cases.

Figure 4-14 shows the calculated extinction strain rates for the three stoichiometric

oxy cases and the air case plotted against the adiabatic flame temperature. The

results verify what was seen earlier in the consumption speed calculations where the

air flame's and the OXYC02 inert flame's curves cross at a temperature around 2050 K.

Also as was seen earlier, the air flame has higher extinction strain rates than the oxy

cases for most temperatures up until 2050 K. This is mainly due the high fractions of

CO 2 enhancing the forward reaction of 4.2 and reducing radical concentrations which

significantly affects the methane oxidation rate (Figure 4-21). When the forward

reaction rate of reaction 4.2 is set to zero, thus making the CO 2 significantly less

reactive, the extinction strain rate more than doubles over the base oxy case.

It can also be seen that the transport properties of CO 2 have a small effect on

the flame stability and extinction strain rate where the oxyN2 transport curve is very

similar and values are a little lower than the base oxy case. This suggests that the

CO 2 transport effect actually improves the flame's resistance to extinction.

In order to visualize the two competing effects: chemical versus transport, Figure
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Figure 4-15: Extinction strain rate comparison showing the effect of chemistry versus

transport for Tad1800 K

4-15 shows the extinction strain rate for the three oxy cases at an adiabatic flame

temperature of 1800 K. The chemical effect of the CO 2 dilution on the oxy flame has

a much larger impact on the extinction strain as shown than the transport effect.

This clearly shows the difference between air and oxy combustion in that a passive

diluent (N 2 ) compared to a chemically reactive diluent (C0 2 ) plays a big role in

flame stability. Although the CO 2 does have a positive effect by slightly improving

flame stability due to the favorable transport properties, the negative chemical effect

ultimately results in a weaker flame with respect to the lower burning rate.

In Figure 4-16, the additional stoichiometric air-case results are shown. This case

serves as another way for comparing extinction strain rates of air and oxy flames

by keeping both equivalence ratio and flame temperature the same, which is not

the norm in literature studies. As mentioned, since CO 2 has a higher specific heat

capacity than N 2 , less moles of CO 2 diluent is needed in the oxy mixture than moles

of N 2 diluent in the stoichiometric air mixture in order to achieve the same flame

temperature. The extinction strain rate results from this additional case show an
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Figure 4-16: Extinction strain rates showing the additional stoichiometric air case

(brown line).

interesting trend. Both the stoichiometric air and oxy cases have similar extinction

strain rates and the stoichiometric air case has much lower values and a different

shaped curve than the original lean air combustion case. Both the increased N 2 and

decreased 02 fractions in the stoichiometric air case contribute to the effects observed.

Therefore if we want to compare air and oxy flames by keeping both the equivalence

ratio and flame temperature the same in a stoichiometric mixture, the flame stability

characteristics appear to be similar.

4.4.1 Effect of Radiation

Another important aspect in oxy-combustion is the effect of radiative heat transfer due

to the presence of CO 2 and H 20. As has been extensively shown in the literature [2, 67,

68, 69, 70, 71, 66, 72, 115, 116, 731, these species are far more effective absorbers and

emitters of thermal radiation than 02 and N 2 . Some simulations have indicated that

the CO 2 and H 20 present in the reactive gases, can either lead to enhanced preheating
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through the effects of radiative absorption from the hot product gases or could lead to

increased heat loss of the flame. Numerical investigations of the extinction limits of

strained premixed and non-premixed CH4/0 2/CO 2 flames at atmospheric conditions

showed that while significant preheating can in fact occur, the net effect seems to

be easier extinction due to increased heat loss [69, 66]. While the current radiation

modeling approach (optically thin) does not allow for radiative preheating effects,

we do see the effect of heat loss on extinction in our calculations at higher reactant

inlet temperatures. Figure 4-17 shows the extinction strain rates without including

the heat loss due to radiation; the extinction limits for the oxy cases shift to lower

temperatures than in the case where radiation is considered (Figure 4-14). Figure

4-18 presents the variation in the extinction strain rate when radiation is and is not

accounted for. As expected, the increased heat loss from the flame due to radiation

weakens the flame by decreasing the extinction strain rate. However the impact of

CO 2 radiation is limited and still much smaller than the chemical effect of CO 2 . The

Planck mean absorption coefficient of CO 2 is also much larger than those of other

species [96] and so flame radiation increases with increasing CO 2 fraction (decrease

in Tad). There is on average a 60 1/s decrease in the extinction strain rate when

radiation is accounted for, which amounts to percentage decreases of 17%, 15%, and

7% for the oxyN2 transport, oxy, and oxyCo 2 inert cases respectively.

4.4.2 Effect of Inlet Temperature

The effect of the inlet temperature also plays a role in the extinction strain rate values,

as shown in Figure 4-19. One expected observation is the extinction of the flames

at higher adiabatic temperatures for the lower inlet temperature. The extinction

strain rate also appears to be more sensitive to the inlet temperature especially for

the air and oxyC0 2 inert flames. The crossover point in the extinction strain rate

between them occurs at an adiabatic flame temperature of around 2050 K for the inlet

temperature of 400 K. However this crossover point remains at that same mixture

flame temperature of 2050 K when the inlet temperature is decreased to 300 K. For

the oxy and oxyN2 transport cases, there is a smaller decrease in the extinction strain
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Figure 4-19: Extinction strain rates showing effect of reactant inlet temperature: 400
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rate when the inlet temperature is decreased from 400 K to 300 K. The chemical

effect of the CO 2 appears to also play a large role here in the flame sensitivity to the

inlet temperature. The important reaction mainly responsible for the decrease in fuel

burning rate (reaction 4.2), appears to reduce the sensitivity of the flame extinction

to the inlet temperature. When this reaction is not considered in the chemistry as is

the case for the oxyco2 inert flame, there is a large change in the extinction strain rate

with inlet temperature. This shows that the inlet temperature will affect the air and

base oxy flames differently (also seen in Figure 4-12). Thus inlet temperature has a

bigger impact on the flame extinction for the air flame due to the lower concentration

of CO 2 . These laminar calculations give important insights into the expected behavior

of the turbulent flames. At the conditions where the extinction strain rates cross for

different reactant temperatures, we would expect similar flame stability characteristics

for the turbulent air and oxy flames.
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Reaction
1. OH+H 2 * H+H20
2. CO+OH < CO 2 +H
3. H+02 0+1OH
4. 2OH - )O+H 20
5. HCO( >H+CO
6. CH 4 +OH( )CH 3 +H 20
7. CH20+ OH& < -HCO+H 20
8. O+H2 ( ) OH+H
9. CH2 OH+H& -CH 3 + OH
10. CH4 +H ( - CH3 + H 2

Table 4.4: Top elementary reactions with the highest maximum reaction rate in oxy-
combustion

4.4.3 Effect of Reactions

Many studies in the literature have identified the reaction CO + OH +- CO 2 + H

as being one of the most important pathways to how CO 2 present in oxy-combustion

impacts the chemical kinetics [13, 19, 9, 2]. We have also shown throughout the previ-

ous results that this reaction specifically, significantly affects important flame stability

parameters such as consumption speeds and extinction strain rates. To solidify our

understanding of the chemical pathways that primarily affect extinction strain rates

in oxy-combustion, the sensitivity of Kext to certain reactions is investigated. This

was done by isolating and removing individual reactions from the chemical mecha-

nism in the simulation. Grinberg et al. [117] similarly studied the sensitivity of Kext

to important species during the process of generating a reduced skeletal mechanism

for methane oxy-combustion. Unsurprisingly, 02, H, 0, and OH had the highest

Kext sensitivity coefficients since these are the most important radicals in methane

combustion.

The maximum reaction rate of all the elementary reactions in the Glarborg mecha-

nism are calculated and the top 10 reactions with the highest reaction rates are listed

in Table 4.4 to help identify which reactions to investigate. In our short analysis,

we identified the top 3 reactions in the table to study their impact on Kext (Figure

4-20). The same reactions were also identified by Song et al. [19] as being the most
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Figure 4-20: Extinction strain rates for a stoichiometric oxy flame looking at the
effect of certain reactions.

heavily influenced by CO2 through their individual heat release rates. Figure 4-20

shows the significance of reaction CO + OH < > CO 2 + H once again through its

impact on Kext. The removal of the reverse of this reaction results in the highest

increase in Kext compared to the impact of the other two reactions. The main chain

branching reaction H + 02 < - 0 + OH also impacts Kext but not as heavily. The

third reaction OH + H 2 +-+ H + H20 barely had any affect even though it had one

of the highest reaction rates. This analysis shows the importance of including these

sensitive reactions if one wishes to construct a reduced mechanism for stoichiometric

oxy-combustion that correctly predicts extinction strain rates.

4.5 Product Composition

Finally we now compare the products composition of the air and oxy flames to further

strengthen our conclusions and explain the trends we saw earlier. Figure 4-21 shows

profiles of C0 2, 02, CO, H and OH radical concentrations for the twin premixed air
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and oxy-flames at a strain rate right before extinction. The profiles at this specific

strain rate condition are shown here since the concentration profiles showed similar

trends at other strain rates. Profiles are shown for two adiabatic flame temperatures

of 1800 K (a) and 2100 K (b). All of the profiles were calculated at the standard

conditions we have been using before of the inlet temperature of 400 K and with the

presence of radiation.

4.5.1 Air versus Oxy

At the lower adiabatic temperature, more CO 2 is added as a diluent in the oxy-

combustion cases in order to reduce the temperature than at the higher flame tem-

perature. Thus we expect the CO 2 concentrations in the products for Tasd=1800 K

naturally to be higher due to this, as is seen in the plot. This will then also increase

the CO mole fractions for the oxy cases and if you compare the base oxy (blue) to the

air case (red), the oxy case has about three times more CO emissions for both flame

temperatures. This is the common theme for skepticism and complaints related to

oxy-combustion.

There is also a difference in CO levels when changing the adiabatic flame tempera-

ture. This is due to both the increased rates of reactions with increasing temperature,

and the change in the reactants' compositions which will then affect emissions through

the same important reactions mentioned previously, and are again shown below.

C02+ H* -- CO+ OH (4.4)

H +02 O+ OH (4.5)

Looking at the important radicals, H and OH, Figure 4-21 mainly shows that the

air flame has higher radical concentrations than the base oxy. Due to the high com-

petition for radicals in oxy-combustion through the two reactions above, the radical

concentrations are lower and so the flame speed is reduced as we showed before. In fact

many researchers have shown that the high levels of CO 2 present in oxy-combustion
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reduce the H radical through reaction 4.4, leading to a lower concentration of chain

carriers via reaction 4.5 [64, 118, 119]. We have a similar conclusion from our calcu-

lations but at higher reactant temperatures.

4.5.2 Chemical Effect of CO 2

Any differences we see in the emissions between the OXYCO2 inert flame and the other

oxy flames will be due to reaction 4.4 which we are not modeling, thus isolating its

effect. As we showed earlier, this reaction is mainly responsible for explaining the

differences in the flame stability we see between air and oxy-combustion, and now

looking at emissions we see this reaction is again very important.

We stated earlier that the high levels of CO 2 and the competition for radicals leads

to the reduced radical concentrations in oxy-combustion when compared to air. Thus

if we reduce this competition for radicals by setting the forward reaction of reaction

4.4 to zero, we should expect the radical concentrations to rise when compared to the

base oxy flame with all reactions included. As we see in Figure 4-21, this is indeed

the case. The oxyco 2 inert even has higher radical concentrations than the air flame

thus proving reaction 4.4's importance.

