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Abstract

The relationship between dilatation, displacement speed, flame tangential strain
rate and flame normal velocity gradient for a premixed turbulent flame in a
corrugated/wrinkled flame regime is analyzed. The decomposition of dilatation into the

flame tangential and normal strains and their relationship with curvature is studied.

Three-dimer sional, fully compressible direct numerical simulations (DNS) of
premixed flames in a cube have been performed using a uniform 256> grid. For the
turbulent case, decaying isotropic homogeneous turbulent velocity field is considered
with an initial turbulence spectrum imposed. Simple single-step chemistry with an
Arrhenius reaction -ate is used. This simplification is valid as the flame considered is in
the corrugated/wrirkled regime where the flame thickness is smaller than the smallest
scales of turbulence. A single laminar flame is initially inserted into the turbulent field.

A strongly linear relationship between dilatation and curvature has been seen
which is due to the high correlation of displacement speed with curvature. The
correlation between tangential strain rate and curvature is shown to be negative with a
breakdown due to the curvature reaching the scale of the flame thickness at the cusps. To
isolate the effect of heat release and turbulence, cases of a laminar sinusoidal wrinkled
flame and a turbulent 7=0 flame have been carried out. For a laminar sinusoidal wrinkled
flame, a negative correlation between a; and curvature was seen. This contradicts
previous hypothescs (Haworth and Poinsot, 1992) (Chakraborty and Cant, 2004) where
the negative correlation between a, and curvature was explained to be due to different
turbulence levels in front and behind the flame. Turbulence and alignment of flame
surface with expansive tangential strains is shown to be responsible for the scatter seen in
an, and a; relationsaips with curvature. Changing the peak reaction location towards the
front of the flame did not change the trend in the plots of dilatation, tangential and normal
strain rates versus curvature, confirming that dilatation relationship with curvature in

particular is not due to any curvature distortion of the flame interior. However, it did

iv



thicken the flame and reduce the dilatation (and consequently its components, a, and a;)

plot versus curvature and the magnitude of their curvature dependence.
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Chapter 1

Introduction

1.1  Background

Combustion systems are divided into premixed and non-premixed configurations.
In premixed combustion, fuel and oxidizer are mixed before entering the combustion
chamber while in non-premixed combustion; they enter separately. Premixed flames are
widely used for industrial applications; some examples include Bunsen burners,
stationary gas turbines and spark ignition engines. The study and understanding of these
flames is an important issue in order to develop and improve combustion systems. The
necessity of pollution control, increasing efficiency and decreasing fuel consumption in
combustion engines highlights the importance of premixed flame studies. In most
practical combustion systems, premixed flames are in turbulent environments. The
structure of premixed flames in turbulent flows is a very important and fundamental issue
in the field of combustion. Due to difficulties of studying flame structure experimentally,
numerical simulatons have become a powerful tool for understanding the complex
interaction between combustion and turbulence. Recent improvements in computer size
and speed have made it possible to use direct numerical simulations (DNS). In DNS, the
Navier-Stokes equations are numerically solved without any turbulence modeling. This
means that the whole range of spatial and temporal scales of the turbulence must be
resolved. The information obtained by DNS can be used for model development and
testing for Reynolds averaged Navier-Stokes (RANS), large eddy simulations (LES), and
fundamental understanding of the flame behaviour.

Combustion is a very complicated phenomenon since it contains a large range of
chemical time and length scales. Performing DNS is computationally demanding for
1
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turbulent premixed flames and it has been mainly limited to simple finite-rate chemistry,
low Reynolds numbers and very simple geometries. Most recent turbulent premixed
flame simulations have been carried out either in two dimensions using complex
chemistry, or in thrze dimensions with simplified chemistry. The latter approach is used

for the present study.

Flame wrinkling is one of the most important mechanisms controlling turbulent
flame behaviour. A flame front propagating in a non-uniform flow is subject to strain
which leads to changes in flame curvature, flame area, burning velocity, fuel
consumption and other properties. Many of these changes also in turn affect each other,
so flame curvature, strain, dilatation (the gas expansion, V- u, due to the heat release in
the flame) and velo:ity gradient have a significant effect on structure, propagation, and
extinction of turbulent flames. Understanding these effects and relations can be really

useful in flow modeling as well as design purposes.

