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ABSTRACT

Turbulent premixed flames are used in many energy conversion and propulsion de-
vices. The efficiency and performance of these devices are affected by operating conditions,
which also affect the highly nonlinear turbulence-chemistry interactions (TCIs). Previous
fundamental studies characterize TCIs at atmospheric pressure, but relevant devices usually
operate at higher pressures. This study investigates the effects of elevated pressure and
finite-rate chemistry on methane/air turbulent premixed flames using direct numerical sim-
ulations performed at pressures of 1 atm and 10 atm and utilize an 8-species and 4-steps
mechanism and a 13-species and 73-steps mechanism. The effects of pressure and chemistry
on TCIs are examined in terms of the statistical and spectral features. At elevated pressure,
there is more flame-front wrinkling, affecting flame curvature and heat release rate. The
smaller length scales of turbulence become more energetic, and TCIs are more sensitive to

finite-rate chemistry, indicating that complex chemical models may be more appropriate.
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CHAPTER 1

INTRODUCTION

Turbulent premixed combustion is observed in several engineering devices such as
internal combustion engines, gas turbines, and swirl combustors. Such systems are typically
operated under high pressure, lean conditions, and intense turbulent environments [12, 44]
to have higher efficiency, compact design, and better emissions characteristics. The highly
nonlinear turbulence-chemistry interactions prevalent in such devices are a multi-scale phe-
nomenon [16, 30, 32]. The interplay of various processes such as reaction, molecular mixing,
convective processes, and thermal expansion occurs within the flame. Many of these pro-
cesses are still unsolved fundamental problems in combustion research.

There are different types of fluid flows, but the most common types encountered are
the laminar and turbulent flow regimes. Turbulent flow is fluid motion characterized by
chaotic changes in pressure and flow velocity. Turbulent flows are found in nature, such as
rivers, natural convection, and even blood flow in arteries. However, turbulent flows also
occur in many applications, such as in the study of aerodynamics, and it is used to increase
heat transfer in pipes, ducts, and heat exchangers.

All types of flows can be classified as reactive or non-reactive flows. Reactive flows
are flows with chemical reactions taking place. Such flows are used in many applications

such as detonations, propulsion devices, combustion, and even astrophysics. These flows



are governed by the conservation of mass, momentum, and energy and the conservation of
species mass. Before reaching chemical equilibrium, chemical reactions often undergo many
elementary reactions generating intermediate species (radicals). There can be hundreds of
elementary reactions and intermediate species in combustion reactions, making modeling
difficult, especially in turbulent combustion. This difficulty is due to highly nonlinear in-
teractions between turbulence and chemistry, known as turbulence-chemistry interactions
(TClIs).

Combustion can be classified into three modes: premixed, non-premixed, and partially
premixed. Premixed combustion occurs when fuel and oxidizer are mixed before any reaction
takes place. In non-premixed combustion, the fuel and oxidizer are not mixed before reaction,
and in partially-premixed combustion, the fuel and oxidizer are incompletely mixed before
reaction. The focus of the present study is premixed combustion occurring within a turbulent
environment.

Turbulent premixed flames have been extensively investigated in the past through ex-
perimental, theoretical, and computational approaches to characterize their temporal, spa-
tial, topological, statistical, and spectral characteristics. In such flames, the interaction
between turbulence and chemistry is interdependent. For example, the presence of flame
and the associated heat release and thermal expansion affects the characteristics of turbu-
lence by modifying the length scales of the eddies, and on the other hand, the energetic

turbulent eddies lead to stretching and wrinkling of the flame surface.



The multi-scale nature of the TCIs makes it extremely challenging to predict their
characteristics in practically relevant scenarios, thus necessitating further fundamental stud-
ies to characterize their behavior under practically relevant operating conditions. The present
study focuses on examining the effects of pressure and finite-rate chemistry on the features of
turbulent premixed flames by performing high-fidelity simulations of a canonical turbulent
premixed flame configuration.

Premixed flames are topologically characterized into distinct zones. The first zone is
the unburned zone containing the unburnt reactant mixture, and the last zone is the burned
gas zone, or post-flame zone, characterized by high temperatures and chemical equilibrium.
The transition between the unburnt and burnt states occurs within the flame brush, which
comprises of the preheat and reaction zones. The preheat zone begins when the temperature
starts to rise and ends at the ignition temperature. The end of the preheat zone indicates
the beginning of the reaction zone, where fuel and oxidizer are converted to products.

Due to the presence of multiple spatial and temporal scales, turbulent premixed flames
are classified into different regimes, namely, wrinkled flamelets (WF), corrugated flamelets
(CF), thin reaction zone (TRZ) and broken/distributed reaction zone (B/DRZ) [30, 32]. Re-
cent experimental studies have also characterized the existence of another regime, referred to
as the broadened preheat-thin reaction (BP-TR) layer for flames under extreme turbulence
[48]. The key parameters for classification of regimes are: turbulence intensity (u'), laminar
flame speed (S1,), integral length scale (I;), and the flame thickness (dr,). A detailed descrip-

tion of the regime diagram for premixed flames and its different variations are presented



elsewhere [30, 32]. These regimes can also be characterized in terms of non-dimensional
numbers, such as Karlovitz number (Ka), Reynolds number (Re), and Damkohler number
(Da). The turbulent premixed flames considered in this study correspond to the TRZ and
B/DRZ regimes, therefore the key features of these regimes are summarized below.

The TRZ regime is characterized by 1 < Ka < Ka., where Ka,. =~ 100. In this regime,
the preheat zone gets thickened by the eddies, but the reaction zone remains unaffected as
the small-size eddies get dissipated before they can disrupt the reaction zone [46]. Some
other features of this regime include increased wrinkling of the flame surface, enhanced
heat and mass transport, and an increase in fuel consumption compared to the unstretched
laminar flame. In the B/DRZ regime (Ka > Ka.), the transport by energetic turbulent
eddies dominates differential diffusion, and therefore, can potentially lead to local/global
extinction [30]. Some of the experimental and numerical studies of such flames have shown
that local extinction can occur for Ka > Ka. due to gas expansion across the flame region
(2, 12, 24, 27, 39]. Flames in this regime also exhibit a diffused interface between fuel
and products with the flame structure resembling a turbulent mixing zone. Experimental
studies of methane/air flames in TRZ and B/DRZ regimes have shown that an increase in
the turbulence intensity manifests as a progressive broadening of the flame brush [7, 11, 12,
27, 47, 60]. However, recent investigations of the flame structure under intense turbulence
[40, 47, 48] have shown the presence of a continuous and constant fuel-consumption layer,

thus precluding the presence of local /global extinction.



As stated before, turbulence-chemistry interactions are highly nonlinear, and as a
result, the role of finite-rate chemistry becomes important. It has been suggested that many
turbulent flame characteristics are insensitive to the complexity of the chemical mechanism
employed in computational studies [23]. Still, other studies have shown the effects of chem-
ical models on turbulence-chemistry interactions [29]. Nevertheless, many previous compu-
tational studies employed reduced chemical models to offset computational costs related to
the use of complex chemical models while employing the finite-rate chemistry approach.

Although the behavior of turbulent premixed flames has been well characterized,
many of these past studies are performed usually at atmospheric pressure, whereas the
practically relevant combustion devices operate at higher pressure. Recent computational
and experimental studies have shown that a variation in pressure directly affects the flame
characteristics [1, 8, 15, 19, 20, 22, 25, 50-54, 58|, and more complex chemical mechanisms
may be needed to capture these effects effectively [53, 58]. Therefore, further studies are
required to contribute to the understanding and characterization of the effects of pressure
and finite-rate chemistry at elevated pressure, a vital step in developing predictive models.

The present study focuses on the computational investigation of turbulent premixed
flames under high-pressure conditions through high-fidelity simulations. Direct numerical
simulation (DNS) of turbulent premixed flames [2, 29, 33-35, 46, 49] is typically used to
examine fundamental features of such flames, and therefore is considered in this study. Note
that DNS is typically limited to canonical configurations due to its prohibitive computational

cost for practical applications operating at high Re. For practical configurations, large eddy



simulation (LES) tends to be a viable alternative, where the large-scales are resolved, and the
effects of the subgrid-scale (SGS) turbulence-chemistry interaction are modeled [31]. In terms
of the chemistry modeling, the cost associated with compressible finite-rate chemistry using
detailed kinetics still tends to be huge when it comes to simulation of practical combustion
devices due to a large number of transport equations and tedious calculations associated
with the evaluation of transport and thermodynamic properties. Therefore, we consider the
use of moderately complex and skeletal chemical kinetics to demonstrate the effects of the
employed chemical models on the characteristics of flames considered in this study.

The cases in this study are simulated at pressures of 1 atm and 10 atm and correspond
to the TRZ and B/DRZ regimes. In total, four cases are simulated using two different
chemical mechanisms to examine the effects of the complexity of chemical models while
employing a finite-rate chemistry approach. Specifically, we employ a moderately complex
8-species and 4-step mechanism and a skeletal 13-species and 73-step mechanism. The
results from the DNS of the cases are used to examine the flame-turbulence interactions
comprehensively in terms of the effects of pressure and chemistry on the spatial, statistical,

and spectral features.

1.1 Key Technical Objectives
This thesis aims to contribute to the fundamental understanding of the effects of
pressure and chemistry on the features of turbulent premixed flames by meeting the following

key objectives:



e Characterize the effects of pressure on structural, statistical, and spectral
features: Most past studies have focused on characterizing turbulence-flame inter-
actions at atmospheric pressure, but practically relevant engineering devices usually
operate at high pressures. Therefore, a fundamental understanding of how pressure
affects the behavior of turbulent premixed flame is an essential step in developing
predictive turbulent combustion models to study practical devices. In particular, the
effects of variation in pressure are examined in terms of the flame topology, spatial,
single point, and conditional statistics, and through two-dimensional spectral analysis.
A key focus is to characterize the behavior of the flame curvature, heat release rate
(HRR), and their correlation as the pressure is varied. Furthermore, at elevated pres-

sure, the effects of variation in the velocity and the length scale ratios are considered.

e Characterize the effects of finite-rate chemistry on structural, statistical,
and spectral features: Intermediate species in a numerical system can increase
computational cost due to an increased number of species transport equations and
the associated stiffness of the governing equations. As a result, most previous com-
putational studies employed simpler chemical models to reduce computational costs.
However, it has recently been hypothesized that local chemical pathways may also be
sensitive to the effects of pressure [53] and fast chemistry assumptions may not be valid
for high operating pressures [58]. Therefore, we employ a moderately complex 8-species
and 4-step mechanism [41], and skeletal 13-species and 73-step mechanism [36] to inves-
tigate how the complexity of the chemical mechanism affects the characteristic features

7



of turbulence-chemistry interactions. Furthermore, both mechanisms are employed at
pressures of 1 atm and 10 atm to identify how these effects vary at elevated pressure.
In particular, the effects of finite-rate chemistry are discussed in terms of the flame
topology, spatial, single point, and conditional statistics, and through two-dimensional

spectral analysis.