It can also be seen from Figure 4-21 that the CO 2 fraction in the products for the

oxyCo 2 inert flame (grey) is higher than the other oxy cases (blue and orange). This

is shown as a sharp peak at a distance of 1 cm. Since the CO 2 is considered "inert",

reaction 4.4 does not occur and therefore much less CO is produced which is also

shown in the figure.
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4.6 Conclusions

The work here builds on conclusions made from the previous chapter observations by

investigating why there are differences in extinction strain rates and flame consump-

tions speeds, and what effect the reactant inlet temperature has on air and oxy flames.

After examining the impact of CO 2 in stoichiometric oxy-combustion, by looking at

both transport and chemistry effects, we conclude the following on why we see these

differences in flame stability between air and oxy flames.

The Lewis number for stoichiometric oxy flames is less than 1, whereas for the air

flame it is unity. This impacts the response to strain of the two flames by affecting

the shape of the consumption speed curves. For lower flame temperatures, the oxy

flames display enhanced flame speeds as the flame is strained whereas the air flame's

response is almost flat. But at higher temperatures, heat loss from radiation is more

significant and the mixture Lewis number is higher resulting in flatter curves for the

oxy flame.

The chemical effect of CO 2 present in oxy-combustion has a bigger impact on

the consumption speed and flame extinction strain rate than the effect of transport

properties change. This is mainly due to the competition for radicals of the important

reaction: CO 2 + H 4 - CO + OH when high levels of CO2 are present in oxy-

combustion as has been suggested in the literature.

This work also reveals that this reaction affects the sensitivity of the flame prop-

erties to changes in the inlet temperature with the air-combustion flame being more

sensitive. This variation with temperature shows the importance of choosing the right

inlet temperature when calculating these flame values in order to accurately reflect

the conditions present in the combustor regions being investigated.

Contrary to what is observed in air flames, the CO 2 transport properties actually

positively impact the flame stability characteristics. For the oxyco2 inert case, both

the consumption speed and extinction strain rate significantly increase compared to

the base oxy flame.

Looking at emissions, the oxyco 2 inert flame has higher radical concentrations and
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also much lower CO fractions compared lo the other oxy cases, leading to the increased

flame stability observed in the consumption speed and extinction strain rate results.

Practically speaking, these calculations serve to explain the different flame stabil-

ity characteristics of air and oxy combustion in the different zones in a gas turbine

combustor. We have demonstrated that it is the extinction strain rate and not the

laminar burning velocity which is the important property for determining and com-

paring flame stability. The novelty here is building on this discovery by explaining

why we see the differences in the response to strain of the air and oxy flames and in

their sensitivity to the reactant inlet temperature.
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Chapter 5

The Role of Chemical Kinetics

Modeling in the LES of Premixed

Combustors

5.1 Introduction

Modern lean premixed gas turbines rely on wake flows for flame stabilization because

they create recirculation zones that can anchor flames. However these combustors are

also prone to combustion instabilities due to the coupling between their wake flow

dynamics and system acoustics [45]. The size and structure of these recirculation

zones is dictated by the combustor geometry (Figure 5-1) and these recirculating

flows in the wake of a bluff body, behind a sudden expansion or downstream of a

swirler, are pivotal for anchoring the flame and expanding the stability range [5].

Large eddy simulation (LES) techniques are important tools in fundamental stud-

ies of these flows and by having an appropriate combustion model and reaction mech-

anism, they afford a balance between computational complexity and predictive accu-

racy.

Chemical kinetic mechanisms designed for gas turbine combustion modeling have

traditionally focused on the ability to reproduce quantities such as fuel conversion
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or pollutant formation. On the other hand, little attention has been paid to their

suitability for predicting parameters related to flame-stabilization. When evaluating

which reduced mechanisms to apply in LES, characteristics such as the laminar flame

speed and ignition delay times are commonly used. However, in the previous chapters,

it was shown that it is important that a chemical mechanism is able to predict the

correct extinction strain rate, if it is expected to accurately capture and scale flame

macrostructure transitions. This importance of the extinction strain rate has also

been documented in a number of other recent studies [99, 107, 6, 120].

Triangular Bluff Body

Backward-Facing Step

Swirl

Figure 5-1: Mean streamlines (blue) and instantaneous heat release contours (red)
for three combustor geometries: Bluff Body, Backward-Step, and Swirl.

5.1.1 Literature Review

Cocks et al. [52] questioned the ability of LES to predict large scale structures in re-

acting flows such as the recirculation zone. They used the same Volvo test case that is

examined in this chapter and they showed a dependence of the unsteady dynamics on
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the numerical schemes in different CFD solvers. In the same geometry, Sardeshmukh

et al. [121] studied the impact of chemical kinetics on the combustion dynamics of

bluff-body flames. They tried to show that the mechanism that accurately captured

ignition delay: the detailed kinetics mechanism, resulted in a significantly more dis-

tributed heat release in the bluff-body wake and shear layer regions. However there

was not a significant difference in the prediction of recirculation zone length using

the two mechanisms they tested even though they had vastly different ignition delay

times. This raises an important question. What attribute of chemical mechanisms is

important in order to accurately predict recirculation zones in simulations?

There have been a number of studies in the literature looking at the importance

of reduced chemistries in reproducing turbulent flames in LES and DNS of premixed

and non-premixed combustors [122, 123, 124, 125]. However most of the studies

compare reduced mechanisms on the basis of laminar flame speed and adiabatic flame

temperature in simple geometries. Only the study by Franzelli et al. [124] studies a

partially premixed swirled methane/air flame with different kinetic models compared

on the basis of their laminar strained flame performance. They mainly looked at

temperature and CO profiles to evaluate the mechanisms for one flame macrostructure

simulation. Their ability to predict important flow structures such as recirculation

zones was not considered.

But it was recently demonstrated that in CFD simulations, predicting the extinc-

tion strain rate is an important indicator so that multi-dimensional simulations can

be expected to reproduce accurate flow and combustion features. In Michaels et al.

[6], DNS of laminar premixed bluff body stabilized CH4 /H 2/Air flames at various

temperature ratios were conducted. A sample of the results are shown in Figure 5-2

where the recirculation zone length (taken to define the flow time scale) is plotted

against two different chemical time scales. The top plot shows that when the laminar

unstretched burning velocity is considered in defining the chemical time scale, the

data is widely scattered and no clear trend is observed. However when the data is

plotted using the extinction strain rate to define the chemical time scale (bottom

plot), there is a clear trend showing how the recirculation zone length scales well with
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the extinction strain rate. This type of scaling is also seen in experiments as well. In

another study by Shanbhogue et al. [107], experiments on turbulent premixed swirl-

stabilized CH4/H 2/Air flames showed that different flame macrostructures occurred

at distinct equivalence ratios. But when these macrostructures are plotted against the

extinction strain rate, these shapes collapse to fixed values of Kext across the different

mixtures. This scaling further strengthens our hypothesis that the extinction strain

rate is an important parameter that dictates flame stabilization in premixed com-

bustion, and that the chemistry mechanism in CFD models must be able to predict

correct values of Ket if the simulations are expected to accurately capture realistic

flow and flame features.

5.1.2 Objectives

In this chapter, we use LES to model premixed mixtures and test multiple fuels

(propane and methane) and oxidizers (air and oxygen) in multiple geometries (bluff

body, backward step, and swirl). Specifically the goals of this work are:

1. Validating the LES code with the Artificially Thickened Flame (ATF) combus-

tion model in geomtries ranging from simplex to very complex.

2. Showing the impact of the chemical kinetic mechanism on predicting recircula-

tion zones.

3. Proving the importance of Kee on scaling recirculation zone lengths in different

combustor geometries.

5.2 Simulation Setups

We test our hypothesis in three combustor geometries: triangular bluff body, backward-

facing step and swirl combustors. The LES code and corresponding models used were

described in detail in Section 2.2.1.
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Figure 5-2: Flow vs chemical time scales for different fuels and inlet temperatures
from DNS simulations of premixed laminar CH4 /H 2/Air mixtures in a bluff body
stabilized combustor. The flow time scale is associated with a recirculation zone
length while the chemical time scale is either represented by the flame speed (top) or
extinction strain rate (bottom) of the chemical mechanism. Figures were generated
using data from Michaels et al. [6].
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Geometry Bluff Body Backward Step Swirl
Fuel Propane Propane Methane

Oxidizer Air Air Oxygen
Reynold's Number 48,000 6500 15,000-30,000
Inlet Temperature 288.2 K 293 K 300-500 K

Equivalence Ratio 0.65 0.63-0.85 0.56-0.7

Table 5.1: Operating conditions simulated in the three combustors

5.2.1 Bluff Body

Figure 5-3 shows the computational domain dimensions for the premixed bluff body

configuration, which is based on the Volvo test case in Refs. [126, 127]. The combustor

is a rectangular duct with a flameholder centered in the duct. The flameholders cross

section is a 40 mm equilateral triangle. The duct is 882 mm long with the bluff body

situated at 200 mm from the inlet. The inlet operating conditions tested are shown

in Table 5.1. A similar bluff body simulation was performed by Kewlani et al. [86]

using a similar code and combustion model as this study but with a different chemistry

mechanism. They obtained good agreements between the simulation results and the

experimental data and so the same type of meshes were used in this work also. The

non-uniform meshes (fine and coarse) are comprised of 1.54 million and 0.51 million

hexahedral cells respectively, and the cells get coarser as you move downstream. The

average cell sizes in the whole domain are 2 mm for the fine mesh and 3 mm for the

coarse mesh with maximum and minimum cell sizes of 3.6 mm and 0.7 mm for the

fine mesh and 4.1 mm and 1 mm for the coarse mesh, respectively. For the fine mesh,

immediately downstream of the bluff body, AZx=0.7 mm and Ay=0. 9 mm but the

mesh is slightly more refined in the shear layer regions (Azx=0.7 mm and Ay=0.7

mm), while Ax=1 mm and Ay=0.9 mm on average further downstream. For the

coarse mesh, immediately downstream of the bluff body, Ax=1 mm and Ay=1.3 mm

and the mesh is also more refined in the shear layer regions (LAx=1 mm and Ay=1

mm), while Ax=1.9 mm and Ay=1.3 mm on average further downstream.

Periodic boundary conditions are used in the span-wise directions, and no-slip

conditions are applied for the flow at the top and bottom walls of the duct as well as
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Figure 5-3: Computational domain dimensions for the bluff body case studied in this
work (reproduced from [21]).

the bluff body. We fix the mass flow rate as 0.2083 kg/s at the inlet, fix the stagnation

temperature of 288.2 K, zero inlet turbulence and a premixed propane-air mixture at

an equivalence ratio of 0.65. Dirichlet conditions are used for all variables at the inlet

except the pressure for which zero-gradient conditions are specified. Similarly at the

exit, zero-gradients are specified for all variables except the pressure for which wave-

transmissive conditions are used [86]. The top and bottom walls are also modeled as

adiabatic and the other variables are specified as zero-gradient. The time step used

in the simulations is 2 ps and the average values are calculated after sufficient times

such that steady state conditions are established.

5.2.2 Backward Facing Step

The backward-facing step combustor configuration is shown in figure 5-4 and is based

on the same combustor geometry as in our previous work [128, 5]. The inlet channel

is 20 mm in height and 50 mm long and the step height is also 20 mm. After the

sudden expansion, the length of the remaining combustor is 350 mm with a depth

of 160 mm. The inlet conditions tested are shown in Table 5.1 where a propane-air

mixture is introduced at various equivalence ratios and at an inlet velocity of 5.1 m/s

corresponding to a Reynold's Number of 6500 similar to our experiments [128, 5].
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Figure 5-4: Computational domain dimensions for the backward-facing step case
studied in this work (reproduced from [5]).