The gas dilztation is the sum of the flame tangential and normal strains and
consideration of this relationship is helpful in understanding of flame strain behaviour. In
particular, investigating the flame normal strain rate (or flame normal velocity gradient)
is useful, since this term is important in scalar transport, and especially counter-gradient
transport in flames. Normal and tangential strain rates influence the scalar flux and
reaction rate modelirg for both RANS and LES. Dilatation and the flame strains are also

important for flame surface density (FSD) treatments in RANS and LES modeling.

Most previous work on premixed flame strain has focused on flame tangential
strains, their relationship with flame curvature and their effect on flame speeds. As a
propagating surface, the alignment of the flame with the turbulent fluid strains depends
on the ratio of loca! (laminar) flame speed to strain rate. The flame also wrinkles
inherently as a thin propagating surface and due to instabilities such as Darrius-Landau
(Law and Sung, 2000). Heat release (and the dilatation of the gas across such curved

surfaces) then produces flame tangential strains. There are limited studies focused on the
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effect of dilatation on the flame and the dilatation dependence on flame curvature, flame

strains and displacement speed.

1.2 Objective and Scope

In this work, the interdependence of dilatation, tangential and normal strain rates,
flame displacement speed and curvature in turbulent premixed flames are studied using
direct numerical sirnulations in three-dimensional configuration. Simplified chemistry is
assumed and the influence of turbulence, heat release and reaction rate profile are isolated

by performing different DNS cases.

1.3 OQutline of the Thesis

This thesis is divided into five chapters. Chapters one and two include the
introduction, background and literature review on DNS of turbulent premixed flames and
flame properties such as strain, dilatation and displacement speed. In the background
section, the properties of turbulent premixed flames and the regimes for turbulent
combustion are explained. The previous direct numerical simulations studies on
turbulent premixed rlames are reviewed and discussed with focus on the studies on flame

curvature, strains, dilatation and displacement speed.

The numerical details of the DNS code used are explained in chapter 3. The
governing equations and assumptions are detailed and explained. The section continues
with details of boundary conditions and numerical schemes used for the simulations.
Four different cases are considered, and the numerical details and properties used for
each of these cases are explained. A preliminary analysis for validation and testing of the

code is shown in the appendix.

The four cases of premixed flames which are examined in this study are: a
turbulent flame, a laminar sinusoidal flame, a turbulent cold flame and a laminar
sinusoidal flame where reaction rate peak is shifted towards the front of the flame. The

results are shown in chapter 4 and cases are compared and analyzed in depth. The work
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is concluded with a summary of the results in chapter 5 and some recommendations for

future work.
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Chapter 2

Background and Literature Review

Combustion can be simply defined as following:
Fuel + Oxidizer =¥ Products + Heat

and can be dividel into premixed and non-premixed combustion. In premixed
combustion, fuel and oxidizer are mixed before entering the combustor and a flame
propagates through the mixture, while in the non-premixed combustion fuel and air enter

the combustion chamber separately and react where they meet.

Turbulent premixed combustion corresponds to the propagation of a flame in a
turbulent reactant flow. The turbulence can convect and distort the flame, and this, in
turn, can affect the flame behaviour. Here, a background and critical literature review of
premixed flames, their interaction with turbulence and the relevant numerical techniques

are presented.

2.1 Computational Approaches for Turbulent Combustion
Different computationzl approaches for turbulent combustion are used as follows:
Reynolds-Averaged Navier-Stokes (RANS) method involves time averaging of the

governing equations and solving the equations for the mean values of all quantities. The
effects of all of the scales of turbulence must be modeled. The RANS method is
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computationally cheap, models for isothermal flows are (fairly) well developed (much

less so for reacting flows) and commercial codes are available.

In Large Eddy Simulations (LES) the equations are filtered (volume averaged), so the
large turbulent scaies are calculated whereas the effects of small turbulent scales on
combustion are considered by using sub-grid scale models. This method is intermediate

in expense. Models for reacting flows are still being developed.