1.2 Thesis Layout

This thesis is divided into seven chapters including this introductory chapter. First,
the current state-of-the-art for research on turbulent premixed flames under intense turbu-
lence conditions and at elevated pressure is reviewed in Chapter 2. Next, the governing
equations and numerical methodology are described in Chapter 3. Afterward, the details
of the computational setup and a description of the cases considered in this study are pre-
sented in Chapter 4. A comprehensive analysis of the effects of pressure and chemical models
while employing the finite-rate chemistry strategy are discussed in Chapter 5 and Chapter 6,

respectively. Finally, the key findings and future directions are summarized in Chapter 7.



CHAPTER 2

TURBULENT PREMIXED FLAMES AT ELEVATED PRESSURE

Turbulent premixed flames are used in many energy conversion and propulsion de-
vices such as gas turbines, internal combustion engines, and swirl combustors. The efficiency
and performance of these kinds of devices are significantly affected by the operating con-
ditions, which in turn affect the highly nonlinear turbulence-chemistry interactions. Past
fundamental studies have focused on characterizing the behavior of such interactions un-
der a wide range of operating conditions. However, most of these studies are performed at
atmospheric pressure, whereas the practically relevant combustion devices usually operate
at much higher pressures. Therefore, a fundamental understanding of how pressure affects
the behavior of turbulent premixed flames is an important step in developing predictive
turbulent combustion models to study practical devices.

In this chapter, the key features of turbulent premixed flames established in past
studies are briefly summarized. A detailed survey of characteristics of such flames is presented
in the review articles [5, 9, 10, 43]. Here, we focus on turbulent premixed flames under
intense turbulence conditions and summarize the behavior of such flames at atmospheric

and elevated pressure conditions.



2.1 Features of Flames at Atmospheric Pressure

In recent years, DNS has been extensively used to investigate the fundamental features
of turbulent premixed flames. In particular, the structural and statistical characteristics of
turbulent premixed flames have been widely investigated over the past few decades and con-
tinues to be a growing area of research [5, 10, 43]. Recent studies using DNS have focused
on the study of turbulent premixed flames under lean conditions and intense turbulent envi-
ronments [2, 12, 39, 44| as such conditions are known to yield stable combustion and better
emissions characteristics.

A key feature of such flames is the modification of the flame structure by the turbu-
lent eddies, particularly a progressive broadening of the preheat zone. It is also hypothesized
that at extreme levels of turbulence, the reaction zone may also get disrupted leading to lo-
cal/global extinction [2, 11, 12, 24, 27, 30, 39]. For example, Aspden et al. [2] conducted
DNS to investigate the effects of turbulence on premixed flames and characterized the B/DRZ
regime. The study concluded that increasing turbulence intensity leads to a more disturbed
flame structure and increased peak local burning rate and turbulent flame speeds. Further-
more, the study found that flames in the B/DRZ regime have a less sharp interface between
fuel and products. Savre et al. [39] used two-dimensional DNS of methane/air turbulent pre-
mixed flames to examine the effects of turbulence on the inner flame structure. The study
showed that an increase in the turbulence intensity leads to large, protruding structures and
a broader heat release layer. In addition to this, the study reported that flames in the B/DRZ

regime are broader, have temperatures that change linearly with the progress variable, and
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the peak mass fractions of minor species are less than predicted by laminar flames. Flames
under high level of background turbulence also exhibit a diffused interface between fuel and
products with the flame structure resembling a turbulent mixing zone [7, 11, 12, 27, 47, 60].
Recent investigations of such flames [40, 47, 48] have shown the presence of a continuous and
constant fuel-consumption layer, thus precluding the presence of local/global extinction.

Turbulence-chemistry interactions are highly nonlinear, and therefore, the role of
finite-rate chemistry is key to such interactions, which has also been investigated in past
studies. Carlsson et al. [3, 4] conducted DNS of premixed methane and hydrogen flames
to investigate the effects of turbulence on the flame structures. Their results showed that
differential diffusion has a significant impact on the flame structure at high turbulence lev-
els, and single-step chemistry does not capture the role of differential diffusion. Lapointe
and Blanquart [23] used direct numerical simulations to investigate the effects of chemistry
further. They compared a wide range of fuel types, chemical mechanisms, and equivalence
ratios. They found that the turbulent flame speed and fuel consumption rates are relatively
insensitive to the chemical model. Furthermore, they suggest that regardless of the chemical
model used, turbulent flame behavior can be accurately predicted by knowing only a few
laminar flame properties, such as laminar flame speed, laminar flame thickness, reaction zone
thickness, and the fuel Lewis number to model differential diffusion.

These contributions have provided the foundations for current research but are limited
because only turbulent premixed flames at atmospheric pressure were studied. Practical com-

bustion devices operate at much higher pressures, and therefore further studies are needed
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to characterize the behavior of turbulence-chemistry interactions at elevated pressure and
intense turbulence conditions. The expensive and risky nature of experimental research for

premixed combustion makes DNS a better alternative to carrying out fundamental studies.

2.2 Features of Flames at Elevated Pressure
Turbulent premixed flames at elevated pressure have gained significant interest re-
cently, and progress has been made to describe the effects of pressure on various charac-
teristics of turbulent premixed flames. This section summarizes the key observations from

experimental and computational studies of turbulent premixed flames at elevated pressure.

2.2.1 Ezperimental Observations

Lachaux et al. [22] investigated the flame front of methane/air turbulent premixed
flames using an experimental Bunsen flame setup at pressures of up to about 9 atm. Their
results show that laminar flame speed (Sy,) decreases with increasing pressures, leading to
an increase in the characteristic velocity scale ratio (u’/Sy). They also reported increased
flame surface density and burning rates with higher pressures and observed more small-
scale flame structures at elevated pressures. Kobayashi et al. [20] examined the effects of
increasing pressure and temperature on turbulent burning velocities by using a Bunsen-type
flame setup and testing pressures up to around 10 atm. Their results showed that the ratio
of turbulent and laminar burning velocities is significantly affected by pressure.

The structural features of flames at high pressures have also been experimentally

investigated. Wang et al. [51] investigated the effects of fuel dilution at high temperatures
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and pressures. Their experiment revealed a more general conclusion that turbulent premixed
flame fronts are significantly more wrinkled at high temperatures and high pressures. Wang
et al. [52] used a nozzle-type Bunsen burner to experimentally analyze the effects of elevated
pressure on turbulent premixed flames at pressures up to about 10 atm. They reported that
at elevated pressure the flame front has many small-scale cusps superimposed with large-scale
flame branches, and their results also show that the burning velocity ratio and characteristic
velocity scale ratio increase with pressure. Fragner et al. [15] investigated the effects of
pressure even further in Bunsen flames. Their experimental setup tested the Bunsen flames
with pressures up to 5 atm. They determined that increasing pressure causes the energy
spectrum to stretch further in the direction of small scales and high wavenumbers. They
also reported that the curvature distribution broadens if the laminar flame thickness (d1,) is
constant during pressure increases. Recently, Wang et al. [50] came to the same conclusion
about curvature experimentally. Their study showed that the increase in pressure leads to a

more flat and broad probability density function of curvature.

2.2.2  Computational Observations

In addition to experimental studies, there has been a growing body of DNS studies
that analyze the effect of elevated pressure on turbulent premixed flames. Yilmaz and Gokalp
[58] used DNS and experiments to investigate the effects of high pressures on the turbulent
premixed flame structure. They used pressures of up to about 9 atm and determined that
flame speed decreases with increasing pressure, whereas thicker flame brushes were observed

at high pressures, and there is a downstream shift of the flame front location. They also

13



concluded that a fast chemistry assumption might not be valid at high pressures. Dinesh
et al. [8] used three-dimensional DNS to examine the effects of pressures up to around 4 atm.
Their results showed that as pressure is increased, the reaction zone becomes thin and more
wrinkled. This leads to higher negative and positive curvature zones, and the effects caused
by elevated pressure on heat release rate (HRR) are more significant than the effects caused
by variations in the turbulence intensities.

Wang et al. [53, 54] used three-dimensional DNS to investigate the effects of pressure
on flame structures and chemical pathways for turbulent premixed hydrogen flames. They
reported that under quasi-constant turbulence intensity conditions, the flame fronts at ele-
vated pressures have sharper structures, and heat release is enhanced in the concave areas.
Additionally, they reported an increase in the probability of high curvature and a reduction
in the decorrelation of HRR and fuel consumption rate at elevated pressures. Klein et al.
[19] used DNS to analyze the flame curvature statistics of turbulent premixed Bunsen flames
at pressures up to about 10 atm. Their results showed that increasing pressure while main-
taining a constant velocity scale ratio causes cusp formation and increases skewness of the
flame curvature PDF. They also reported that increasing pressure leads to a broader PDF
of flame curvature, which indicated an increase in small-scale flame front wrinkling.

Alqallaf et al. [1] used three-dimensional DNS to investigate flame curvature in tur-
bulent premixed Bunsen flames at elevated pressures. Their results show that at elevated
pressures, there is a higher probability of developing large negative curvature. Finally, Lu

and Yang [25] proposed a predictive model for the turbulent burning velocity over a range
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of pressures and turbulence intensities. They cited the increase in the ratio of turbulent and

laminar burning velocities as the motivation for developing the model.