The code and mesh for the step combustor has been previously tested and validated

[129] and so only the chemical mechanism has been modified in the present work; the

goal here being to study the effect of the extinction strain rate of the kinetic model

on the results. Details of the experimental study were reported in Hong et al. [5].
The mesh consists of 0.35 million cells with an average cell size of 2 mm. The mesh

is also non-uniform with hexahedral cells. The time step for the simulations is 1 ps

and this conservative value was chosen in order to adequately resolve the chemical

time scales and consider local refinement and acceleration of the fluid above the bulk

inlet velocity [129]. Averaging of the desired variables is done after sufficient times

such that steady state conditions are observed.

The step simulations were performed in 3D with periodic boundary conditions in

the z-direction (perpendicular to the step), and at atmospheric pressure. A uniform

inlet velocity with fluctuations of around 5% of the inlet average value are considered

based on measured experimental values close to the inlet section [5]. No-slip con-

ditions are applied along all walls while zero-gradient conditions are used for other

variables. Similarly at the exit, zero-gradient conditions are specified for all variables

except pressure for which wave-transmissive conditions are used. Convection heat

transfer from the top and bottom walls is also considered to realistically reflect the
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wall's thermal boundary conditions in the experiments [128, 5].

5.2.3 Swirl

The swirl combustor configuration is shown in Figure 5-5 and is based on the same

combustor geometry as the experiment (Chapter 2). The inlet conditions tested are

shown in Table 5.1 where CH 4/0 2/CO 2 mixtures are introduced at various equiva-

lence ratios, inlet temperatures and Reynold's Numbers similar to the experiments

[18]. The code and mesh for the swirl combustor has been tested and validated before

[87] for CH4/Air mixtures and so in this study we change the inlet mixture to study

methane oxy-combustion and the effect of the extinction strain rate of the kinetic

model on the results. Details of the experimental study for a CH4/0 2/CO 2 mixture

at an equivalence ratio of 0.65 and Reynold's Number of 20,000 in the same geometry

are reported in Watanabe et al. [18].

The mesh consists of 0.65 million cells and the cells get coarser as you move

downstream. The average cell sizes in the whole domain is 1 mm with maximum and

minimum cell sizes of 1.6 mm and 0.32 mm. The mesh is also non-uniform with a mix

of tetrahedral and hexahedral cells. Tetrahedral cells are used around the swirler to

better model its geometry. The swirler has 8 blades each inclined at 450 to the cylinder

cross-section, with an estimated swirl number of 0.7. Grid sensitivity tests were

performed up to a 2 million cells grid [17, 85, 86]. The computational time increased

by a factor of three and the results did not show significant improvements, when

compared to experiments, in order to justify this increased time. The computational

times using these fine grids were also too long to allow a practical use of LES in this

case.

Dirichlet conditions are used for all variables at the inlet except the pressure for

which zero-gradient conditions are specified. The inlet velocity is uniform with tur-

bulent fluctuations imposed. No-slip conditions are applied along all walls while zero-

gradient conditions are used for other variables. Similarly at the exit, zero-gradient

conditions are specified for all variables except pressure for which wave-transmissive

conditions are used. Convection heat transfer from the walls is considered, while
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Figure 5-5: Computational domain dimensions for the swirl case studied in this work.

radiation within the gases and with the wall is neglected. The thermal boundary

condition used at the wall is a Robin (mixed) type boundary condition that takes

into account an effective external heat transfer coefficient.

5.3 Propane-Air Combustion Results

We start the analysis by first investigating propane-air mixtures in the simple geome-

tries of triangular bluff body and backward-facing step combustors. This will also

serve as a validation of the LES code and to initially support the idea that chemistry

is important.

5.3.1 Chemical Kinetics Modeling

CHEMKIN-PRO is used to perform the extinction strain rate calculations. More

details about these calculations and models can be found in Section 2.2.2.

Propane-air combustion is modeled using a reduced mechanism by Ghani et al.

[130] containing 5 species and 2 reactions. This mechanism gave acceptable approxi-

mations of adiabatic flame temperatures and laminar burning velocities in a laminar

premixed flame setup [130]. As we will show, this mechanism also gave reasonable

extinction strain rates as well for certain cases.

We begin by comparing extinction strain rates calculated with the 2-step mech-

anism developed by Ghani et al. [130] and the detailed UC San Diego (UCSD)
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Figure 5-6: Extinction strain rates for C3H8/Air mixtures at atmospheric conditions

calculated by the three mechanisms and measured in experiments [22].

mechanism [131] in Figure 5-6. Measured extinction strain rates from experiments by

Law et al. [22] are also plotted in the figure. In our LES simulations, we can only use

small kinetic models [86, 871, such as the Ghani mechanism, and so these comparisons

serve to determine the accuracy of this mechanism on the basis of extinction strain

rate predictions.

The 2-step Ghani mechanism reasonably predicts extinction strain rates in com-

parison to the UCSD mechanism and experiments in the equivalence ratio range we

are concerned about: 0.6-0.85. But in the zoomed-in section of the plot, the Ghani

mechanism predicts extinction strain rates about 1.5x those of the experiments. This

difference still impacts the bluff body LES results as we will show later. This strained

flame response was not the target variable during the development of the Ghani mech-

anism [130] and is "coincidentally" in fair agreement, however for our purposes we

will use this kinetic model in the simulations since it is commonly used in LES of

propane mixtures [132, 133] and has the fairest agreement out of some of the other

reduced mechanisms in the literature [781. The extinction strain rate results also show
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Figure 5-7: Calculated consumption speeds for C 3Hs/Air at equivalence ratio of 0.65
at atmospheric conditions for the three mechanisms.

that the values for the Ghani mechanism and experiments diverge as the equivalence

ratio increases. Once again this divergence in extinction strain rates will impact the

accuracy of LES results in the backward-facing step combustor (Section 5.3.3). The

flame consumption speeds of the two mechanisms at equivalence ratio of 0.65 also

show a small disagreement (Figure 5-7) as well as a difference in extinction strain

rates at this condition.

In order to study the effect of the extinction strain rate of the chemical mechanism

on LES, we wanted to test another mechanism that had worse agreement than the

original Ghani mechanism. Therefore we modified the reaction orders of the original

Ghani mechanism in order to intentionally obtain an extinction strain rate curve

that is far different than the original one as shown by the purple line in Figure 5-

6. This incorrect extinction strain rate curve, also leads to a much different flame

consumption speed curve as is seen in figure 5-7. Moving forward, this new modified

mechanism will be referred to as "Ghani-mod". The flame response to strain of the

modified mechanism performs worse than the original Ghani mechanism and so we
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expect this to have the least accurate LES results out of the two.

5.3.2 Bluff Body Combustor Results

Results from the non-reacting simulations of the bluff body case are presented first

for the two resolution grids, in order to establish the accuracy of the LES model. All

profile comparisons throughout this chapter are done using normalized quantities.

The spatial dimensions are normalized by the bluff body dimension (D = 40 mm),

non-reacting velocities are normalized by the bulk inlet velocity of 16.6 m/s, and the

reacting velocities are normalized by 17.3 m/s. Figures 5-8 and 5-9 show the mean

and rms normalized axial velocity profiles at different cross-sections across the length

of the combustor for Mesh A and B. Figures 5-10 and 5-11 present the centerline

profiles for the mean axial velocity and 2D turbulence intensity i.e. fluctuation level.

The 2D turbulence intensity is defined as:

T2D = ,rm ,rms
U0

It is observed that the underlying average flow field is well resolved for both grids

but the velocity fluctuations do not compare as well with experiments which could

be due to the periodic boundary conditions employed in this test case. However the

recirculation zone length is well predicted for both meshes along with the turbulence

intensity levels as can be seen in figures 5-10 and 5-11.

Therefore it can be concluded that the results from the non-reacting simulations

for both meshes are in reasonable agreement with the experimental data and the

coarse mesh is sufficient for capturing the non-reacting flow field. This demonstrates

a validation of our LES model for this case and confirms that the turbulence model

employed is sufficient to capture the physics associated with this non-reacting flow.

Next, results from reacting simulations are presented in this section using the

coarse mesh in the bluff body geometry. The main goal here is investigating the

importance of the chemistry on the accuracy of the simulations and the ability to

predict flow structures. As mentioned previously, our hypothesis is that the chem-

istry mechanism in CFD models must be able to predict correct values of Kext if
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the simulations are expected to accurately capture realistic flow and flame features.

This is because correct extinction strain rates prediction also leads to correct flame

responses to strain.

Figure 5-12 shows the average velocity contours comparing the Ghani and mod-

ified Ghani mechanisms. A strong low-speed recirculation zone is predicted in both

cases downstream of the bluff body which is consistent with the experimental data

and theory [134] and helps to stabilize the flame. The original mechanism (top fig-

ure) predicts a slightly longer recirculation zone with higher speeds which is closer to

the experimental measurements (see Figures 5-13 and 5-14). The recirculation zone

length is measured by the location of the stagnation point (i.e. location at which the

axial velocity along the centerline is zero). This can clearly be seen in the zoomed-in

plot in Figure 5-14. The average axial velocity profiles are compared for the Ghani

and modified Ghani mechanisms in Figures 5-13 and 5-14. Additional reacting flow

profiles are shown in Figures 5-17 to 5-23 for further validation. The modified Ghani

mechanism, with poor extinction strain rate predictions, performs worse than the

simulation using the original mechanism. In Figure 5-14 which shows the centerline

axial velocity, the simulation with the modified mechanism fails to reproduce the

correct velocity magnitude inside the recirculation zone and also predicts a smaller

recirculation zone length than the original mechanism. It was shown previously in

DNS results [6] that the higher the Kext of the flame, the shorter the recirculation zone

predicted after the bluff body which is what is also observed here between the mod-

ified mechanism that predicts higher extinction strain rates and the original Ghani

mechanism. It should be noted that the Ghani mechanism at #=0.65 still predicts

an extinction strain rate that is 1.5x that of the experiment. This can be a large

source of error and could also lead to the difference in recirculation zones observed

between the simulation and experiment in Figure 5-14. However both mechanisms

over-predict the velocities further downstream in the combustor. This might be due

to the over-prediction in temperature further downstream that we show next. Addi-

tionally, further refinement of the mesh in that downstream region could help reduce

that error.

134



XUMean: -10 0 10 20 30 40

1.5r- -

I I II I I I I I I I I I I

-1 0 1 2 3
x/D

4 5 6 7

-1 0 1 2 3
x/D

4 5 6 7

Figure 5-12: Mean axial velocity
for the reacting bluff body case
mechanism.

contours (m/s)
at #=0.65. a)

for the
Ghani

two propane
mechanism,

kinetic models
b) Ghani-mod

x/D =0.375 x/D =0.95 x/D =1.53 x/D = 3.75 x/D =9.4
1.5- 1.5- 1.5- 1.5 1.5-

1 - 1 - 1 - 1 1 -

0.5- 0.5- 0.5- 0.5- 0.5 -
0 0

0- 0- 0- 0. 0-

-0.- -0.E -0.- -0.- -.-

-1- -1- -1- -1 -1

-1. ' ' ' ' -1. ' ' ' ' -1. ' ' ' ' -1 . ' ' -1 .
-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3

S EXP - CFD-Ghani -'q- CFD-Ghani-mo

Figure 5-13: Normalized mean axial velocity profiles for two reduced kinetic models
at several axial (x/D) locations in the reacting bluff body case for the propane-air
mixture at #=0.65.

135

______ I

a)

0

-1.5

b)
1.5

0 0

-1.5 I I i I i I i I i I i

I L --- II



0

M
X

1:)

3.5

3

2.5

2

1.5

1

0.5 -

0 -A

-0.5 -

-1 -

Centerline

0.25 -

0 ------ --

-0.25 -I+

-0.5-

-0.75
0 1 2 3 4

*Exp
-- CFD-Ghani
-a-CFD-Ghani-mod

I I I

0 2 4 6 8 10
x/D

Figure 5-14: Centerline profiles of the normalized mean axial velocity for two reduced
kinetic models in the reacting bluff body case for the propane-air mixture at <0=0.65.