Direct Numerical Simulation (DNS) is another method of solving a flow field
computationally. Fere, all of the scales of the turbulence are calculated, so it is
computationally very expensive. Since this method is used in the present work, it will be

explained in more details in the following section.

2.2  Direct Numerical Simulations

Turbulence is & solution to the Navier-Stokes equations for high Reynolds number
flows. It is a state of the flow characterized by chaotic and random three-dimensional
vorticity and is irregular, diffusive, and dissipative. Turbulent flow consists of velocity
fluctuations with a range of time and length scales. In a turbulent flow, kinetic energy is
extracted from the mean flow mainly by the largest of these scales to smaller and smaller
scales down to the Kolmogorov scales (Kolmogorov, 1941) where the kinetic energy is

transferred to internal energy.

In Direct Numerical Simulations (DNS), the Navier-Stokes equations are solved
numerically by resolving all of the turbulent scales. Consequently, the full instantaneous
Navier-Stokes equations are solved and there is no modeling involved. All flow
quantities and their gradients can be obtained directly from the simulations. However,
this method requires extiemely large computer resources and can only be carried out for
low Reynolds numbers and simplified geometries. High order numerical schemes are

also required to ensure that numerical effects (e.g. numerical diffusion) do not affect the

6
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solution. The first DNS of decaying homogenous isotropic turbulence was performed by
Orszag and Patterscn (1972) on 32° grids. Since then, DNS has become a powerful tool

for understanding of turbulent flows and model development.

2.3 Premixed Flames

Combustion involves multiple reactions and multiple species. The mass fraction

Y, for any species is defined by:

y, =M @1
m

where m, is the mass of each species and m is the total mass.

A reaction progress variable can be defined as:

Y, -7,
Cc= L Po (22)
YP —YP

where Y, is the mass fraction of the product species and it goes from O in the fresh gases

to 1 in the products. Indices 0 and o represent reactants and products respectively.

The transport equation for reaction progress variable, c, is given by:

5(pc)+ puc) __0.
ot Ox

P {pDic—}+w 2.3)

O,
where D is diffusion coefficient and & is the chemical source term. o is density and

u, (X, 1) represents the /-th component of the fluid velocity at a point in space ¥ and time,

z
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A simple relation used for determining the laminar flame speed (S7) is based on the

consumption of reactants as:

— [ (2.4)

where @, is the fuel reaction rate which is negative. Since in this work one-step simple

chemistry is assumed and the reactant consists of one species and reactant density is set as

1, the relation for laminar flame speed is just:
S, = [odx (2.5)

The lamina: flame thickness may be defined in two different ways. It can be
expressed as the distance over which reaction progress variable (c) changes over a

specified ¢ range (typically from ¢=0.01 to ¢=0.99). In figure 2.1 this thickness is shown
byd;. A more useful expression for the laminar flame thickness is obtained by using the

reaction progress variable profile and computing:

5, = @.6)

()

which is also shown in figure 2.1.
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Figure 2.1: Definitions of flame thickness for a premixed flame.

For a single isosurface at c=c?*, the reaction progress variable equation (equation

2.3) can be written as: (Poinsot and Veynante, 2005)

oc oc
—tu, — =5,V 2.7
[at “ ax,,}m» AV i

where Sy is the displacement speed at c=c*.

By using the continuity and the reaction progress variable equations, S; on a single

isosurface can be written as: (Echekki and Chen, 1996)

@

2 +.£_ pD_ai
e
c=c’ axk axk c=c

The flame tangential strain rate a, the flame normal velocity gradient, a,, the

S, = (2.8)

dilatation, V- u and curvature are defined as:
9
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Ou,
a,=(6,~N.N, )5_ 2.9)

j

ou

a, =—=| . 2.10
n an c=c ( )

Ou
V-u=a +a =—- 211
U, = |- 211
Km:azvk . (2.12)

where n and 7 signity the directions normal and tangential to the flame respectively and N;
is the i-th component of the local flame normal vector. Positive curvature is convex
towards the reactants. The dilatation, flame displacement speed, flame tangential and
normal strain rates are affected by the flame curvature and indicate the flame behaviour.
Both turbulence and heat release can provide tangential and normal strains. The study of
these properties and their dependence on curvature is necessary in understanding of
premixed flames ard is useful for the development of models for RANS and LES.