2.3 Summary

High-pressure conditions affect several characteristics of both laminar and turbulent
premixed flames. At elevated pressures, the laminar flame speed and flame thickness de-
crease, the reaction zone is thinner, and the flame front location shifts further downstream,
leading to thicker flame brushes. Elevated pressures produce more wrinkled flame fronts
with sharper structures under turbulent conditions. Increasing pressure also affects the
characteristics of maximum HRR and flame curvature. In particular, high pressure leads
to higher maximum heat release rates, and the maximum HRR values move from lower
temperatures to higher temperatures. In addition to this, the decorrelation of heat release
and fuel consumption is reduced at high pressures. As pressure increases, the probability
density function (PDF) distribution of flame curvature broadens and becomes flatter. The
broadening of the PDF indicates a higher probability for large magnitude curvature and

enhancement of small-scale flame front wrinkling.
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CHAPTER 3

MATHEMATICAL FORMULATION AND NUMERICAL METHODOLOGY

In this chapter, the governing equations and the numerical approach employed to

solve the equations are described.

3.1 Governing Equations
We consider a fully compressible formulation with finite-rate chemistry to describe
the turbulent premixed flames considered in this study. The governing equations comprise
the compressible multi-species reacting Navier-Stokes equations, which correspond to the

conservation of mass, momentum, energy, and species mass. These equations are given by

% %’Zi =0, (3.1.1a)

ag? + a%. lpu; + pdij — 7ij] = 0, (3.1.1b)

ag_f " ai [(pE +p)ui + g5 — ujmy) =0, (3.1.1c)

agfk + aii [pYr (ui + Vi)l =@, k=1 N, (3.1.1d)

Here, p is the density, (u;)i—123 is the velocity component in the Cartesian coor-
dinates, p is the pressure, 7;; is the the viscous stress tensor, and Y}, Vi ;, and wy are the

mass fraction, diffusion velocity component, and reaction rate of the k™ species, respectively.
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Also, N is the total number of species in the flow. The above governing equations (3.1.1)

are closed by the thermally perfect gas equation of state
p = pRT, (3.1.2)

where, R is the mixture gas constant, which is given by
Rzgﬁ%, (3.1.3)

where, R, is the universal gas constant and W, is molecular weight of the k'™ species. Using

the thermally perfect gas equation of state, the specific internal energy e is given by

Ny Ny T
e=) Yiep = ZYk/ cor(T)dT, (3.1.4)
k=1 k=1 To

and the specific enthalpy h is given by

N N T
h=>) Yily=>» Y% (/T o (T)dT + Ah;k>. (3.1.5)
k=1 k=1 0

Here, ¢k, cok, Rk, and Ah}, are the specific heat at constant pressure, constant
volume, gas constant, and the enthalpy of formation, respectively, for the k™ species. The
temperature dependent c,; is obtained from classical temperature curve-fits and c,; =

Co ks + Ry
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The viscous stress tensor, 7;;, and the heat-flux vector, ¢; are given by

1

Tij = 2u(T) (Sij — gSkk%) 7 (3.1.6)
oT N

i = —MT) 0z, + P; hiYiVik, (3.1.7)

3ui i 8uj
8a:j 0:61

is the dynamic viscosity. The diffusion velocity Vj ; for the k™ species is given by

1
where, S;; = 5 ( ) is the strain-rate tensor, A is the thermal conductivity, and u

10X, 1 & X,
Vii=—Dp— — D W, , 3.1.8

where, W is the mixture molecular weight, and D and X, are diffusion coefficient and mole
fraction of the k™ species, respectively. The diffusion coefficient for a species is obtained
through the well-known mixture-averaged formulation [32]. The above system of conserva-

tion equations is complete after the description of initial and boundary conditions.

3.2 Numerical Methodology
The governing equations described in Sec. 3.1 are solved using a well-established three-
dimensional parallel, multi-species compressible flow solver, referred to as AVF-LESLIE [18,
37]. It is a multi-physics simulation tool capable of DNS and LES of reacting/non-reacting
flows in canonical and moderately complex flow configurations. It has been extensively

used in the past to study a wide variety of flow conditions, including acoustic flame-vortex
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interaction, premixed flame turbulence interaction, scalar mixing, non-premixed combustion,
etc. [18, 37, 56, 57]. The solver utilizes a finite volume-based spatial discretization of the
governing equations in their conservative form on a structured grid using the generalized
curvilinear coordinates. The spatial discretization is based on the well-known 2nd/4th-
order accurate MacCormack scheme [26]. The time integration of the semi-discrete system
of equations is performed by an explicit 2nd-order accurate scheme. The solver can handle
arbitrarily complex finite-rate chemical kinetics. The mixture-averaged transport properties,
the finite-rate kinetics source terms, and the thermally perfect gas-based thermodynamic
properties are obtained using the Cantera software [17].

To assess the effects of the complexity of chemical mechanisms on the turbulence-
chemistry interactions while employing finite-rate chemical kinetics, we consider two different
chemical mechanisms. These include a moderately complex 8-species and 4-step mechanism
[41], and a skeletal 13-species and 73-step mechanism [36]. The species in the first mechanism
include CHy, O,, CO, COq, H, Hy, HyO, Ny, and the species in the second mechanism include

CH,, CH,, CO, CO,, CH,0, O, Oy, H, Hy, OH, H,O HOs, No.
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CHAPTER 4

DESCRIPTION OF COMPUTATIONAL SETUP AND CASES

In this chapter, the details of the computational setup and cases considered in this
study are discussed. These details include the computational domain, computational mesh,

the initial /boundary conditions, a description of the cases, and the simulation parameters.

4.1 Computational Setup

Figure 4.1 (a) shows a schematic of the turbulent premixed flame configuration. We
consider four different methane/air turbulent premixed flames in this study to analyze the
effects of pressure and chemical models while employing the finite-rate chemistry approach
on the turbulence-chemistry interactions. These flames correspond to the TRZ and the
B/DRZ reaction zone regimes (based on the initial turbulence and flame conditions). The
four cases considered here are shown on the premixed regime diagram [30] in Figure 4.1 (b).
In this figure, the symbols (e), (m), (a), and (e), correspond to cases Al, A2, A3, and A4,
respectively.

The computational domain is 3-dimensional with dimensions of L, x L, x L, in
the streamwise (x), transverse (y) and spanwise (z) directions. Hereafter, (zq1, x9, z3) =
(x, y, z), and they are used interchangeably. The flow field is initialized using an isotropic

turbulent flow field obtained using the Kraichnan spectrum [21]. The value of L is chosen so
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that it is at least 10 times the integral length scale [; of the initial isotropic turbulence. The
background turbulent flow field is superimposed with the one-dimensional planar laminar
premixed flame solution obtained at ¢ = 0.8, T = 570 K and p,of = 1 atm or 10 atm.

The flame conditions, particularly the preheated conditions and the equivalence ratio,
chosen here are nominally based on past studies and are typical of gas turbines, spark-ignition
engines and combustors [35, 37]. The center of the initially planar laminar premixed flame
is positioned near the center of the computational domain with the reactants on the left and
the products on the right sides (see Figure 4.1 (a)). A characteristic-based inflow-outflow
boundary condition is used in the z direction and periodic boundary conditions are used in

the homogeneous y and z directions.
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Figure 4.1 A schematic of the turbulent premixed flame configuration (a) and the premixed
regime diagram [30] (b) for the cases investigated in this study
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4.2 Description of Cases

The four cases considered in this study correspond to the TRZ and B/DRZ regimes
(see Figure 4.1 (b)) based on the initial flame and turbulence conditions. These cases are
characterized on the regime diagram in terms of the characteristic velocity scale ratio (u'/St)
and the characteristic length scale ratio (I;/dr,). Here, u' and [; denote the turbulence inten-
sity and the integral length scale of the initial turbulence, and Sy, and ¢y, denote the laminar
flame speed and laminar thermal flame thickness of the initially planar premixed flame.
Furthermore, the cases can be characterized in terms of other non-dimensional parameters,
such as the integral Reynolds number (Re), the Karlovitz number (Ka), and the Damkohler

number (Da), which are defined as

U/lt

/u/35L
Suly
Da = ws (4.2.3)

Note that the laminar thermal flame thickness ¢;, is defined as

_ (Tb - Tu)
VT o

max

5 (4.2.4)

where, the subscripts ‘b’ and ‘u’” denote burnt and unburnt regions, respectively.
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Table 4.1 Simulation parameters

Case | Closure | N, x N, X N, | pres [atm] | «'/Sy | I;/01 | Re Ka | Da
Al DNS 256 x 256 x 256 1 10.0 | 0.74 | 61.6 | 12.7 | 0.62
A2 DNS 512 x 512 x 512 10 36.8 | 3.15 | 621 | 54.4 | 0.46
A3 DNS | 384 x 384 x 384 10 10.0 | 3.15 | 168 7.7 | 1.68
A4 DNS 256 x 256 x 256 10 36.8 | 0.74 | 146 | 111.9 | 0.11

The simulation parameters for the four cases are summarized in Table 4.1. These
cases are labeled A1, A2, A3, and A4. Specifically, cases A1 and A3 correspond to the TRZ
regime with Ka of about 13 and 8, respectively, whereas cases A2 and A4 fall within the
B/DRZ regime with Ka of about 54 and 112. The four cases are considered to characterize
the effects of pressure, effects of variation in «'/Sy, for fixed I; /01, and the effects of variation
in 1;/dr, for a fixed u'/SL,. Note that an increase in pressure causes the laminar flame speed
and the laminar thermal flame thickness to decrease, so to evaluate the effects of pressure,
Case A2 is simulated at 10 atm while maintaining the same initial background turbulence
conditions, i.e., the same integral length scale, /;, and the turbulence intensity, v’ as Case Al.
To evaluate the effects of change in I;/d;, due to change in pressure, Case A3 is simulated at
10 atm while keeping u'/St, to be the same as Case Al. To evaluate the effects of changes in
u'/Sy, due to the change in the pressure, Case A4 is simulated at 10 atm while maintaining

lt/01, to be the same as Case Al.
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Figure 4.2 Spatial variation of temperature for the laminar premixed flame using two chem-
ical mechanisms at pressure of 1 atm and 10 atm

The four cases considered in this study are simulated using two different chemical
mechanisms to examine the effects of the complexity of finite-rate chemistry models on the
features of the turbulent premixed flames. These mechanisms include a moderately complex
8-species and 4-step mechanism [41], and a skeletal 13-species and 73-step mechanism [36].
Therefore, a total of eight simulations are conducted in the present study. The differences in
the properties of the laminar premixed flame and the adiabatic flame temperature obtained
using the two chemical models employed in this study are summarized in Table 4.2. The
8-species mechanism yields higher value of Sy, at p.f = 1 atm compared to the 13-species
mechanism. However, at p.f = 10 atm, both the mechanisms yield similar values of Si,
which as expected, is reduced compared to the atmospheric pressure flame. The value of
01, from the two chemical models do not show noticeable differences. The adiabatic flame
temperature (T,q) as expected is higher in the 8-species mechanism due to a lack of some of
the other intermediate species, which are present in the 13-species mechanism.