136



Temperature: 288 500 750 1000 1250 1500 1800

-1 0 1 2 3 4 5 6 7
x/D

-1.5
-1 0 1 2 3 4 5 6 7

x/D

Figure 5-15: Instantaneous temperature contours (K) and mean streamlines using two
reduced kinetic models in the reacting bluff body case for the propane-air mixture at
0=0.65. a) Ghani mechanism, b) Ghani-mod mechanism.

It has been shown that for a premixed bluff-body stabilized flame there is a sig-

nificant change in the flow physics between the non-reacting to reacting flow fields,

due to the suppression of the asymmetric vortex shedding seen in non-reacting flows,

as a result of the heat release. This vortex suppression leads to a symmetric flame

shape at high heat release [135, 136] and so capturing this correct physical solution

to the problem is key.

Figure 5-15 shows instantaneous temperature contours with average velocity stream-

lines using the two chemical mechanisms in question. Unfortunately experimental

flow field visualizations for this test case are not available which would have been

very valuable in these qualitative comparisons. But we can still see that indeed the

two LES runs predict symmetric flame shapes similar to those observed in previous
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studies on this bluff body geometry [52]. Using the mean velocity streamlines we also

see the difference in recirculation zone lengths once again and this key flow feature

helps to anchor the flame as hot products are stored in the wake and their mixing

with the fresh reactant mixture results in a flame forming at the shear layer and at

the boundary of these two mixtures.

The average temperature profiles for each of the cases are also compared with the

experimental data (Figure 5-16) and as can be seen, the kinetic models over-predict

the temperature near the center especially further downstream. The higher predicted

temperatures could be due to heat losses in the experiment while the combustor is

modeled as adiabatic. Furthermore since the simulations predict shorter recircula-

tion zones than experiments, there is less mixing, at least immediately downstream

of the bluff body. If longer recirculation zones were predicted, allowing for more

mixing, more of the cooler reactants would have been introduced into these zones

possibly resulting in reduced temperatures near the center and better matching with

the experimental values.

The two simulations also under-predict the spread rate of the flame and in Ref.

[137] this is attributed to the fact that periodic boundary conditions are used and

the effects of the four walls are not well represented. It should be mentioned that

this under-prediction is also seen in other simulations on this test case utilizing other

numerical schemes and CFD codes [52].

Now that we have provided elements pointing towards the importance of the

kinetic models on the prediction of velocities, recirculation zones and temperatures,

we will take this analysis a step further by testing these two chemical mechanisms

in a combustor geometry where we have experimental data for multiple C3Hs/Air

equivalence ratios. Our aim is to provide further evidence of what we have observed

so far in the bluff body combustor, but for a different geometry and other equivalence

ratios.
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5.3.3 Backward Facing Step Combustor Results

In this section, the two chemical mechanisms tested earlier in the bluff body geometry

("Ghani" and "Ghani-mod"), are compared in the backward-facing step combustor

simulations. The LES code has already been tested extensively and validated against

experimental data in Ref. [129] for the same step combustor geometry. In this study,

only the kinetic model is changed in order to specifically look at the effect of the

extinction strain rate on the prediction of important flow features.

Four C3Hs/Air equivalence ratios were simulated: 0.63, 0.75, 0.79, 0.85. Figure

5-24 shows experimental mean streamlines at two equivalence ratios (0=0.63 & 0.85)

using PIV data obtained from Ref. [5]. Figure 5-25 depicts the instantaneous tem-

perature contours along with mean velocity streamlines for the same two equivalence

ratios and using the two mechanisms in order to show the reacting flow fields in

LES. Figures 5-26 and 5-27 also show the mean axial velocities at several locations

comparing experimental PIV data to LES with the two mechanisms. In general, as

the equivalence ratio is raised, the size of the primary recirculation zone is reduced

and its location moves further upstream towards the step. The higher temperature

ratio across the flame reduces the velocity gradient in the shear layer and thus the

overall recirculation zone length [5]. This strong dependence of the recirculation zone

length on the equivalence ratio is also seen experimentally in Figure 5-24 where the

length is almost halved. The simulations also predict the secondary recirculation

zone at #=0.63 which is in agreement with the experiments. Similar to what we

saw in the bluff body combustor, the predicted recirculation zones using the modified

Ghani mechanism were smaller than those with the original mechanism. As we show

later in Table 5.2, the modified mechanism is much less accurate in predicting recir-

culation zone lengths compared to experiments than the original Ghani mechanism.

This provides further evidence that the incorrect response to strain of the flame with

the modified mechanism (Figure 5-6), negatively impacts the accuracy of the flow

structures in LES.

Figure 5-25 also shows the flame tip or leading edge moving towards the step as
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the equivalence ratio is raised to 0.85. Since the flame at the higher equivalence ratio

has a higher extinction strain rate, it is able to stabilize in regions of higher strain

closer to the step. This is supported by experimental data [128] and also numerically

in Ref. [6] with DNS. The flame angle also increases as can be seen at the higher

equivalence ratios. The temperature inside the recirculation zones are lower as would

be expected mainly due to the recirculating products mixing with reactants and also

due to heat losses from the step walls. The temperatures in the simulations using the

original mechanism (the two plots on the left) are higher especially downstream of the

step. When the reaction orders are modified to produce the Ghani-mod mechanism,

this will also slightly change the product concentrations predicted in simulations using

this mechanism. Hence we might expect different temperatures downstream in the

reacting flow field.

The solution using the Ghani-mod mechanism, which over-predicts extinction

strain rates, behaves as though the reactants were at higher equivalence ratios. The

simulations using this mechanism, have flames that stabilize closer to the step com-

pared to flames predicted by simulations using the original Ghani mechanism, as can

be seen in Figure 5-25. Since extinction strain rates of the Ghani-mod mechanism

are higher, these flames can withstand regions of higher strain. This impacts the size

of the recirculation zone and also results in erroneous velocity predictions as seen in

Figures 5-26 and 5-27. Table 5.2 compares the accuracy of the predicted recircula-

tion zone lengths in LES using the two reduced mechanisms. The measured lengths

are obtained from experiments done in our previous work in Refs. [5] and [129].

The recirculation zone lengths are consistently under-predicted using both reduced

mechanisms but the error is even worse using the Ghani-mod mechanism. The re-

sults obtained using the original Ghani mechanism also don't accurately predict the

lengths and this could partly be due to the differences in calculated extinction strain

rates with experimental values. As was seen in Figure 5-6, the extinction strain rate

agreement with experiments gets worse as the equivalence ratio increases and Table

5.2 shows that this is responsible for also increasing the error at higher equivalence ra-

tios. Developing and implementing another reduced C3Hs/Air mechanism that more
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q LRZ,EXP (mm) LRZ,Ghani (mm) Error LRZ,Ghani-mod (mm) Error
0.63 108 86 21 % 69 36%
0.75 80 55 31 % 45 43%
0.79 70 47 32 % 34 56%
0.85 57 37 36% 25 57%

Table 5.2: Comparison between the experimental recirculation zone lengths and LES
using the two reduced mechanisms in the step combustor
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Figure 5-26: Normalized mean axial velocity profiles for two reduced kinetic models at
several axial (x/H) locations in the step case for the propane-air mixture at 4=0.63.

accurately predicts extinction strain rate curves and values would help reduce this

recirculation zone length error. Consequently, this analysis suggests that simulations

done using chemical mechanisms that don't correctly match extinction strain rates,

could incorrectly predict recirculation zone lengths in sudden expansion flows.

5.4 Methane Oxy-Combustion Results

Natural gas oxy-fuel combustion cycles are some of the leading technologies for carbon

capture and sequestration (CCS) in power plants [38]. These cycles require combus-
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Figure 5-27: Normalized mean axial velocity profiles for two reduced kinetic models at
several axial (x/H) locations in the step case for the propane-air mixture at #=0.85.

tors that can burn fuel and an oxygen stream along with some diluent, typically C0 2,

to control flame temperatures. The ability to accurately simulate these mixtures and

understand the characteristics of oxy-combustion flames, are important for the design

of combustors in these power plants. Therefore the aims of this section are to firstly

show the importance of chemical kinetics modeling in simulations of complex swirling

flows, and secondly to provide a validation for our LES code in the swirl combustor

for these CH4/0 2/CO 2 mixtures (methane-oxy mixtures).

5.4.1 Chemical Kinetics Modeling

Once again we begin by comparing kinetic mechanisms to use for LES in the swirl

combustor. Until now there is no clear consensus on which reduced reaction mecha-

nism should be used for CFD modeling of oxy-combustion as was discussed in Chapter

1. Frassoldati et al. [14] generated a new mechanism for methane oxy-combustion

by tuning the widely used Jones and Lindstedt (JL) [78] mechanism for methane-air.

They reported improved agreement of temperature and C0 2-profiles in a laminar
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CO + 0.502 _> CO 2  3.98 x 108 0 10 x 103 [COJ[O 2]0 .25[H20O0.5

CO 2 4 CO + 0.502 6.16 x 1013 -0,97 78.4 x 103 [CO2][H2 ]0]. 5[O 21-0.25

Table 5.3: Andersen mechanism with kinetic rate data, units are: cm, s, cal, mol

CH4 + 0.502 4 CO + 2H2 7.69 .x 1012 0 3 x 104 [CH4] 0.s 021 1.3

CH4 +H20 4CO +3H2 3.84 x1012 0 3 x104 [CH4][H20]

CO + H20 <4 C02 + H2 2.01 x 1012 0 2 x 104 [CO][H21

H2 + 0.502 <-> H 20 2.85 x 1019 -1 4 x 104 [H2]0.3[0211.55

02 - 20 1.5 x 109 0 11.3 x 104 [02]

H 20 <-> H + OH 2.3 x 1022 -3 12 x 104 [H20]

Table 5.4: Frassoldati mechanism with kinetic rate data, units are: cm, s, cal, mol

diffusion flame.

Almost simultaneously, Andersen et al. [15] presented their own modified oxy-fuel

version of the well-known Westbrook and Dryer (WD) [77] mechanism. They left the

fuel consumption reactions unchanged and modified the CO-CO 2 reactions to better

fit plug flow reactor results using a detailed mechanism by Glarborg and Bentzen [13]

under C0 2-diluted oxy-fuel condition. They found the modified mechanism to give

a closer agreement for CO concentrations and equilibrium temperature values for a

laminar diffusion flame. These two mechanisms are summarized in tables 5.3 and

5.4. The Frassoldati mechanism includes 3 more reactions and 4 more species thus it

would seem that it should perform better in terms of predicting emissions and flame

characteristics.

The laminar burning velocities are compared first for the oxy-fuel chemical mech-

anisms in Figure 5-28 (Adiabatic flame temperatures and CO profiles were similar

for both reduced mechanisms). It is clear that both reduced mechanisms (Frassoldati

and Andersen) fail to match flame speeds with the detailed mechanism proposed by
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Figure 5-28: Laminar burning velocities for CH4/0 2 /CO 2 mixtures calculated by the
three mechanisms.

Mendiara and Glarborg [109] with one reduced mechanism overpredicting and an-

other underpredicting the speeds. The Frassoldati mechanism, however, has much

closer values especially at the higher equivalence ratios.

Noting that neither of these two mechanisms were optimized for the extinction

strain rate, we calculate extinction strain rates at a range of equivalence ratios using

these two reduced mechanisms and compare the results to those with the detailed

Glarborg mechanism (Figure 5-29).