Dilatation i3 a measure of the excess volume created by the heat release through
the flame. It is controlled by the reaction rate and diffusion on the right hand side of the

progress variable ejuation and can be expressed in terms of displacement speed, gradient

of progress variable and heat release factor, 7 = Pr _y (Chakraborty and Cant, 2004)
Pr

- 78,|V¢]

ou
.= 2.13
x, =~ (1+1c) e 13)

A linear relationship between displacement speed S; and curvature has been noted by
Echekki and Chen (1996, 1999), and it is a key determinant of the correlation between

dilatation and curvature.

10
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2.4 Turbulent Flames

Turbulence stretches and wrinkles the laminar flames, consequently increasing the
flame surface area, burning more reactant and causing a higher combustion rate and
turbulent flame speed.

Damkdohler (1940) was the first person who presented an equation for a turbulent
flame speed. He related the mass flux of reactant, 7 to the flame surface area which is

produced by turbulerice, F, and laminar flame speed, S, as follows:

m=p,S, F, =p,S; ¥ (2.14)
S5 _Fr (2.15)
S, F

where p, is the reactant density, S, is turbulent flame speed and F is the projected flame

cross-sectional area.

For small scale turbulence Damkohler assumed:
S, ~ (D/tchem )1/2 (2.16)

Sy ~ (D, /tchem)l/z 217

where 7, ., D and D, are chemical timescale, molecular diffusivity and turbulent
diffusivity respectively. Moreover, the turbulent diffusivity, D,, is proportional to the
u'l,, where I, is the intsgral length scale and #’ is the root mean square of the velocity

fluctuations. The laminar diffusivity, D, is proportional to the $,5,, whered, is the
flame thickness. Therefore:

11
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12 , 1/2
S—T~(QLJ NS (2.18)
s D S. 5,

Showing that for small scale of turbulence, the ratio of the turbulent to laminar flame
speed also depends on the ratio of integral length scale to the flame thickness (Peters,
1999). Based on the relation 2.18, when #’ is very small, S tends towards zero values.
This is not true in real flames where for very small #’, Sr is expected to tend towards S;.
In order to fix this problem, Abdel-Gayed ef al. (1984) and Giilder (1990) have proposed

relations between larainar and turbulent flame speed in the form:

S, u

— =1+ ——,1,5, 219
5, Jn( s ) 219
Equation 2.19 shows that premixed combustion is boosted by turbulent motions (Poinsot
and Veynante, 2005). Initial interest in turbulent flames was concentrated on models for
the turbulent flame speed and S was the only parameter of concern. However,

understanding of turbulent premixed flame behaviour depends on more than simply S7.

2.5 Regimes in Turbulent Premixed Combustion

For determining the flow regime in premixed turbulent combustion, a Borghi
diagram (Borghi, 1984) is often used. The Borghi diagram defines combustion regimes
in terms of length scale and velocity scale ratios. Figure 2.2 shows the different

combustion regimes in Peters (1999) version of the Borghi diagram.
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Figure 2.2: Regime diagram for turbulent premixed combustion (Peters, 1999).

The turbulent Reynolds number is defined as: (Poinsot and Veynante, 2005)

o =X B (2.20)
v §,6;

The Karlovitz number is the ratio of chemical time/length scales to the smallest

(Kolmogorov) turbulence scales:

Ka=-em _ "L (2.21)

where 7, is time scale associated with flame chemistry and 7, is Kolmogorov time

scale.
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An additional Karlovitz number for the inner layer thickness (reaction zone thickness) &,

can be defined as:
Ka; =+~ (2.22)

When Ka <1, the chemical time scale is shorter than the turbulent time scale. In this
region, the flame is thin and has a structure close to that of a laminar flame. Turbulence
can then wrinkle the flame, but turbulent eddies are too big to enter the flame inner

structure. This thin flame regime is divided into two parts:

- Corrugated flamelet regime in which —S'i— >1. Turbulent eddies are able to wrinkle the

L
flame enough that portions of the flame front can interact with each other. As a result,

pockets of fresh and burnt gases are formed (Poinsot and Veynante, 2005).