The spatial variation of the temperature field obtained using the two chemical mech-
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cases at Tror = 570 K and ¢ = 0.8.

Table 4.2 Properties of laminar premixed flame and adiabatic flame temperature for different

Case | Mechanism | pef [atm] | Sy, [m/s] & x 10° [m] Thg [K]
8-species 1 1.24 0.33 2200
Case Al
13-species 1 0.98 0.34 2182
8-species 10 0.33 0.08 2214
Case A2
13-species 10 0.36 0.07 2202
8-species 10 0.33 0.08 2214
Case A3
13-species 10 0.36 0.07 2202
8-species 10 0.33 0.08 2214
Case A4
13-species 10 0.36 0.07 2202
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anisms at pyr = 1 atm and 10 atm is shown in Fig. 4.2. The temperature profile shows
some sensitivity to the employed chemical mechanism at 1 atm. However, at 10 atm, both
the mechanisms yield nearly the same temperature field. Therefore, the behavior of the
turbulent premixed flames considered in this study under these conditions, particularly at
elevated pressure, will be related to the highly nonlinear turbulence-chemistry interactions.

The computational domain is spatially discretized using a grid resolution of N,, N,
and N, along z-, y- and z-directions, respectively. The grid resolution is chosen based on
the past studies [34], and for the conditions reported here is sufficient to reach kyan > 1
in all cases, where k. is the largest wave number and 7 is the Kolmogorov length scale.
Additionally, the flame structure is adequately resolved to ensure approximately 10 points
or more across the thermal flame thickness [6] in all cases.

The simulations are carried out long enough to allow for the evolution of flame-
turbulence interactions. All the results are examined after two initial eddy turnover times,
i.e., t/tg = 2. Here, ty = l;/u’, which denotes the initial eddy turnover time. Even though tur-
bulence decays in time in the present study, there is a period during which flame-turbulence
interaction attains a quasi-stationary state, and therefore, the dynamics and statistics asso-
ciated with the flame-turbulence interaction can be analyzed during such period. Typically,
the initialization with the Kraichnan spectrum evolves to a physical state in about one eddy
turnover time, therefore two eddy turnover times are adequate enough for flame-turbulence

interaction to evolve [39] so that the statistical features of the flames can be analyzed.

26



CHAPTER 5

EFFECTS OF ELEVATED PRESSURE

This chapter presents the results from the DNS of the turbulent premixed flame cases
and discusses the effects of elevated pressure. First, the flame structure and wrinkling are
qualitatively discussed in Sec 5.1, and then the spatially averaged statistics are presented
in Sec. 5.2. Next, the effects of elevated pressure on the conditional statistics are discussed
in Sec. 5.3. Afterward, the statistics of flame curvature and HRR are described in Sec. 5.4.
Finally, in Sec. 5.5, the spectral characteristics are discussed in terms of the spectral kinetic
energy (SKE) and the SKE transport terms (non-linear advection, pressure gradient, viscous
diffusion, and dilatational effects). The results in this chapter are based on the simulations
employing the moderately complex 4-step and 8-species chemical mechanism [41]. The results

are analyzed after two eddy turnover times, i.e., t/tg = 2.

5.1 Structural Features of Flow and Flame
The flame topology and behavior are highly sensitive to the effects of an increase
in pressure. This section qualitatively discusses these effects by examining the structural
characteristics in terms of the contours in the central slices (z; — x2 plane) of progress
variable (¢), temperature (7"), and vorticity magnitude (||w||). The fuel mass fraction based

progress variable, ¢ is defined as
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where, ‘u” and ‘b’ denote the unburnt reactants and burnt products sides, respectively. Here,
c € [0, 1] with ¢ = 0 corresponding to the reactants and ¢ = 1 corresponding to the products
sides.

The contours of ¢ are shown in Fig. 5.1. In these figures, the streamwise (x) axis have
been made dimensionless and are denoted by (z; —x¢)/L. Here, i = 1,2, 3 correspond to the

Cartesian grid coordinates, and z( is the mean global flame position, which is defined as

1

molf) = L2 (pYom,),

/ p}/cq%ld‘/v7 (512)
Q

where, () denotes the computational domain.

In Fig. 5.1, the solid, black curve near the center of the domain indicates the nominal
location of the instantaneous flame front defined by the iso-value of the progress variable,
i.e., c = 0.8. In Case Al, the flame-turbulence interaction leads to distortion of the initially
planar flame front. The contours show mixing of partially burnt and unburnt fluid ahead
of the reaction zone ((z1 — z0)/L < 0). Furthermore, the transport of mass and heat is
enhanced, which causes homogenization within the flame brush leading to a decrease in the
gradient of the progress variable. Such behavior of premixed flames in the TRZ regime has

also been observed in past studies [29, 34, 37].
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Figure 5.1 Instantaneous contours of the progress variable, ¢, in the central x; — x5 plane at
t/tg =2
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Increasing the pressure while keeping the background turbulence characteristics the
same, as in Case A2, leads to much finer distortion of the flame front by the turbulent
eddies, which has also been reported in the study by Wang et al. [52]. Additionally, there
is a decrease in the flame thickness and flame speed, a less defined flame front, and pockets
of completely burnt reactants in the reaction zone as seen in Fig. 5.1 (b), which implies a
severe disruption of the flame structure. The effects of pressure are clearly evident in Case
A2 compared to Case Al, where a continuous reaction layer is evident. Note that due to
increased pressure with the turbulence characteristics being the same, Case A2 corresponds to
the B/DRZ regime compared to Case A1, which corresponds to the TRZ regime. Therefore,
turbulent eddies significantly affect the flame structure in Case A2, which is similar to
the observations in the past studies of turbulent premixed flames under extreme turbulent
environment [2, 24, 38, 42, 48, 49].

Increased pressure while maintaining a constant velocity scale ratio (u'/Sp), as in case
A3, also leads to severely perturbed flame structure and a thinner flame brush thickness.
However, the flame front is less disturbed than in Case A2 because this case still corresponds
to the TRZ regime, where turbulent eddies are not energetic enough to cause severe distortion
to the flame structure. Such behavior has also been observed by Klein et al. [19] where it was
reported that for a given pressure, decreasing the velocity scale ratio results in less wrinkling.
Additionally, Fig. 5.1 (¢) shows that maintaining a constant u’/Sy, shifts the location of
the instantaneous flame front further downstream, which was previously reported in both

computational and experimental results [58].
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Finally, maintaining a constant length scale ratio (l/;/d;,) while increasing pressure
leads to a more stable and less wrinkled flame structure than cases A2 and A3. Klein et al.
[19] came to similar conclusions in their DNS analysis of Bunsen flames and reported that
at elevated pressures, decreasing the integral length scale resulted in less instability of the
flame structure. The preheat zone of Case A4 is broader than the other cases, which results
in a thicker flame brush. This is likely caused by turbulence-flame interactions generating
smaller-scale eddies that enhance heat and mass transport and homogenization within the
flame brush region.

Figure 5.2 shows the contours of the normalized temperature, where the adiabatic
flame temperature (7,q) is used to perform the normalization. The temperature variation
around the flame front draws similar conclusions as the variation of the progress variable. The
case at atmospheric pressure, i.e., Case Al, is shown in Fig. 5.2 (a) and displays a smooth
temperature gradient around the reaction zone, typical of flames at atmospheric pressure
in the TRZ regime [37]. Cases A2 and A3 display much sharper temperature gradients,
whereas Case A4 displays a similar temperature gradient to Case Al with slightly more
perturbations to the continuous flame front. The flame brush thickening causes a broader
temperature distribution in Case A4 due to homogenization of the flame brush resulting
from the enhanced heat and mass transport. Qualitatively, the variation of ¢ and T shown
in Figs. 5.1 and 5.2, respectively, indicates a correlation of these quantities for the cases

considered here, which will be discussed later quantitatively.
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Figure 5.2 Instantaneous contours of the normalized temperature, (7//T,q), in the central
r1 — x9 plane at t/tg = 2
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Figure 5.3 Instantaneous contours of vorticity magnitude in the central x; — x5, plane at
t/tg =2
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The effects of the presence of flame on the background turbulence are evident from
the contours of the instantaneous ||w|| shown in Fig. 5.3. Here, ||w|| is non-dimensionalized
by the corresponding peak value for each case. Due to an increase in the viscosity in the
product region resulting from an increase in the temperature, the small-scale structures tend
to disappear in all of the cases. The rise in pressure in Case A2 causes sharper and more
intense vorticity gradients than Case Al. Figure 5.3 (a) shows how Case Al is characterized
by small-scale turbulent structures that do not penetrate past the flame front. Cases A2 and
A3 have some small-scale structures behind the flame front, penetrating the reaction zone
and continuing into the post-flame zone. In Case A4, the flow structures are very similar to
Case A1, and similarly, these structures do not penetrate the innermost layer of the flame.
It is evident from Fig. 5.3 that elevated pressure causes significant flame front wrinkling.
For flames in the B/DRZ regimes, reducing the integral length scale to maintain a constant
length scale ratio, leads to a reduced wrinkling.