Figure 5-29 shows a clear difference in extinction strain rates between the two

reduced mechanisms in comparison to the detailed Glarborg mechanism. Values cal-

culated with the Andersen mechanism extremely underpredict extinction strain rates

whereas the Frassoldati mechanism performs much better. Therefore we expect a

significant difference in the results for LES of the swirl combustor using these two

reduced mechanisms in Section 5.4.2, with the Frassoldati mechanism expected to

perform better. Predicting extinction strain rates well also doesn't necessarily trans-

late to good laminar flame speed predictions as the figures show. Therefore by testing
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Figure 5-29: Extinction strain rates for CH4 /0 2 /CO 2 mixtures calculated by the

three mechanisms.

these oxy-fuel reduced mechanisms in the swirl combustor, we can evaluate the per-

formance of mechanisms when extinction strain rates are well predicted while other

flame characteristics might still be off.

5.4.2 Swirl Combustor Results

The preferred way to stabilize flames in modern gas turbine combustors is by vortex

breakdown. As the swirling jet expands in the radial direction, an adverse pressure

gradient is created along the centerline which results in an inner recirculation zone

(IRZ). If the swirl number, defined as the ratio of angular momentum to axial momen-

tum, is large enough, breakdown of the vortex occurs and a reversed flow is formed in

the center. Besides the IRZ, an outer recirculation zone (ORZ) is also formed due to

the sudden expansion and the presence of the combustor walls. These recirculation

zones help to anchor the flame. However coupling between the wake flow dynamics

and system acoustics can result in combustion instabilities [45]. These flow features

are shown visually in Figure 5-30 along with the outer and inner shear layers (OSL
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Figure 5-30: Main flow features of the swirling flow studied in this work. IRZ: Inner
Recirculation Zone, ORZ: Outer Recirculation Zone (adapted from [17]).

In Chapter 1, we summarized the studies on methane oxy-combustion CFD sim-

ulations. We found a clear need for CFD simulations of methane oxy-combustion

flames in practical gas turbine combustors. Experiments in the swirl combustor for

a methane-oxy mixture at equivalence ratio of 0.65 generated results which included

mean flame images and flow field data from Particle Image Velocimetry (PIV) mea-

surements. These are described in greater detail in Section 2.1.2. Figure 5-31 shows

images generated from the aforementioned experiments and temperature contours re-

sulting from LES in the swirl combustor using the two reduced chemical mechanisms

described in the previous section. These images show the macro-scale flame locations

in each of the three cases. As a reminder, the mechanism by Andersen grossly under-

predicted extinction strain rates whereas the Frassoldati mechanism had very good

agreement at this equivalence ratio of 0.65. These extinction strain rate trends are

also reflected in the marco-scale flame observations. LES results using the Frassol-

dati mechanism are able to correctly predict the same flame shape as in experiments;

flame stabilizing in both the outer and inner shear layers (commonly referred to as

flame IV [3]). On the other hand, simulations using the Andersen mechanism were

only able to predict a flame III configuration (flame stabilizing in the inner shear layer

only). A plausible explanation is the very low extinction strain rates predicted by the

mechanism at these conditions are unable to overcome the high strain rates present in
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Figure 5-31: Mean flame structures of methane-oxy flames at 0=0.65 from experi-
ments and LES using the two chemical mechanisms.

the outer shear layer and recirculation zone [16]. In fact the laminar burning velocity

input to the combustion model was artificially increased by almost double to see if

a change occurs but the flame macrostructure remained the same; providing further

evidence that the extinction strain rate is the more important parameter. From these

results alone we can already see that the Frassoldati mechanism will perform better

than the Andersen mechanism since it predicts the correct flame shape, hence it is

also expected to match better with experiments when we look at the flow fields next.

Figure 5-32 shows the time-averaged flow fields for the oxy-flames in the three

cases. Experimental data is obtained from PIV measurements on the swirl combustor

as described in Section 2.1.2. The velocity vectors are shown along with their color

bars to depict the direction and magnitude of the flow. The zero-velocity contour is

also added to show the location and structure of the recirculation zones. The mean

flow fields from the two mechanisms in LES are significantly different as evident. The

flow field generated by the Andersen mechanism closely resembles that seen in flame
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III configurations in the swirl combustor [4]. The IRZ extends upstream towards

the swirler and is also long and wide while the axial velocity magnitude in the jet is

weaker than in the experiment. On the other hand, the flow field generated by the

Frassoldati mechanism closely matches with that of the experiment. Since it has a

flame IV configuration (outer + inner shear layer stabilized flame), the IRZ is shorter

and narrower and this flame is more compact. But the IRZ length is slightly longer

than in the experiment. There is also a reduction in the spreading angle of the jet

but an increase in it's thickness and magnitude compared to that by the Andersen

mechanism.

Next, we compare the mean axial velocity profiles produced by these two mecha-

nisms with the data from experiments at several axial locations (Figure 5-33). The

profile comparisons for the swirl combustor are normalized by the radius of the outlet

tube (R = 38 mm) spatially, and velocities are normalized by the bulk inlet velocity

of 5.4 m/s which corresponds to a Reynold's number of 20,000. Figure 5-33 also

shows a contrast in the results between the two mechanisms compared to the exper-

iment. Since an incorrect IRZ is predicted by the Andersen mechanism (one which

extends upstream), negative velocities are observed at the upstream axial locations

whereas experiments show positive values. Comparing results between experiments

and LES using the Frassoldati mechanism show fairly good agreement especially in

predicting the correct velocity magnitude in the annular jet. Additional flow profile

comparisons and quantities are presented below for further validation of the Frassol-

dati mechanism in LES of methane oxy-combustion. The Andersen mechanism fails

to reproduce the correct spreading angle of the jet and also fails to predict the correct

velocity magnitudes and directions along the centerline.

Another important comparison is how well CO is predicted by the two mechanisms

and how it is influenced by wall heat transfer. As was described in Section 2.2.1,

convection heat transfer is included at the wall in the simulations. Figure 5-34 presents

the CO mass fraction profiles predicted by the Frassoldati and Andersen mechanisms

at different axial locations within the flow. The flame macrostructures predicted by

the two mechanisms are different and the CO distributions are also very different.
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Figure 5-32: Mean flow fields of methane-oxy flames at 0=0.65 from experiments
and LES using the two chemical mechanisms. The solid black line represents the
zero-velocity contour to show the recirculation zones.
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Figure 5-33: Normalized mean axial velocity profiles using the Frassoldati and An-
dersen mechanisms at several axial (x/R) locations in the swirl combustor for the
methane-oxy mixture at 0=0.65.

The peaks in the CO fractions indicate the location of the flame front. The flame

length using the Andersen mechanism is much longer and only stabilized along the

inner shear layer. This explains why CO fractions are high further downstream using

this mechanism whereas the CO fractions by the Frassoldati mechanism are lower.

The wall heat transfer also plays a role in determining the flame stabilizations.

In Figure 5-36, we plot the gas temperature distribution along the wall of the com-

bustor and in Figure 5-35 we plot the temperature profiles at different axial locations

predicted by the different mechanisms. There is a clear difference between the two

results. The temperatures predicted by the Andersen mechanism are much lower

than the Frassoldati mechanism near the walls because of the flame's proximity to

the wall. The extinction strain rates of the Andersen flame are very low and so a

flame is not able to survive in the outer recirculation zone region. This will also

cause the flame to propagate near the wall and the gas temperature to be lower in

that outer zone near the walls. This role of heat transfer and strain effects between

different flame macrostructures will be investigated and analyzed in greater detail in

Section 6.3. The Frassoldati mechanism predicts a flame stabilized in the outer shear
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Figure 5-34: CO mass fraction profiles using the Frassoldati and Andersen mecha-
nisms at several axial (x/R) locations in the swirl combustor for the methane-oxy
mixture at 0=0.65.

layer and so temperature is higher in the ORZ and the flame is shorter and does not

propagate near the walls. We also notice that the temperature predicted near the

center of the combustor is almost the same between the two oxy mechanisms since

wall heat transfer has a negligible effect on that region.

This analysis once again shows that for a different combustor geometry, fuel and

oxidizer, the chemical mechanism which correctly predicts extinction strain rates will

not only predict the correct flame macrostructure, but also the correct velocities and

flow field. Thus it is very important that a chemical mechanism is able to correctly

predict extinction strain rates if it is to be used in CFD simulations.

5.5 RZ Scaling

We observed in Figure 5-25 that the recirculation zone length varies as you vary the

equivalence ratio and hence extinction strain rate. Since we have also shown that the

extinction strain rate of the chemical mechanism is an important parameter to predict

correctly, can Kext also be used as a surrogate to scale these lengths? This question

was answered previously by Michaels et al. [6] but for laminar flows in a bluff body
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Figure 5-35: Mean temperature profiles using the Frassoldati and Andersen mech-
anisms at several axial (x/R) locations in the swirl combustor for the methane-oxy
mixture at 0=0.65.

stabilized flame. The novelty in the present work is extending and validating this

hypothesis for more realistic cases in complex geometries and turbulent flows which

has not been conducted before in the literature.

In order to try and scale recirculation zone lengths in the swirl combustor, we first

need to identify which recirculation zone should be the focus. Figure 5-41 depicts how

these recirculation zones in the swirl combustor change with varying CH4/0 2/CO2

equivalence ratios and flame shapes. As evident from the figure, only the IRZ ap-

pears to have a noticeable change in length as you increase mixture equivalence ratio.

Therefore we will focus on examining this length and its relation to extinction strain

rates in the forthcoming analyses. It can also be seen from this figure that the flame

shape evolves, as equivalence ratio increases, from a flame III (ISL stabilized flame)

to flame IV configuration (OSL stabilized flame). The flame becomes more compact

which in turn reduces the size of the IRZ. Similar experimental observations were

made for methane-air mixtures in the swirl combustor [4].

A comprehensive simulation study is done in the swirl combustor for these methane-

oxy mixtures for a range of inlet temperatures, equivalence ratios and Reynold's

numbers as was shown in Table 5.1. The goal is to calculate IRZ lengths at all of
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Figure 5-36: Mean temperature distribution of the gases near the wall using the

Frassoldati and Andersen mechanisms in the swirl combustor for the methane-oxy

mixture at 0b=0.65.

these different conditions and correlate the results with the inlet reactant mixture's

extinction strain rate at those conditions. The simulations are performed using the

Frassoldati mechanism which was validated in the previous section. The results from

these extensive simulations are shown in Figure 5-42. The different colors correspond

to different inlet temperatures while the flame shape is also indicated. For each sim-

ulation, there are also error bars associated with the variance in the IRZ length data.

Since these simulations are turbulent and performed in a complex geometry, the IRZ

length fluctuates quite significantly especially at the higher equivalence ratios as seen

in the figure. The mean IRZ length reaches a steady state value after a certain point

and this value is plotted along with the maximum and minimum lengths during this

fixed period of time. The data appears to linearly scale fairly well (R2 =62%) when

plotted using the flow time scale (Uifl/LRz) versus the extinction strain rate at all of

the different inlet conditions.

In order to asses the reliability of this scaling, we also plot the experimental
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Figure 5-37: Normalized mean axial velocity profiles using the Frassoldati mechanism
at several axial (x/R) locations in the swirl combustor for the methane-oxy mixture
at 0=0.65.

x/R = 0.08
1 -

5

0-

S4
* EXP

LES-Frass

0 0.5 1

x/R = 0.2
1 -

0.5

0-

-0.5 e.