Overall, the results of the instantaneous flame and flow structures discussed in this
section highlight the highly nonlinear nature of flame-turbulence interactions. Furthermore,
the effects of an increase in pressure with fixed background turbulence characteristics, fixed
velocity scale ratio, and fixed-length scale ratio further illustrates changes to the character-
istic features of turbulent premixed flames. A quantitative description of such interactions

is discussed next.
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5.2 Spatially Averaged Statistics
In this section, the spatially averaged statistics of the different cases are examined.
The spatially averaged statistics are obtained by averaging along the homogeneous x5 (y)-

and z3 (z)-directions through

(q) (z,t) = %/0 /0 q(z,y,2) dy dz, (5.2.1)

where, ¢ denotes any field variable such as temperature, mass fraction of species, progress

variable, etc.
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Figure 5.4 Spatially averaged profile of the temperature field

Figure 5.4 compares the spatial variation of the average temperature at t/t, = 2 for
all four cases. As expected, all the high-pressure cases reach higher maximum temperatures
than the atmospheric pressure case due to a higher T,q (see Table 4.2). The gradient of
the temperature field in the different cases provides further insight into the behavior of the
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flame at elevated pressures. In particular, the initial change in the temperature for the
high-pressure cases is steeper than that of Case Al. After this initial temperature change,
the slope for Case A4 is almost entirely the same as Case Al despite the distribution being
slightly broader. The broader profile observed in Case A4 compared to Case Al is due to
the enhanced homogenization effect of the turbulent eddies. Conversely, the slopes for cases
A2 and A3 are steeper and narrower than case A4, which corresponds to the thinner flame
thicknesses observed for these cases in Fig. 5.4, and can be attributed to the effect of the
high-pressure conditions. These variations in the gradient of the temperature distribution
correspond to the variations seen in the contours of the temperature field in Fig. 5.2.

Additionally, temperature distributions for cases Al and A4 display the same linear
behavior along the flame front, but cases A2 and A3 have variations in their slopes. For
instance, in Case A2, the temperature is increasing very sharply until around the mean
global flame position, where there is a sudden decrease in the rate of temperature change.
Case A3 exhibits a similar variation.

The behavior of the temperature distribution in the post-flame is also intriguing.
In the high-pressure cases, it is observed that the maximum temperature is reached very
quickly, and this temperature is sustained for the remainder of the computational domain
due to a completion of combustion of the fuel. In contrast, in Case Al, the temperature
increases gradually, and the maximum temperature is only observed towards the end of the

computational domain.
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Figure 5.5 Spatially averaged profile of the progress variable, ¢

Similar behavior is also observed in the spatial variation of the average progress vari-
able shown in Fig. 5.5. There are changes in the slopes of the progress variable distribution
for cases A2 and A3 that correspond to the exact location as the fluctuations in their tem-
perature profiles in Fig. 5.4. This further emphasizes the correlation between the progress
variable and the temperature field in the high-pressure cases, which is discussed further in
Sec. 5.3. Additionally, the spatial variation of the progress variable observed for Case A4
is less steep and broader than Case Al due to enhanced homogenization effects within the
preheat zone of the flame brush.

The spatial variation of the averaged mass fraction of the intermediate species, namely,
CO and Hj are shown in Fig. 5.6. In the high-pressure cases, CO is completely oxidized into
COgy in the post-flame zone. However, CO is a product of combustion for the case at atmo-
spheric pressure. Note that CO requires exceedingly high temperatures to oxidize, and then
it oxidizes at a slower rate. The presence of the CO emissions in Case Al is likely a result
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Figure 5.6 Spatially averaged profile of mass fraction of the intermediate species

of the temperature increasing too slowly in the post-flame region, as seen in Fig. 5.4. The
temperature of Case Al rises gradually and does not reach the maximum flame temperature
until late in the post-flame zone. In contrast, the high-pressure cases reach and maintain the
maximum flame temperature early in the post-flame zone, and as a result, CO is completely
oxidized. Similar behavior is also observed in the spatial variation of the mass fraction of

H,, again indicating the effects of operating pressure on the intermediate species.

5.3 Statistical Features of Flame-Turbulence Interaction
To further examine the effects of pressure on flame-turbulence interactions in the
state-space, the variation of the fuel reaction rate, wep,, mass fractions of the intermediate
species, and temperature with respect to the progress variable, ¢, is examined in this section.
The conditional variation of wey, with respect to ¢ is shown in Fig. 5.7. It is evident
that the reaction rate distributions are steeper in the high-pressure cases, and the magnitudes
of the peak reaction rate are much higher than the case at the atmospheric pressure. In Case
A4, wep, reaches its maximum magnitude at about ¢ = 0.96, whereas cases A2 and A3 reach
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Figure 5.7 Reaction rate of methane conditionally averaged with respect to the progress
variable

their maximum reaction rate at about ¢ = 0.94. The distribution of the reaction rate for

Case Al has a maximum reaction rate magnitude of only about 200—2 . Case A3 has the
msSs

k
highest reaction rate magnitude of about 4500—?, Case A2 reaches a maximum reaction
m3s

k
rate magnitude of about 4100—?, and Case A4 reaches a maximum reaction rate magnitude
m3s

k
of about 3400—?. Apart from the magnitude of the reaction rate, the reaction rate variation
m3s

is much sharper in the high-pressure cases, which is consistent with the thin reaction layers
evident in Figs. 5.1 and 5.2.

The variation of the mass fractions of the intermediate species, specifically, CO and
Hy with respect to the progress variable, is shown in Fig. 5.8. The total mass fractions
of CO and H, for Case A4 are lower than the other cases, where the case at atmospheric
pressure has significantly higher values of CO and Hj in the post-flame region. As discussed
in Sec. 5.2, with Figs. 5.4 and 5.6, the lower peak temperature and the slower increase in
temperature in the post-flame region can attribute to higher values of CO for Case Al. For
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Figure 5.8 Mass fraction of the intermediate species conditionally averaged with respect to
the progress variable
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Figure 5.9 Temperature field conditionally averaged with respect to the progress variable

the mass fraction of CO, the distribution is nearly linear for cases Al, A2, and A3. Case
A4 presents a different distribution behavior like Case A3 until around ¢ = 0.28, at which
point the slope significantly decreases, resulting in a flatter curve. The variation of Hy mass
fraction with respect to ¢ shows an evident effect of pressure like the variation of the CO
mass fraction.
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Figure 5.9 shows the conditional variation of temperature with respect to the progress
variable. In all cases, a quasi-linear variation is evident, particularly in the preheat zone,
indicating a highly positive correlation of these two quantities, which was also observed in
Figs. 5.1 and 5.2. This correlation is higher in high-pressure cases. Furthermore, in all four
cases, the maximum temperature occurs between about ¢ = 0.96 — 1.00.

For cases A2, A3, and A4, the temperature increases linearly with the progress vari-
able. However, for Case A1, the temperature rise is nonlinear, and its slope is less steep,
particularly in the post-flame region, which corresponds to the slow temperature increase ob-
served in this region in Fig. 5.4. These results indicate that the progress variable is correlated

to the temperature field for the cases considered in the present study.

5.4 Curvature and Heat Release Rate Statistics
The coupling of differential diffusion (non-unity Lewis number) effects with the flame

curvature k significantly impacts the local burning rate of a flame. The flame curvature is

defined as

k=V-n, (5.4.1)

—Ve
Vel

where, n is the unit normal vector of the flame front given by n = When curvature is
positive (negative), this means that it is convex (concave) towards the reactants. The role

of curvature on the flame propagation and the burning rate has been studied extensively

in the past for premixed flames under different flow conditions [14, 28, 35, 37, 46, 59].
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For example, in the case of Le < 1, the diffusion of reactants is higher than the thermal
diffusion. Therefore, regions of flame having a convex/concave shape towards reactants leads
to a focusing/de-focusing effect, which increases/decreases the local reaction rate and the
flame propagation speed.

The measures of central tendency can provide important insight into the curvature
characteristics and are outlined in Table 5.1. Here, u, o ,and v denote the mean, standard
deviation, and the skewness. The standard deviation, o, describes the width of the prob-
ability density function (PDF). A higher value of ¢ indicates a broader PDF and a higher
probability for large curvature. The probability density function of the flame curvature is
computed at the instantaneous flame front for all the cases presented in Figure 5.10. Here,
the instantaneous flame front is defined by the progress variable at ¢ = 0.8 2 0.125, and & is

scaled using 0y, following the past study [55].

Table 5.1 Measures of central tendency for the flame curvature

Case | u o y

Al 047|282 1.33

A2 | 0.53 | 3.62]0.79

A3 [0.12 ] 1.50 | 0.21

A4 | 1.11 ] 5.29 | 1.78
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Figure 5.10 Probability density function (PDF) of the flame curvature at the instantaneous
flame front

The case at atmospheric pressure is positively skewed with a mean of p = 0.47 and
skewness of v = 1.33. Increasing pressure while keeping I, and u' constant, as in Case A2,
causes the PDF of k to become less positively skewed with v = 0.79. When pressure is
increased while maintaining a constant u’'/St, as in Case A3, the PDF becomes narrower,
skewness decreases to 0.21, and the distribution is nearly symmetrical, which is in agreement
with the results reported by Klein et al. [19]. Case A4 is at an elevated pressure while
maintaining a constant /;/dy,, and in this case, the distribution becomes flatter, broader, and
more skewed with v = 1.78. The broadening of the PDF indicates a higher probability of a
large magnitude of curvature. Comparing the high-pressure cases only, it is clear that the
degree of skewness and likelihood for large values of k increases with increasing Karlovitz
number. This trend is also observed in the study by Wang and Abraham [55].

In Figure 5.11, the non-dimensional HRR conditionally averaged on the progress
variable is shown for all cases. In this figure, it is evident that elevated pressure affects the
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Figure 5.11 Conditional variation of HRR with respect to the progress variable

behavior of the maximum HRR. The distributions in the high-pressure cases are incredibly
similar and collapse on each other. The HRR distribution is steeper for the high-pressure
cases, and the maximum HRR for these cases occurs at about ¢ = 0.94. In contrast, the max-
imum HRR for Case A1l occurs at about ¢ = 0.86, demonstrating a shift in the peak burning
towards higher temperature. These results indicate that the effect of elevated pressure on
peak burning is more significant than the effects of variation in the u'/Sy, and 1;/dy..

The variation of HRR with respect to x is now examined by plotting the HRR against
the normalized flame curvature at the flame front, which is shown in Fig. 5.12. Here, & is
computed at the instantaneous flame front define as, ¢ = 0.8 £ 0.125 and normalized by the
thermal flame thickness d;,. It is clear that all cases have a moderate yet negative correlation
between HRR and x, and HRR is biased to positive values of « in the high-pressure cases.
However, the behavior of this correlation varies in each case. For example, the case at

atmospheric pressure displays a stronger correlation in the negative regions.
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Figure 5.12 Scatter of HRR with respect to the flame curvature

On the other hand, when pressure is increased with a constant value of [, and v/, as
in Case A2, there is a stronger correlation in the positive curvature regions and an increase
in scattering occurs in the negative curvature regions. Increasing pressure with a constant
value of u'/Sy, presents similar results. When pressure is increased with a constant value of
l/01,, as in Case A4, there is less scatter in the negative curvature regions when compared
to cases A2 and A3. For cases A3 and A4 the maximum HRR values occur near xd;, = 0.
However, for Case A2, the maximum HRR values occur to the left of ké;, = 0, and they
occur even farther for the case at atmospheric pressure at about xd;, = —7. This change
in maximum HRR behavior indicates that at elevated pressure, the maximum HRR values
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Figure 5.13 HRR conditioned on curvature with descriptive statistics

are not occurring in the regions of highest negative curvature but rather near these regions.
Dinesh et al. [8] reported the same observations for HRR and referred to the areas where
maximum HRR is occurring as “flank regions.”

The differences in the relationships between HRR and curvature are even more appar-
ent when the HRR is conditionally averaged on the flame curvature. Figure 5.13 shows the
conditionally averaged HRR with respect to x where the green regions are + one standard
deviation away from the averaged HRR. The variation of HRR with x is nearly monoton-
ically decreasing for all cases. However, there are significant differences between the four
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cases when one examines the standard deviation of HRR. Compared to cases A2 and A4,
the standard deviation of HRR is small for cases A1 and A3.

Furthermore, the standard deviation is the largest in the positive curvature regions
and smallest in the negative curvature regions for the case at atmospheric pressure. In
contrast, the high-pressure cases display the opposite behavior, with standard deviation
being the largest and smallest in the negative and positive curvature regions, respectively.
It is evident from Figs. 5.10-5.13 that increasing pressure has a significant effect on flame

curvature, HRR, and their relationship.

5.5 Comparison of Spectral Characteristics
Spectral analysis can provide insight into how various length scales contribute to the
transfer of kinetic energy. Two-dimensional spectral kinetic energy (SKE) of the turbulent
premixed flames are computed by performing a Fourier transform of the three-dimensional
reacting flow field. Following the approach described in [45], we investigate the roles of

individual terms in the compressible Navier-Stokes equation, expressed as

ou; Oou; 10p 2 0 1 10 (5
= —Uj=— — — -—— Sii — = Sk0ij - —1uSkr |- 5.5.1
The above equation can also be expressed as
3ui
W =T.+P;+V;+D;, (5.5.2)
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where, the nonlinear advective processes 7, pressure gradient effects P;, shear viscous diffu-

sion V;, and dilatational viscous effects D; are given by

ﬁ:_%%? (5.5.3)
ﬂz—iﬁ, (5.5.4)
m:%ééﬂ<%—%&@or (5.5.5)
Df:%;;(;ﬁm>. (5.5.6)

After employing the 2D Fourier transform along the homogeneous transverse (z, and x3)

directions [13], we get the velocity spectrum given by

o, _

5 =T+ Pit V4D (5.5.7)

The velocity spectrum is a function of the 2D wave vector, k,, streamwise coordinate,
x1, and time, t. Furthermore, the SKE at a location in the flame brush corresponding to
the progress variable, ¢, can be defined as E(kp,xl,t, c) = %ﬁf@, where ()" represents the
complex conjugate. Conditioning the spectra onto the spatially averaged progress variable

gives the equation for the SKE

I
)
+
o)
+
<0
+
-y

(5.5.8)
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The terms in the above equation are no longer dependent on x; due to the spatial averaging

and the direct relationship between z; and c¢. These terms can be generally defined as

2
V;, or D; which are the Fourier transforms of Egs. (5.5.3)-(5.5.6). Note that the turbulence

~ 1 o~ - ~ P . P
G(ky, c,t) = [—(u;‘gi +uigf)|c] , where G represents T, P, V, or D, and G; represents T;, P;,

length scales are represented by wavenumbers, k,, which are inverse to the eddy length scale
such that the smallest and largest wavenumbers represent the largest and smallest length
scales, respectively.

Figure 5.14 shows the SKE distribution computed at t/ty = 2 along the instantaneous
flame front defined by ¢ = 0.8. Case A4 is shifted further toward high wavenumbers in the
spectrum than the other cases. This shift can be attributed to Case A4 being at high pressure
and initiated with a smaller integral length scale than the other cases. Note that this case
also corresponds to the D/BRZ regime based on the initial conditions.

Examining the inertial subrange for the spectra in Fig. 5.14, one can easily see that the
high-pressure cases show stretching of the spectrum. In these cases, the spectrum stretches
towards higher wavenumbers (smaller scales), and it is most pronounced in Case A4. The
stretching indicates that the smaller scales contribute more to the transfer of kinetic energy
and are more energetic at elevated pressures than at atmospheric pressure, which agrees with
the results of Fragner et al. [15].

The spectra for the transport terms at a location within the flame brush corresponding
to ¢ = 0.8 are shown in Fig.5.15. For Case Al, nonlinear advection (T) contributes more

than the other terms to interscale kinetic energy transfer at high wavenumbers (small scales).
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Figure 5.14 Spectral kinetic energy (SKE)

In contrast, at low wavenumbers (large scales), the viscous diffusion term (V) contributes
the most to kinetic energy transfer (Fig. 5.15 (a)). Pressure increase under a constant
turbulent intensity and integral length scale, as seen in Figure 5.15 (b) results in an equal
contribution from the viscous diffusion and advection terms, whereas the dilatational effects
(f)) contribute the least to the interscale kinetic energy transfer. Additionally, the spectrum
in Case A2 is stretched towards the small scales. Figure 5.15 (c¢) shows the spectra for
Case A3, which is noticeably less stretched than in Case A2 due to a relatively lower initial
Reynolds number of this case. In Case A3, the transport terms display similar behavior
until the smallest scales, where the advection term contributes the most to kinetic energy
transfer. Case A4 displays the most significant stretching of the spectrum. In particular,
the advection and viscous diffusion terms are stretched more than the pressure gradient and

dilatational terms and contribute more in the smallest length scales.
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Figure 5.15 Spectra for the transport terms

Overall, these results indicate that the advection and the viscous diffusion terms play
an essential role in the interscale kinetic energy transfer at elevated pressure. The increase in
pressure also corresponds to a prevalence of small scales of motion, where again, both these

terms contribute significantly more than the pressure gradient and the dilatation effects.
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CHAPTER 6

EFFECTS OF COMPLEXITY OF FINITE-RATE CHEMISTRY

It has been previously suggested [24] that the behavior of turbulent flames at at-
mospheric conditions can be accurately predicted by knowing only a few laminar flame
properties, regardless of the chemical model used. However, several of the past studies have
shown the effects of chemical models on turbulence-chemistry interactions. Furthermore, it
has recently been hypothesized that local chemical pathways may also be sensitive to the
effects of pressure [53]. Therefore, this chapter compares the results from the moderately
complex 8-species and 4-step mechanism [41] and the skeletal 13-species and 73-step mech-
anism [36] for cases Al and A4. The 13-species mechanism is known to provide accurate
results similar to what is obtained experimentally, therefore this mechanism is used as a
reference for the comparisons in this chapter. The discussion of the results in this chapter
will focus on how the complexity of the chemical mechanism affects turbulence-chemistry
interactions at pressures of 1 and 10 atm while keeping the length-scale ratio, l;/dy,, fixed
with the same background turbulence intensity, w’.

First, the flame structure are discussed in Sec. 6.1, and then the spatially averaged
statistics are presented in Sec. 6.2. Next, the effects of finite-rate chemistry on the conditional
statistics are discussed in Sec. 6.3. Afterward, the statistics of curvature and heat-release

rate are described in Sec. 6.4. Finally, the spectral characteristics are presented in Sec. 6.5.
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6.1 Structural Features of Flow and Flame

This section evaluates the effects of finite-rate chemistry on structural features of flow
and flame. Similar to Sec. 5.1, the instantaneous flame and flow structures are examined at
t/to = 2 in terms of contours of the progress variable, temperature, and vorticity magnitude
in the central x; — x5 plane.

Figure 6.1 shows the contours of ¢ with the axes being made dimensionless as described
in Sec. 5.1. It is worth noting that the mean global flame position x( for Case A1l is the same
for both chemical mechanisms, but it changes for Case A4 with values of xq = 0.000318 and
xo = 0.000279 for the 8-species and 13-species mechanisms, respectively.

In Figure 6.1, the solid, black curve near the center of the domain indicates the
location of the instantaneous flame front defined by the iso-value of the progress variable,
i.e., c = 0.8. In Case Al, the flame-turbulence interaction leads to distortion of the initially
planar flame structure, but the distortion is less intense in the 13-species case as seen in
Fig. 6.1 (c¢). Furthermore, the reaction zone is thicker, and the progress variable gradient is
reduced in the 13-species configuration.