-1 . 1
0 0.5 1

x/R = 0.5

0.5

0-

-0.5-

0.5 1.
U,rms/U

x/R =1

0.5

0-

-0.5-

0 0.5 1

Figure 5-38: Normalized rms transverse velocity profiles using the Frassoldati mech-
anism at several axial (x/R) locations in the swirl combustor for the methane-oxy
mixture at #=0.65.
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Figure 5-41: Mean axial velocity contours showing positive (red) and negative veloc-
ities (blue) in order to visualize recirculation zones for various methane-oxy mixture
equivalence ratios using the Frassoldati mechanism. The instantaneous progress vari-
able contour (c=0.8) is also plotted (white line) as a way to locate the flame front.
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Figure 5-42: Relation between the flow time scale, Uif/LRz, and chemical time scale,
Kext, in the swirl combustor for LES of methane-oxy mixtures using the Frassoldati

mechanism at different inlet temperatures.

data from the backward-facing step combustor for the different propane-air mixtures

(Figure 5-43). The comprehensive UCSD mechanism [131] was used to calculate

extinction strain rates at those equivalence ratios for the experimental step data

(red) in the figure. The LES swirl methane-oxy data from Figure 5-42 is also plotted

in Figure 5-43 for comparison (blue).

Interestingly enough the plot shows that, as we hypothesized, turbulent flame

stabilization also appears to be mainly correlated with the extinction strain rate.

Therefore regardless of the fuel or oxidizer type, Reynold's number, inlet temperature,

or combustor geometry, this scaling still holds and a flow time scale represented by

a recirculation zone length correlates well with a chemical time scale associated with

extinction strain rate. The ratio of these time scales (i.e. gradient of the lines) is

the Karlovitz number and the value is very similar for both curves. It should also

be noted that the Karlovitz number for DNS of the laminar 2D bluff body stabilized

flame (see Figure 5-2) is also close to that of the turbulent flames (0.048 vs 0.039
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in the swirl combustor for methane-oxy LES using the Frassoldati mechanism (blue).

& 0.033). This could be a very powerful tool because these scaling curves can allow

for the accurate prediction of recirculation zone lengths at a certain Kext, therefore

aiding in the design of combustor lengths based on their operating conditions.

5.6 Conclusions

In this chapter, propane-air mixtures were simulated in bluff-body and backward-

facing step combustors, and then methane-oxy mixtures were simulated in a swirl

combustor. The main goal was to investigate the attributes of a chemical mechanism

which are important for predicting important flow features such as recirculation zones

in simple and complex geometries.

For the propane-air cases, we used a 2-step mechanism which had reasonable

extinction strain rate agreement with experimental values. We also modified that

reduced mechanism to form a new mechanism which intentionally had far worse
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agreement and over-predicted extinction strain rates. We found that simulations

in these two geometries using the modified mechanism under-predicted recirculation

zone lengths compared to results using the original mechanism.

In the swirl combustor, oxy-combustion simulations using the Frassoldati mech-

anism, which had very good extinction strain rate values, were able to predict the

correct flame macrostructure and flow profiles compared to the Andersen mechanism

which had much worse extinction strain rate prediction. The response to strain of the

flames with the inaccurate mechanisms are unrealistic and so this negatively impacts

the accuracy of the predicted flow structures.

Recirculation zone lengths in the backward-facing step and swirl combustors lin-

early scaled well with extinction strain rate. This scaling held regardless of fuel or

oxidizer type, Reynold's number, inlet temperature, or combustor geometry. These

scaling curves can also allow for accurate prediction of recirculation zone lengths for

a certain inlet mixture extinction strain rate, and therefore this tool can help in de-

signing premixed combustors. We conclude that it is very important that a chemical

mechanism is able to correctly predict extinction strain rates if it is to be used in

CFD simulations.
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Chapter 6

Flame Macrostructure Transitions

in LES; Mechanism and Modeling

6.1 Introduction

In this chapter, we bring together a lot of the knowledge gained from the previous

chapters and results to help answer outstanding questions mainly related to the im-

portant flame macrostructure transition in the swirl combustor: Flame III to Flame

IV. In Chapter 3, we discussed the importance of these flame macrostructures and

how they relate to the stability of the oxy-combustor. We were able to successfully

model and scale the behavior of these 3D turbulent oxy-flames using simple 1D lam-

inar flame calculations of extinction strain rates.

In Chapter 5, LES models were validated for oxy-combustion flames in the swirl

combustor. Important flow structures such as recirculation zones were found to also

scale with extinction strain rates for both flame macrostructures. Similar to experi-

mental observations, the simulations also predicted a decrease in the size of the inner

recirculation zone as the flame shape evolved from an inner shear layer stabilized

flame (Flame III) to an inner + outer shear layer stabilized flame (Flame IV).

Investigations by other researchers have also identified these different flame macrostruc-

tures at different equivalence ratios for methane-air mixtures in swirling flows [138,

139, 140]. They also use LES to show how the flow topology changes for the different
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flame shapes. However, the current gap in the literature is the explanation for why

exactly recirculation zones change sizes and structures at different flame macrostruc-

tures. Additionally, many LES studies fail to correctly capture this ORZ flame tran-

sition mechanism due to the difficulty in modeling this unsteady phenomenon with

heat loss, strain, and chemical kinetics effects all present in that region.

Experiments by Taamallah et al. [4] for methane-air mixtures, in the same swirl

combustor studied in this thesis, captured the ignition of the ORZ recirculating re-

actants using a dual camera chemiluminescence imaging setup. Figure 6-1 shows

consecutive binarized images from this setup showing how the ORZ flame is estab-

lished. Initially, a flame front extends out from the ISL flame then a flame kernel

detaches from that flame and moves into the ORZ. It propagates and ignites the

recirculating reactants only if it can overcome the strain it is subjected to. Due to

the rotation of the flow in the ORZ, the flame kernel then travels behind the flame

out of the field of view and appears on the other side before igniting that whole re-

gion of unburnt reactants. The three dimensional and complex nature of this ORZ

flame origin was also seen visually during the experiments performed for the results

in Chapter 3.

As was shown in the previous chapter, the flame significantly impacts the flow field

in the swirl combustor especially with respect to recirculation zone sizes. Michaels

et al. [6] observed similar flame-flow interactions in DNS of methane-air-hydrogen

mixtures in a bluff body stabilized premixed flame. Figure 6-2 shows normalized

vorticity maps along with the flame heat release zone and the stagnation streamline

in these simulations. An obvious but important outcome from these images is how the

vorticity decays faster as the flame moves closer to the shear layer. The recirculation

zone also shrinks for the higher heat release mixtures as was shown earlier in Figure

1-6, similar to the results of the simulations in the previous chapter.

In this chapter, we use LES to model the Flame III to Flame IV transition in the

swirl combustor for the CH4/0 2 /CO 2 mixtures. Specifically we aim to answer the

following questions:

1. Do we observe the correct flame macrostructure transition mechanism as in
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Figure 6-1: Consecutive binarized chemiluminescence images showing
the ORZ recirculating reactants (CH4/Air at #=0.62). Adapted from
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Figure 6-2: Normalized vorticity maps of different reactant mixture compositions
(CH 4/Air), with lines marking the iso-surface of wd/Ui, = -5, the flame heat release
zone (contour of 10% of the maximum heat release) and the stagnation stream line.
These results are from DNS in a bluff body combustor. Adapted from Ref. [6].
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experiments?

2. Why do laminar flame calculations appear to capture the behavior of these

turbulent flame macrostructures?

3. How do the flame-flow interactions compare for the two flame macrostructures?

6.2 Flame III to IV Stabilization Mechanism

The Flame III to Flame IV transition is simulated in the swirl combustor geome-

try (see Figure 5-5) using LES that was validated in the previous chapter with the

Frassoldati [14] chemical mechanism. Beginning with the CH4/0 2/CO 2 mixture at

an equivalence ratio of 0.58, where the flame is stabilized only along the inner shear

layer (Flame III), the reactants' equivalence ratio is slowly raised until a flame sta-

bilizes along the outer shear layer as well (Flame IV). The exact time steps during

this transition phenomenon is identified and the images are recorded for comparison

with the experimental images in Figure 6-1. Figure 6-3 presents these LES images

for consecutive time steps with the temperature contour plotted on a gray scale for

easier comparison with the experimental images.

A mechanism with time scales very similar to that seen in experiments is also

evident here in the simulations. We see that during the transition, a hot flame kernel

detaches from the inner shear layer flame, spins in the ORZ to other side (as shown

in Figure 6-4) and eventually ignites the reactants in that region. Figure 6-5 presents

side images of the flames' 3D heat release contour colored by temperature at various

time instances during the transition. These images are used to show how temperature

profiles, flame shape and length change during the transition. Initially the flame is

long and very wrinkled with temperatures around 1000 K. Then as the equivalence

ratio is raised, the temperature increases gradually and the flame begins to shorten.

We can also observe how that pocket of hot products enter the ORZ, igniting the

whole region as it is spinning in a highly erratic and unsteady process. As the OSL

flame is establishing, the flame becomes much more compact and the resulting flame
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Figure 6-3: Consecutive 2D flame images from LES of the methane-oxy mixture in
the swirl combustor during the flame transition. The time instances shown are for a
mixture equivalence ratio of 0.625 and Tad=1710 K. The different images represent
the temperature contour plotted on a gray scale.

shape (Flame IV) is shown in the last image.

6.3 Flame III vs Flame IV: Flamelet Structures

After establishing the ORZ flame's transition mechanism, in the subsequent sections,

we mainly focus on comparing these two important flame macrostructures to better

understand their different behaviors.

One important benefit from having a reliable LES model for the swirl combustor

is its use for understanding and explaining experimental observations. In Chapter

3, it was identified that extinction strain rates calculated using a 1-D laminar flame

configuration could be used to scale and model the ORZ flame transition. The hy-

pothesis is that these turbulent flames are impacted by the local strain and their

structure should resemble that of strained laminar flames under certain conditions.

This might explain why extinction strain rates have been able to model these flames

so far, as we have shown in the previous chapters.

The dependence of these macrostructures on strain and heat loss effects was inves-

tigated by several researchers [141, 142, 95]. Proch et al. [142] performed large eddy
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Figure 6-4: 2D flame images from LES of the methane-oxy mixture in the swirl
combustor during the flame transition at x/R=0.2. The time instances shown are
for a mixture equivalence ratio of 0.625 and Tad=1710 K. The cross-sectional images
represent the fuel (CH 4) mass fractions at various points during the transition.
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Figure 6-5: 3D flame images from LES of the methane-oxy mixture in the swirl
combustor during the flame transition. The time instances shown are for a mixture
equivalence ratio of 0.625 and Tad=1710 K. The side images represent the 3D heat
release contours colored by temperature at various non-consecutive points during the
transition.
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Figure 6-6: Flamelet structure of Flame III (0=0.56) with heat loss.

simulations also in a swirl combustor for a premixed methane-air mixture. They also

use the thickened flame combustion model and study the impact of heat loss model-

ing. Their adiabatic simulations over-predicted the temperature by several hundred

degrees kelvin and failed to predict the flow field correctly. However, after includ-

ing heat loss, it was also necessary to include a simple strain correction method to

improve the flame length prediction. The authors reported that the physical mech-

anism behind this required further investigation. A similar conclusion was reached

by Mercier et al. [95] who also performed an LES study on a premixed methane-

hydrogen-air mixture in a swirl injector. When a fully adiabatic combustion chamber

was assumed, LES always predicted an M flame (flame IV) and did not capture the

V to M transition observed in experiments.

All these studies show that inadequately representing the thermal boundary con-

ditions of the combustor wall results in incorrect predictions of the flame macrostruc-

ture found in experiments. Our work serves to better understand the roles of strain

and heat transfer for methane oxy-combustion mixtures which has not been investi-

gated yet. As we will show in this section, heat loss also significantly impacts the

microstructures of flames as well.

It is common to use a phase diagram or scatter plots in which the fuel fraction dis-

tribution is the coordinate that compares turbulent LES and laminar flame structures
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Figure 6-7: Flamelet structure of Flame IV (0=0.7) with-heat loss.