Turbulence-flame interactions at high-pressure with same length-scale ratio (I;/dr,)
results in a thicker flame brush as observed for Case A4 in Fig. 6.1 (b). The 13-species
configuration of Case A4 also displays a broader flame brush, but there are much finer
turbulent structures present, and the flame front is much more distorted than in the 8-
species configuration. Further examination of Fig. 6.1 (d) shows pockets of unburnt and

partially-burnt gas within the preheat and reaction zones, and there are partially burnt
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Figure 6.1 Instantaneous contours of the progress variable, ¢, in the central x; — x5 plane at
t/tg =2
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gases in the products. The reaction zone thickness varies drastically, and in some regions, the
reaction zone is discontinuous. For Case A4, the progress variable gradient varies significantly
throughout the flame front for the 13-species configuration. Qualitatively, the complexity of
the chemical mechanism affects the flame structure in the preheat and reaction zones. In

particular, these effects are more prevalent in high-pressure conditions.
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Figure 6.2 Instantaneous contours of the normalized temperature (7'/T,q4) in the central z; —
T plane at t/ty = 2

Figure 6.2 shows the contours of normalized temperature, where the normalization is
performed by the adiabatic flame temperature, T,q. The case at atmospheric pressure, i.e.,
Case Al, is shown in Fig. 6.2 (a) and (c¢) and displays a smooth temperature gradient around
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the reaction zone, with the 13-species configuration displaying nearly the same temperature
gradient. However, qualitatively, the 13-species configuration exhibits a reduced degree of

distortion in the flame structure than the 8-species configuration.
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Figure 6.3 Instantaneous contours of vorticity magnitude in the central x; — x5 plane at
t/tg =2

As discussed in Sec. 5.1, the flame brush thickening causes a broader temperature
distribution in Case A4 due to the flame brush’s homogenization due to enhanced heat and
mass transport. However, in the 13-species configuration for Case A4, the temperature gra-
dient varies significantly, and the fine-scale wrinkling of the flame structure is also enhanced.
Overall, the flame brush tends to be sharper in the 13-species configuration due to a reduced
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level of homogenization within the preheat zone. This is true for both pressure conditions.

The contours of the instantaneous vorticity magnitude are shown in Fig. 6.3 where the
vorticity magnitude is non-dimensionalized by the corresponding peak vorticity magnitude
for each case. Figure 6.3 (a) shows how Case Al is characterized by small-scale turbulent
structures in the preheat region that do not penetrate past the flame front, which is also
observed in the 13-species configuration in Figure 6.3 (¢). However, qualitatively, the vortic-
ity gradient is more intense in the 13-species case. In Case A4, the flow structures are very
similar to Case Al. Similarly, these structures do not penetrate the innermost layer of the
flame, as shown in Fig. 6.3 (b) due to an increase in the viscosity near the flame region and
the post-flame region. The vorticity magnitude contours for the 13-species configuration of
Case A4 shown in Fig. 6.3 (d) again exhibit the presence of a more intense vorticity gradi-
ent. In Case A1l and Case A4, the 13-species configurations display sharper gradients of the
vorticity magnitude in the flame and post-flame regions.

The instantaneous flame and flow structures discussed in this section highlight the role
of complexity of the chemical model on the highly nonlinear flame-turbulence interactions
of turbulent premixed flames. The effects of finite-rate chemistry are most pronounced for

the high pressure case. The following sections examine these effects quantitatively.

6.2 Spatially Averaged Statistics
In this section, the spatially averaged statistics of Case A1 and Case A4 are examined.
As explained before in Section 5.2, the spatially averaged statistics are obtained by averaging

along the homogeneous z5 (y)- and x3 (z)-directions, which is defined in Eq. (5.2.1). The
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x-axis has been made dimensionless following the same approach as in Section 5.2. The
results in this section are compared after the evolution of the flame-turbulence interactions

for two eddy turnover times.
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Figure 6.4 Spatially averaged profile of the progress variable, ¢

Examining the spatial variation of the average progress variable in Fig. 6.4 (a) shows
that both chemical mechanisms are in good agreement with each other for Case Al, showing
only minor sensitivity to the chemical model. In contrast, for Case A4, the slope of the
distribution is steeper in the 13 species configuration. This indicates that a simpler chem-
istry model predicts a thicker flame brush at elevated pressure, which may be caused by
overprediction of the effects of homogenization within the flame brush. These results are
consistent with the instantaneous flame structure shown in Figs. 6.1 and 6.2. The role of
the chemical mechanism on the flame structure is significant as pressure is increased.

The spatially averaged temperature field in Fig. 6.5 also exhibits similar effects to the
chemical model, where the effects are more pronounced in the higher pressure case. This is
due to a correlation of the progress variable and the temperature fields as discussed in Ch. 5.
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Figure 6.5 Distribution of spatially averaged temperature field

To examine the effects of the chemical model on the intermediate species, the spatial
variation of the averaged mass fraction of CO is shown in Fig. 6.6. Sec. 5.2 discussed that
Case A1 contains CO in its products because of the slower increase in the temperature within
the post-flame region. Similar results are observed in the 13-species configuration of Case
A1l as well. The 8-species configuration overpredicts the mass fraction of CO in the flame

region and underpredicts the mass fraction of CO in the products.
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Figure 6.6 Spatially averaged profile of mass fraction of the intermediate species, CO
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In Case A4, the simpler chemistry model predicts complete oxidation of carbon
monoxide to COy in the post-flame zone. This likely occurs because Case A4 reaches and
maintains the maximum flame temperature early in the post-flame zone, and as a result, CO
is completely oxidized. However, the 13-species case shows a slightly different outcome. By
examining Fig. 6.6 (b), we can see that the 13-species case predicts the mass fraction of CO
in the products to be about 0.0015, indicating the effects of the chemical mechanism on the
intermediate species.

This section shows that the spatially averaged statistics of both major and minor
species are sensitive to the employed chemical model. The sensitivity is enhanced, particu-

larly with an increase in pressure.

6.3 Statistical Features of Flame-Turbulence Interaction

The effects of the chemical model on the flame-turbulence interactions in the state-
space are now examined. We examine the variation of the fuel reaction rate, wey, and the
mass fraction of CO with respect to the progress variable, ¢, in this section.

The conditionally averaged wepy, with respect to ¢ is shown in Fig. 6.7. The effects
of the chemical model on the variation of the reaction rate are evident in both cases. In
particular, in Case Al at atmospheric conditions, the reaction rate distribution is steeper,
and the magnitude of the peak reaction rate is higher in the 8-species configuration. This is
consistent with a higher laminar flame speed predicted by the 8-species mechanism compared
to the 13-species mechanism under the chosen operating conditions. At elevated pressure,

there is significant variation in the behavior of the reaction rate. For example, Case A4
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Figure 6.7 Reaction rate of methane conditionally averaged with respect to the progress
variable

displays a steeper distribution and a higher peak reaction rate in the 13-species configuration.
Furthermore, while the peak reaction rate magnitude occurs at about ¢ = 0.96 for the 8-
species case and at about ¢ = 0.92 for the 13-species case. The variation of the reaction rate

for Case A4 is likely attributed to more intermediate species in this mechanism.
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Figure 6.8 Mass fraction of the intermediate species, CO, conditionally averaged with respect
to the progress variable
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The conditionally averaged mass fraction of CO with respect to c are shown in Fig. 6.8.
The distribution in Case Al is nearly linear for both chemical mechanisms for ¢ < 0.8.
However, the variation of Yo is steeper in the 8-species configuration, indicating that the
simpler chemical model overpredicts the mass fraction of CO. For Case A4, the two chemical
mechanisms present almost identical results until around ¢ = 0.76, where the 8-species case
underpredicts the mass fraction of CO.

These results again indicate the effects of the employed chemical model on the varia-
tion of the major and the minor species in the state space, thus necessitating the requirement
to use a detailed chemical mechanism to accurately predict the species distribution, partic-

ularly within the flame brush region.

6.4 Curvature and Heat Release Rate Statistics

Now, we examine the effects of the complexity of the chemical mechanisms on the
variation of the flame curvature, x, and the conditionally averaged heat release rate (HRR).
We also investigate how the chemistry affects the dependence of HRR on flame curvature.

Figure 6.9 shows the PDF of flame curvature for cases Al and A4, and the measures
of central tendency are summarized in Table 6.1. The flame curvature’s PDF is computed at
the instantaneous flame front, which is identified using the progress variable at ¢ = 0.8£0.125

The PDFs for the two configurations of Case Al shown in Fig. 6.9 (a) are both
positively skewed, but the simpler chemical model is more skewed. At atmospheric pressure,
using a more complex chemical model results in a 29% decrease in skewness and a 19%

decrease in standard deviation. The 8-species case has a mean of y = 0.47 and the 13-species
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case has a mean of ¢ = 0.31. This variation indicates that the 8-species mechanism produces
a broader, more skewed PDF at atmospheric pressure and overpredicts the probability of a

large magnitude of curvature.
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Figure 6.9 Probability density function (PDF) of the flame curvature at the instantaneous
flame front

Table 6.1 Measures of central tendency for the flame curvature

Case 1 o vy

A1 8-species | 047 | 2.82 | 1.33

A1 13-species | 0.31 | 2.29 | 0.95

A4 8-species | 1.11 | 5.29 | 1.78

A4 13-species | 0.85 | 5.72 | 1.28

Figure 6.9 (b) shows the PDFs for the two configurations of Case A4, which are both
positively skewed. The measures of central tendency are summarized in Table 6.1. For
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case A4, using a more complex chemical mechanism results in a 28% decrease in skewness.
Similar to Case A1, the mean of the 8-species case is shifted further to the right with p = 1.11
compared to the 13-species case where u = 0.85. Despite these similarities between Case Al
and Case A4, the complexity of the chemical model has a different effect on the standard
deviation in Case A4. In this case, using a more complex chemical model results in an 8.3 %
increase in standard deviation.This indicates that the 8-species mechanism produces a more
skewed, narrower PDF and underpredicts the probability of a large curvature magnitude at
elevated pressure.

In Figure 6.10, the non-dimensional HRR conditionally averaged on the progress
variable is shown for cases Al and A4. This figure shows that the chemical mechanism’s
complexity affects the HRR, and these effects are different with respect to pressure. In Case
Al, the distribution of HRR is the most affected in the lower temperature regions where
the 8-species case predicts a much higher value than the 13-species case. However, the
distributions of the HRR using the two chemical mechanisms nearly collapse in the higher
temperature regions.

On the other hand, at higher pressure, as evident from Fig. 6.10 (b), the distribution
of HRR is unaffected by the complexity of the chemical mechanism in the lower temperature
regions. Still, there are variations in the distributions near the flame front in the higher
temperature regions. The 8-species case underpredicts the HRR in these high-temperature
regions and slightly overpredicts the shift in the peak burning towards higher temperature.

Furthermore, at elevated pressure, there are differences in the peak values. In particular, the
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Figure 6.10 Conditional variation of HRR with respect to the progress variable

13-species case results in a broader peak than the 8-species case. This indicates the highest
HRR values may actually occur over a wider range of temperatures.

The variation of HRR with respect to the flame curvature is now examined by plotting
the scatter of the HRR against the normalized flame curvature at the flame front, which is
shown in Fig. 6.11. All four cases have a moderate yet negative correlation between HRR
and curvature. However, the behavior of this correlation varies in each case. For example,
Fig. 6.11 (a) shows the scatter for the 8-species configuration of Case Al. In this figure,
it is clear that Case Al displays a stronger negative correlation in the negative curvature
regions and more scatter in the positive regions. A similar trend is difficult to characterize
for the 13-species case in Fig. 6.11 (¢). The 13-species display a distinct negative relationship
between HRR and curvature, but there is minimal variation in the density and spread of
the scatter. For both cases at atmospheric pressure, the maximum HRR values occur in the

regions of the highest negative curvature.
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Figure 6.11 Scatter of HRR with respect to the flame curvature

At elevated pressure, Case A4 displays a stronger correlation in the positive curvature
regions and an increase in the scatter in the negative curvature regions as shown in Fig. 6.11
(b). This trend is even more pronounced in the 13-species configuration of Case A4. At
elevated pressure, both chemical mechanisms result in the maximum HRR values occurring
around kd;, = 0. This is the most apparent in the 13-species case where Fig. 6.11 (d) shows
a sharp peak in HRR at xé;, = 0.

The differences in the relationships between HRR and curvature are even more appar-
ent when the heat release rate is conditionally averaged on the flame curvature. Figure 6.12
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Figure 6.12 HRR conditioned on curvature with descriptive statistics

shows the conditionally averaged HRR with respect to x where the green regions are £ one
standard deviation away from the averaged HRR. In Case Al, both the chemical models
show a monotonic decrease in the mean HRR with respect to k. However, the behavior
of the standard deviation is different. For example, In Fig. 6.12 (a), it is evident that the
standard deviation is the largest in the positive curvature regions and smallest in the neg-
ative curvature regions for the 8-species configuration of Case A1l. However, the 13-species
configuration does not show any significant changes in standard deviation from the negative
to the positive curvature regions.
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The mean HRR monotonically decreases in the regions of positive curvature in Case
A4 for both chemical mechanisms. However, a non-monotonic variation of the mean HRR
occurs in the negative curvature region. Furthermore, there are clear differences in the
variation of HRR, particularly in the negative curvature region, while using different chemical
models. In addition, both configurations for Case A4 display the opposite behavior at
elevated pressure, with standard deviation being the largest and smallest in the negative
and positive curvature regions, respectively. Finally, there is a significant increase in the
standard deviation around the peak of HRR for the 13-species case.

This section demonstrated the role of the chemical model on the flame characteristics
in terms of curvature, HRR, and their relationship. Furthermore, the effects of chemistry
show significant variation as the pressure is increased, which can be attributed to highly
nonlinear turbulence-chemistry interactions prevalent in such a canonical chemically reacting

flow.

6.5 Comparison of Spectral Characteristics
This section examines the effects of the complexity of chemical mechanisms on the
spectral characteristics of kinetic energy. The spectra for kinetic energy are obtained follow-
ing the methods outlined in Sec. 5.5.
Figure 6.13 shows the spectral kinetic energy computed at the second eddy turnover
time along the instantaneous flame front defined by ¢ = 0.80 for cases Al and A4. Recall
from Sec. 5.5, that the length scales are represented by wavenumbers which are inverse to

the eddy length scale such that the smallest and largest wavenumbers represent the largest
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Figure 6.13 Spectral.kinetic energy (SKE)

and smallest length scales, respectively. For Case A1l in Fig. 6.13 (a), the spectrum displays
noticeable variations between the two chemical mechanisms. In particular, the 13-species
chemical mechanism predicts a lower energy content that is most noticeable in the inter-
mediate scales. At elevated pressures, the spectrum stretches towards higher wavenumbers
(smaller scales) as seen in Fig. 6.13 (b) for Case A4. The spectrum for the 13-species case is
also stretched towards the smaller scales but predicts a much lower energy content. The dif-
ference in energy content is most pronounced for the small length scales, where the difference
in energy content can be up to an order of magnitude.

The variations in the spectral characteristics of cases Al and A4 suggest that the
energy spectrum is sensitive to both elevated pressure and the complexity of the chemical
mechanism employed. The simpler chemical mechanism overpredicts the energy contained
within the intermediate length scales at atmospheric pressure. At high pressure, it overesti-

mates the energy content of the small length scales by up to an order of magnitude.
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CHAPTER 7

CONCLUSIONS

In this chapter, the key findings of this study are highlighted in terms of the key
technical objectives described in Sec. 1.1, and then the future scope of the present work is

outlined.

7.1 Key Findings
The key findings of this study are as follows:
e Characterize the effects of pressure on:

— Structural features: An increase in pressure leads to a severe disruption of
the flame structure by the turbulent eddies and decreased flame thickness and
flame speed. However, increasing pressure while maintaining a constant length
scale ratio leads to reduced wrinkling and instability, likely caused by turbulence-
flame interactions resulting in smaller-scale eddies causing enhanced heat and

mass transport and homogenization within the flame brush region.

— Statistical features: The spatial distributions of temperature and the progress
variable are affected by increased pressure. The pressure increase causes narrower
distributions except in the case of maintaining a constant length scale ratio, again
indicating the enhanced homogenization effect of the turbulent eddies. For all
high-pressure cases, the mass fractions of the intermediate species were reduced
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when pressure increased. It was also observed that increasing pressure signifi-
cantly increases the maximum reaction rate magnitude and results in a sharper
reaction rate variation. Furthermore, increasing pressure causes a higher positive

correlation between temperature and the progress variable.

— HRR and curvature: At elevated pressure, the PDF of curvature became
broader except in the case of maintaining a constant velocity scale ratio where the
PDF became narrower. When comparing the high-pressure cases only, it is clear
that the probability for large curvature and skewness increases with increasing
Karlovitz number. Increasing pressure shifts the peak burning towards higher
temperature regions and affects the relationship between HRR and flame curva-
ture. The standard deviation of HRR is the largest in the negative curvature

regions for the high-pressure cases.

— Spectral characteristics: Comparing the two-dimensional spectral kinetic en-
ergy of the cases showed that increasing pressure causes the spectrum to shift
towards the higher wavenumbers, indicating that the smaller scales are more en-
ergetic at elevated pressures. Overall, the advection and viscous diffusion terms
contribute more to the transport of the spectral kinetic energy than the pressure
gradient and dilatational terms and the contributions are more in the smallest

length scale.

e Characterize the effects of finite-rate chemistry on:
— Structural features: The effects of the complexity of chemical mechanism on the
flame structure in the preheat and reaction zone are more prevalent in the high-
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pressure condition. It is observed that the 13-species mechanism results in a much
more distorted flame front with significant variation in reaction zone thickness
and progress variable gradient. In contrast to the case at atmospheric pressure,
the 13-species configuration exhibits a reduced level of distortion. At elevated
pressure, the flame brush tends to be sharper in the 13-species configuration due
to a reduced level of homogenization within the preheat zone.

Statistical features: At elevated pressure, the spatial distributions of temper-
ature and progress variable are affected by increased pressure, indicating that a
simpler chemistry model predicts a thicker flame brush at high pressure, which
may be caused by overprediction of the effects of homogenization within the flame
brush. Furthermore, a more detailed chemical mechanism is needed to accurately
predict the major and minor species distributions. The effects of the chemical
model on the variation of the reaction rate are evident in both cases, but it is
more pronounced at high pressure.

HRR and curvature: Flame curvature are sensitive to the complexity of the
chemical model at both pressures. In particular, the simpler chemical mecha-
nism overpredicts the probability for large curvature at atmospheric pressure and
underpredicts it at elevated pressure. At elevated pressure, the 8-species case un-
derpredicts the HRR in these high-temperature regions and slightly overpredicts
the shift in the peak burning towards higher temperature. It is also observed that
the relationship between HRR and flame curvature is sensitive to the complexity
of the chemical model at elevated pressure.
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— Spectral characteristics: Examining the two-dimensional spectral kinetic en-
ergy for the two chemical mechanisms suggests that the energy spectrum is sen-
sitive to the complexity of the chemical model employed. For example, there is
more variation in the spectra at elevated pressure, where the simpler chemical
model overestimates the energy content of the small length scales by up to an

order of magnitude.

7.2 Future Outlook
The aim of this thesis is to contribute to the fundamental understanding of the effects
pressure and chemistry on the features of turbulent premixed flames. This research can be
extended in many different ways. Some of the directions that one can pursue in the future

are summarized below:

e Extend the analysis to even higher pressures and realistic fuels: The demand
for clean combustion technologies, such as ultra high efficiency gas turbines, is expected
to rise over the next couple of decades. Higher efficiency gas turbines will require even
higher gas pressures. For example, even the latest industrial gas turbines require gas
at pressures around 40 atm. Therefore, extending this analysis to further industry-
relevant pressure and heavier hydrocarbon-based fuels could be the subject of future

work.

e Examine the effects of pressure and chemistry while employing more de-
tailed chemical mechanisms: In the current study, it has been shown that the
complexity of the chemical mechanism does affect the DNS predictions. Furthermore,
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there are differences in these effects at atmospheric pressure and elevated pressure.
These effects are more pronounced at high pressure. Therefore, employing a more
complex chemical mechanism would further clarify the effects of pressure on turbulent
premixed flames.

Compare flame-turbulence interactions for decaying and forced turbulence
conditions: In the current study, a decaying background turbulence has been con-
sidered. There have been several recent studies where the background turbulence
is artificially forced to maintain the level of turbulence to a quasi-stationary state.
Therefore, the effects of pressure and finite-rate chemistry on the flame turbulence
interactions can be examined for the decaying and statistically stationary scenario.

Analyze the DNS datasets for subgrid model development: The high-fidelity
DNS datasets generated in this study can be used for the assessment and development
of advanced subgrid models for large-eddy simulations. Note that LES is a viable
computational strategy for the study of practically relevant combustion devices. While
there are several subgrid models available for LES, there are associated challenges. The

DNS datasets can be used to assess the efficacy of some of the well-established closures.
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