[143, 144, 145]. These studies primarily looked at DNS studies of higher hydrocarbon

mixtures in simple geometries. In a recent 2015 DNS study on n - C7H16/air flames,

Savard et al. [146] show that even under intense turbulence (Karlovitz numbers >

200), the structure of turbulent flames are similar to those of laminar flamelets. In

Figures 6-6 and 6-7 we plot the flamelet structures of Flames III and IV for methane-

oxy in the swirl combustor, with the data colored by their axial location. The LES

data is constructed by extracting methane mixture fraction and temperatures for all

points in the 3D domain at a single instance of time. The x-axis is the normalized

temperature, E, where Teq is the equilibrium temperature of the two mixtures (1590

K and 1838 K for Flames III and IV respectively) and T, is the inlet atmospheric

temperature of 300 K. The results presented do not depend on the time instant cho-

sen. The fuel mass fraction begins at the reactant composition and temperature, and

drops all the way to temperatures close to their equilibrium values. For Flame IV,

the majority of the points lie along a curve extending from top left to bottom right.

Flame III scatter plot, and its underlying flamelet structure, is more complex. We

observe a large cluster of points, located further downstream in the flow, below the

flamelet structure observed in Flame IV. The location within the flow of these low

temperature data are extracted, and they are all found along the outer walls of the

combustor; suggesting that they have a different structure, perhaps determined by
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heat loss along the wall.

Next, we plot the flamelet structures of these two cases but with LES simulations

assuming adiabatic boundary conditions in Figures 6-8 and 6-9. All the other swirl

simulations in this thesis assume heat loss at the wall as was described in section

5.2.3. For reference, results from an unstretched flame and simulations of a strained

flame very near extinction, are added. The laminar flame profiles were constructed

using the same symmetric opposed reactants configuration in Chemkin described in

section 2.2.2 and using the same Frassoldati mechanism [14] as in LES.

We also plot the temperature contours, comparing the two thermal boundary

conditions for each flame type in Figures 6-10 to 6-13. Similar to the results by Proch

et al. [142], we also notice that the adiabatic simulations predict a much shorter flame

for Flame III. We do not see large differences in the flame structures for Flame IV,

however, and the flamelet plots reach a similar conclusion as we will show later. The

temperatures in the ORZ and along the wall are also higher for the adiabatic cases.
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Figure 6-8: Flamelet structure of Flame III (<0=0.56) with adiabatic boundary con-
ditions, and symmetric laminar flame profiles.

For Flame III, notice that the flamelet from the LES data agrees well with the

laminar flame profiles especially at higher temperatures. Now consider the flamelet

in Flame IV (Figure 6-9). In this figure, we also display unstretched flame profiles
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Figure 6-9: Flamelet structure of Flame IV (#=0.7) with adiabatic boundary condi-
tions, and symmetric laminar flame profiles.
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Figure 6-10: Mean temperature contours of Flame III (0=0.56) with two different
thermal boundary conditions.
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Figure 6-11: Mean temperature contours of Flame IV (<0=0.7) with two different
thermal boundary conditions.
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Figure 6-12: The instantaneous progress variable contour (c=0.8) is plotted (black
line) as a way to locate the flame front along with the mean axial velocity contours
of Flame III (0=0.56) with two different thermal boundary conditions.
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Figure 6-13: The instantaneous progress variable contour (c=0.8) is plotted (black
line) as a way to locate the flame front along with the mean axial velocity contours
of Flame IV (0=0.7) with two different thermal boundary conditions.
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(K = 0) and profiles of the same at the extinction strain rate (K = Kext= 989 1/s).

The latter forms the upper bound of the LES data, while the unstretched flame forms

the lower bound. This is also seen for Flame III near the highest temperatures.

The spread in the LES data is almost equal to the difference between the strained

and unstrained laminar profiles. Both figures show that the scatter plot of the LES

data are bounded by laminar flame profiles at different strain rates. These adiabatic

LES results indicate turbulence impacts these flames primarily by subjecting them

to different strain rates. Furthermore, we see that overall, the turbulent flamelet

structures are similar to those of laminar strained flames.

We perform a similar analysis in this section, to try and capture the turbulent

flame structure of the non-adiabatic flames using 1-D laminar flamelets. Data from

Figures 6-6 and 6-7 are now plotted in Figures 6-14 and 6-16 but with different laminar

profiles added for comparisons.

Clear differences are observed between the two wall boundary conditions for Flame

III in Figures 6-8 and 6-14. Heat loss results in significant increases in the LES data

scatter with more points located below the main flamelet. We also noticed clear

differences in the macrostructure of the flames with these two boundary conditions in

Figure 6-12 with the adiabatic case having a shorter flame, and thus the reactants are

consumed only at high temperatures. This is what is also indicated from the flamelet

plots. We attempt to reproduce this turbulent flame behavior for Flame III with heat

loss using laminar flame simulations but with varying product gas temperatures as

shown in the figure, hence modeling the impact of heat loss on the flamelet structure.

Note that Eb = (T - Tu)/(Tq - Ta), where Tb is the product gas temperature

and Teq the equilibrium temperature. These laminar flamelets simulate the different

product temperatures present along the wall of the combustor (see Figure 6-15). In

the downstream regions of the flow (x/R > 3), it is mainly the product gases that

interact with the wall (0 > 0.4.).

Figure 6-14 shows that we are able to successfully capture the spread in the

LES data using these laminar calculations. For these flamelet simulations, in order

to reproduce the impact of heat loss, a different laminar flame model is used with
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Figure 6-14: Flamelet structure of Flame III (<0=0.56) with heat loss, and laminar
flame profiles constructed using the asymmetric laminar setup.

opposed reactants and products stream at different equilibrium temperatures as was

described in Section 2.2.2 in the asymmetric flame model. We also add a strained

flamelet at an intermediate level of strain to capture the upper bound of the data.

Therefore for Flame III, symmetric laminar strained profiles alone are not sufficient

to capture the LES data spread; implying that heat loss has a bigger impact than

strain for this flame macrostructure.

On the other hand, the effects of heat loss on the Flame IV structure is pretty

minimal. From Figure 6-13 it is evident that the Flame IV macrostructure is more

compact and has less interaction with the combustor wall. Therefore we expect the

thermal boundary conditions not to impact the flame as much. Adiabatic unstrained

and strained laminar flames, can thus reasonably reproduce the microstructure of this

flame; implying that strain effects are larger than the role of heat transfer for this

flame macrostructure.

These results show that the 1D laminar strained flames that we have previously

used to describe the 3D turbulent oxy-flame (ex. Figure 3-11), appears to be valid in

the flow regions we are concerned about (IRZ & ORZ). These results also attempt to

explain the differing roles of heat transfer and strain to try and decouple their effects
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Figure 6-15: Instantaneous normalized temperature (0 = (T - Ta)/(Teq - Ta)) con-
tours for Flame III with heat loss.
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since it is not well understood in the literature [141, 142, 95]. Heat transfer impacts

the flame type that has the greatest interaction with the wall (i.e. Flame III) by

changing it's flame microstructure to that resembling an asymmetric laminar flame

with different product equilibrium temperatures. On the other hand for flames with

less wall interactions (i.e. Flame IV) the impact of strain is larger since the spread

between laminar unstrained and strained profiles was almost equal to that of the LES

turbulent data.

6.4 Flame III vs Flame IV: Flame-Flow Interac-

tions

The Flame III to IV transition is dependent on the strain rates in the ORZ region.

Additionally, from the previous chapter, it was clearly seen that the recirculation

zone size significantly varies and scales with the extinction strain rate of the reactant

mixture (Fig. 5-42. There are certain flame-flow interactions that cause these and

using LES gives access to the important variables in the flow to help understand these

phenomena.

6.4.1 Strain Rates

In Chapter 3 it was shown how extinction strain rates are able to model and scale

the flame transition to the ORZ. The hypothesis was that the flame survives in the

ORZ only when it's extinction strain rate exceeds the local strain rates in the flow in

that region. We also showed the importance of calculating extinction strain rates at

the ORZ temperatures. We begin this section by verifying this hypothesis using our

flame transition LES simulations which consider heat loss for practical considerations.

The shear strain rate contour of the flow is plotted along with the flame edge at the

moment when a flame kernel is seen entering the ORZ in Figure 6-17. We analyze

the strain rates in the red region highlighted in the figure in order to assess how they

change as equivalence ratio increases and hence extinction strain rates of the mixture.
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Figure 6-17: XY strain rate contours along with the flame edge at the instant right
before a flame kernel enters the ORZ. The strain rate analysis is performed on the
area highlighted.

Before calculating extinction strain rates of the reactant mixture in the ORZ, we

plot temperature profiles at various axial locations in the flow and at two different

time instances during the transition process as shown in Figure 6-18. It can be seen

that the temperature of the reactants in that ORZ region (y/R~0.8) is on the order

of 450 K before a flame stabilizes there. Therefore for the strain rate analysis shown

in Figure 6-19, extinction strain rates are calculated at 450 K.

The shear (S.y) and normal (S, and Sy) components of the strain rates in the

flow are normalized by the extinction strain rate and plotted versus time. Predict-

ing the ORZ flame stabilization requires a further understanding of the local strain

characteristics of the flow field. The shear strain rate causes extensional flame strain-

ing leading to positive stretching of the flame. The normal strains of the flow causes

compressive flame straining leading to negative stretching or compression of the flame

[147].

Therefore we plot all of these strain rate terms versus time to determine the

relative importance of each as well. As time moves forward, the equivalence ratio

increases, so does the corresponding extinction strain rate and thus normalized strain
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Figure 6-18: Instantaneous temperature profiles at several axial locations for (a)
Flame III (0=0.58) and (b) Right before the transition to Flame IV (0=0.625).
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rates start to trend downwards. The vertical line shows the point at which the flame

kernel enters and survives in the ORZ. Before this point the strain rates in the flow

are greater than the extinction strain rate for the majority of the time. Therefore a

flame would not be able to survive there. However after this point is reached, at a

certain equivalence ratio, there is a dramatic shift in the three curves as the strain

rates in the flow become much smaller than the extinction strain rate. These results

give additional proof that the Flame III to IV transition is very dependent on the

strain rates in the ORZ region, and the transition occurs when the extinction strain

rate of the mixture, computed at the ORZ temperature, can overcome these strains.

It also appears that the shear strain rate term (Sxz) is less impacted by the flame

transition, since we observe a very sharp decrease in the normalized strain rate, only

for the normal components of strain.

From the previous section we saw that heat loss has a greater impact on Flame

III than IV due its greater interaction with the wall. We also noticed a slight increase

in the ORZ temperature when adiabatic boundary conditions were assumed. The

increase in ORZ reactants temperature will increase the corresponding extinction

strain rate in that region. Therefore we would expect the Flame III to IV transition to

happen at slightly leaner equivalence ratios for the adiabatic case than the simulation

with heat loss.

6.4.2 Recirculation Zones

We now compare recirculation zone structures and flow profiles for the two flame

types. Figure 6-20 presents the mean temperature contours and streamlines for each

flame. The inner recirculation zone becomes much smaller for Flame IV as the two

main eddies in that region also shrink. This reduction in recirculation zone size causes

the flame to become more compact; consistent with experimental observations [16].

Next, taking a look at mean axial profiles at two different locations in the flow

(Figure 6-21), distinct differences are present between the two flames' flow profiles.

The jet is thicker for Flame IV and is at a different vertical location within the

flow. The inner recirculation zone is also clearly seen to be larger for Flame III.
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Figure 6-19: Normalized strain rate terms plotted during the flame III to flame IV
transition. The strain rates are normalized by the extinction strain rate calculated
at 450 K.

This reduction in the spreading angle of the annular jet for Flame IV is also seen by

Kewlani et al. [87] for methane-air mixtures in the swirl combustor. This takes place

as a result of higher heat release and thermal expansion in the ORZ region as will be

shown in detail in the next section.

6.4.3 Vorticity Fields

In this section, we investigate the vorticity field and its effect on the flow and flame

profiles. In Figures 6-22 and 6-23, we compare the out-of-plane vorticity field and

its impact on the recirculation zone and the flame front in both flame configurations

at consecutive time instances. The shear layers are characterized by high vorticity.

Flame III is simulated at an equivalence ratio of 0.56 and Flame IV refers to an

equivalence ratio of 0.7.

The eddies appear to be quite different for each flame type. For Flame IV, the

eddies are more circular and distinct compared to those in Flame III. These vortical

186

Cn

C,)

0
N

$ = 0.6

2 0.22 0.34

Transition I----IS I/K
__-s x/K ext

-IS-- I/Kext

0.625$ =



Y

TMean: 300 500 750 1000 1250 1500 1800 X

Flame III

I I I I I I

-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

x/R

Flame IV

I i I i I i I i o iI i i a

.1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

x/R

Figure 6-20: Mean temperature contours and streamlines of methane-oxy flames from

LES at the two flame macrostructures.
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Figure 6-21: Normalized mean axial velocity profiles comparing the two flame
macrostructures at two axial locations (x/R) in the swirl combustor for the methane-
oxy mixture.

structures originate from the swirler centerbody and shed along the shear layers. The

spreading angle is also much lower for Flame IV and so the dominant positive and

negative eddies are closer together. This can clearly be seen in Figure 6-24 if we

look at the mean vorticity contours. This effect causes the inner recirculation zone to

decrease for Flame IV as a result. This figure also shows the differences in the relative

mean strengths of the eddies, with the eddies being weaker for Flame IV. Therefore

only the eddies in Flame III are able to significantly impact flame wrinkling as is also

seen in Fig. 6-23.

The main mechanism responsible for all of these observations is the impact of heat

release on vorticity. As several researchers have shown [87, 6, 148, 149], increasing

heat release rates increases vorticity damping mainly through the dilatation term

(stretching). This is consistent with what is seen qualitatively in Figures 6-22 and 6-

23 for Flame III as significant vortex stretching is clearly evident compared to Flame

IV.

Furthermore, Michaels et al. [6] compared the impacts of the different terms in
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Figure 6-22: Instantaneous out-of-plane vorticity contours along with the stagnation
velocity line (black line) to locate the recirculation zones of methane-oxy flames from
LES at the two flame macrostructures. 1 ms separates each frame.
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Figure 6-23: Instantaneous out-of-plane vorticity contours along with the progress
variable contour c=0.8 (black line) to locate the flame front of methane-oxy flames
from LES at the two flame macrostructures. 1 ms separates each frame.
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Figure 6-24: Mean out-of-plane vorticity contours of methane-oxy flames from LES
at the two flame macrostructures.

the vorticity equation and also showed the dilatation effect to be the highest and

increased with higher heat release. A similar conclusion was reached by Bobbitt et

al. [148] for premixed flames with low Karlovitz numbers.

To verify these outcomes from the literature in the swirl combustor geometry for

methane-oxy mixtures, the dilatation vorticity source term (w(V - u)) is calculated

for the whole region in the flow for both flames and the results are shown in Figures

6-25 and 6-26. The dilatation term clearly has a big impact on the flame since it's

value is greatest in the regions of the flow where the flame front is located 6-26. The

two flames also have different values near the flame as is shown in Fig. 6-25 with the

higher heat release flame type (Flame IV) having higher dilatation values as expected.

We also compare mean vorticity and heat release profiles for each flame macrostruc-

ture in Figure 6-27. There is a clear contrast in the results between the two flames.

Firstly, the heat release rates are much higher for Flame IV as is expected in both

the inner and outer shear layers. These high heat release rates result in gas expansion
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Figure 6-25: Mean dilatation vorticity source term profiles comparing the two flame
macrostructures at x/R=0.75 in the swirl combustor for the methane-oxy mixture.

in those regions which reduces the spreading angle of the jet. The high heat release

rates also increases the dilatation impact on vorticity 6-25 which in turn increases the

vorticity damping as is also seen in the left figure. Vorticity damping coupled with

the reduction in jet angle causes the inner recirculation zone to shrink for Flame IV

as observed in simulation results from the previous and current chapter.

These important outcomes are consistent with all of the numerical observations

we have seen so far and also serve to explain how the flow impacts the flame in ex-

periments as well. Watanabe et al. [16] also observed experimentally the reduction

in flame length of methane-oxy flames in a swirl combustor as the flame transitioned

from Flame III to IV. The LES results in this thesis have now shown that this re-

duction in flame length occurs as a result of the change in size and shape of the

inner recirculation zones which is due to vorticity damping at high release as we

have shown. This interplay between flow and flame is visually represented in Figure

6-28. The flame is impacted by the flow; vorticity damping reduces the size of the

recirculation zone which makes the flame more compact during the Flame III to IV

transition. The flow is also impacted the flame; higher heat release results in gas

expansion which causes this vorticity damping. Therefore there is this continuous
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Figure 6-28: Visual representation of the interactions between the flow and flame.

6.5 Conclusions

In this chapter, we used LES to model the Flame III to Flame IV transition in

the swirl combustor for CH 4/0 2/CO 2 (methane-oxy) mixtures. The simulations were

successfully able to capture the correct flame macrostructure transition mechanism for

these methane-oxy flames. We also investigated the flamelet structure of these two

flame macrostructures. The combustor wall boundary conditions had a significant

impact on the flamelet structure of these two flames. For the adiabatic cases, the

flamelets of both macrostructures behaved like strained laminar flames subjected to

varying levels of strain. When wall heat transfer is included, Flame III flamelet results

in larger scatter of the data because the fuel is consumed at lower temperatures along

the combustor wall. In addition, the direct correspondence of the 1D laminar flame

structures to the 3D turbulent flames, proves the validity of using laminar flame

calculations (ex. extinction strain rate) to model and scale these turbulent flame

macrostructures (Chapter 3). We also showed how the flame stabilizes in the ORZ

only when the extinction strain rate of the mixture, at the ORZ temperature, exceeds

strain rates in the region. The flame becomes much shorter during the transition to

higher equivalence ratios due to the decreasing size of the inner recirculation zone and

the flame folding phenomenon that happens. This was explained by vorticity damping
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due to gas expansion at the higher high release rates during the flame transition.

These important outcomes are consistent with all of the numerical observations we

have seen so far and also serve to explain the interplay between the flow and flame

dynamics in the swirl combustor for oxy-combustion.
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Chapter 7

Conclusions

7.1 Summary

Oxy-fuel combustion is a leading technology for carbon capture and sequestration

(CCS) in power plants. Natural gas cycles with CCS can be cost-competitive with

renewable energy technologies, making them important for transitioning to low CO 2

energy sources using fossil fuels. Methane oxy-combustion cycles require combustors

that can burn fuel and an oxygen stream along with some diluent, so that the CO 2 in

the flue gases can easily be captured by condensing out the water. Cycles with CO 2

recycle are found to be more attractive due to their higher efficiencies and lower costs

but the combustor technology still requires development and that is the focus of this

thesis. A combined experimental and numerical approach is used to take advantage

of both types of tools in exploring the combustion dynamics of oxy-fuel flames.

In Chapter 3, we established the stability characteristics for flame macrostructure

transitions for turbulent oxy-flames in a gas turbine combustor. We examined the

specific flame transition linked to the occurrence of combustion instabilities in a gas

turbine combustor for methane oxy-combustion mixtures. There existed a flame tran-

sition point where the onset of flame stabilization in the ORZ took place at the same

equivalence ratio and inlet velocity in both air and oxy-combustion. The spinning

frequency of this ORZ flame was found to be a purely kinematic phenomenon with

a fixed Strouhal number independent of the Reynolds number. Therefore the inlet
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velocity is a more relevant parameter for maintaining similar flow conditions in the

ORZ. By defining the inverse of the ORZ spinning frequency as a characteristic flow

time, and the inverse of the extinction strain rate as a characteristic flame time scale,

we constructed a map with a single line separating two different flame stabilization

modes, valid for a whole range of different inlet conditions.

The work in Chapter 4 then builds on these results by investigating the role of

kinetics vs transport on the response to strain of these oxy-flames. The Lewis num-

ber for stoichiometric oxy flames is less than 1, whereas for the air flame it is unity.

This impacts the response to strain of the two flames by affecting the shape of the

consumption speed curves. For lower flame temperatures, the oxy flames display

enhanced flame speeds as the flame is strained whereas the air flame's response is

almost flat. But at higher temperatures, heat loss from radiation is more significant

and the mixture Lewis number is higher resulting in flatter curves for the oxy flame.

The chemical effect of CO 2 present in oxy-combustion has a bigger impact on the con-

sumption speed and flame extinction strain rate than the effect of transport properties

change. This is mainly due to the competition for radicals of the important reaction:

CO 2 + H ( - CO + OH when high levels of CO 2 are present in oxy-combustion.

It is also revealed that this reaction affects the sensitivity of the flame properties to

changes in the inlet temperature, with the air-combustion flame being more sensitive.

This variation with temperature shows the importance of choosing the right inlet

temperature when calculating these flame values in order to accurately reflect the

conditions present in the combustor regions being investigated.

In Chapter 5, LES models were validated for propane-air mixtures in bluff-body

and backward-facing step combustors, and for methane-oxy mixtures in the swirl com-

bustor. The main goal was also to investigate the attributes of a chemical mechanism

which are important for predicting important flow features such as recirculation zones

in these simple and complex geometries. For the propane-air cases, we used a 2-step

mechanism which had reasonable extinction strain rate agreement with experimental

values. We also modified that reduced mechanism to form a new mechanism which

intentionally had far worse agreement and over-predicted extinction strain rates. We
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found that simulations in these two geometries using the modified mechanism under-

predicted recirculation zone lengths compared to results using the original mechanism.

In the swirl combustor, oxy-combustion simulations using the Frassoldati mechanism,

which had very good extinction strain rate values, were able to predict the correct

flame macrostructure and flow profiles compared to the Andersen mechanism which

had much worse extinction strain rate prediction. Recirculation zone lengths in the

backward-facing step and swirl combustors linearly scaled well with extinction strain

rate. This scaling held regardless of fuel or oxidizer type, Reynold's number, inlet

temperature, or combustor geometry. We conclude that it is very important that a

chemical mechanism is able to correctly predict extinction strain rates if it is to be

used in CFD simulations.

Finally, in Chapter 6, we used our LES framework to model the Flame III to Flame

IV transition in the swirl combustor for methane-oxy mixtures. The simulations were

successfully able to capture the correct flame macrostructure transition mechanism

for these methane-oxy flames. 1D laminar flamelets were also found to reasonably

represent 3D turbulent flame structures, explaining why laminar calculations have

been able to capture more complex turbulent behaviors. We also showed how the

flame stabilizes in the ORZ only when the extinction strain rate of the mixture, at

the ORZ temperature, exceeds strain rates in the region; confirming an important

hypothesis in this thesis. The flame becomes much shorter during the transition to

higher equivalence ratios due to the decreasing size of the inner recirculation zone.

This was explained by vorticity damping due to gas expansion at the higher high

release rates during the flame transition. These important outcomes are consistent

with all of the numerical observations we have seen so far and also serve to explain the

interplay between the flow and flame dynamics in an oxy-fuel gas turbine combustor.

Overall, the contributions from this thesis are pivotal for advancing the funda-

mental understanding of methane oxy-combustion flames which ultimately supports

in the design of these novel gas turbine combustors.
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