- Wrinkled flamelet regime where g- <1. The turbulent motion is not able to wrinkle
L

the flame up to flame interactions (Poinsot and Veynante, 2005).

In the thin reaction zones regime (Re >1, Ka >1 and Ka, <1), the flame preheat

zone thickness is larger than the smallest turbulent scales (Kolmogorov scale) and the
smallest eddies can enter into the flame structure and thicken the flame preheat zone.

However, since Ka, <1, the smallest eddies are still larger the reaction zone.

At the top of the diagram, above the Ka; =1 line, the Kolmogorov scales are

smaller than the inner layer thickness and they can enter to the inner layer of the flame.
Both diffusion and rezction zones are mixed by the high turbulence level producing what

is often referred to as distributed reactions.

14
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In the present study, we are interested in thin flames in the corrugated and
wrinkled flamelet zones where turbulent eddies cannot penetrate into the flame structure.
In this case, the flame behaves like a laminar wrinkled flame and, consequently,
simplified chemistr/ can be used. Since our study focuses on the effects of turbulence on
the flame, resolving the three-dimensional turbulence field is regarded as paramount. For
the thin reaction zones flames, simulations with complex chemistry would be necessary

since the inner struciure of the flame is changed by turbulent eddies.

2.6 Previous Direct Numerical Simulations on Turbulent Premixed Flames

Direct Numerical Simulation is a method of simulating flow by solving Navier-
Stokes equations numerically without any modeling. Because of the accuracy of this
method and the detai'ed flow field information provided, it has been a powerful method
for studying turbulent flows. DNS has been widely used for turbulent premixed

combustion. A survey of DNS for turbulent premixed flames is shown in table 2.1:

Author(s) Year Ch emistry ?1))/ Grid Density Re Notes
Asburst and . constant/ Study of premixed flame propagation
Barr 1983 | No/Asthenins | 2D ;able via vortex d ics.
Vortex simulation of unsteady
Ashurst 1987 No 2D constant wrinkled faminar flames in V-shape
and bunsen burner flames.
Ashurst, The alignment between vorticity and
Kerstein, Kerr, 1987 No 3D 128 constant | 83 (Taylor) | eigenvectors of the strain rate tensor
Gibson using pseudospectral calculations.
Laverdant, one -step Explored the interaction between a
Candel 1989 Arrhenius D constant vortex and a premixed laminar flame.
Rutland, one: step . Study of the interaction of a vortex
Ferziger 1989 Arrhnius D variable structure and a premixed flame.
Barr 1990 No 2D variable
Examined the straining on material
YG eung, P 1990 No 3D 128° constant | o, ?Tsa;lom) surfaces and the behaviour of thin
. Hope diffusive layers.
Cant, Rutland, one-step 3 Extracted statistical information for
Trouve 1990 Arrhenius 3D 128 constant laminar flamelet modeling.
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Patnaik and Study of the initiation and subsequent
Kail ; 1990 Complex 2D variable development of cellular structures in
lean hydrogen-air flames.
El Tahry, one-ste 39,92, Study of the local flame speed and
Rutland, 1991 | o | 3D 128 | constant and structure of turbulent premixed
Ferziger 18(Taylor) | flames.
Prediction of flame quenching by
Poinsot, isolated vortices/effect of curvature
Veynarte, 1991 | neseP | ogp | 2000 | variable | 0103000 | and viscous dissipation on
Candel po flame/vortex interactions/non-unity
Lewis number.
Haworth, one-step 2 . 86, 88,91 Lewis number effects in turbulent
Poinsot 192 Arrhenins | 2D | 400 varisble | i ceral) | premixed flames.
Rutland, one-step The effect of turbulence on premixed
Trouve 1993 Arrhenius 3D 128 30 flames in the flamelet regime.
50(Taylor) Estimated the different terms
. one-step 3 . appearing in the evolution equation of
Trouve, Poinsot | 1994 Arrhenius 3D 129 variable 70 or B the flame surface density/Different
Lewis numbers.
N e-step 251 x 128 ) 30(scaling), | Simulations of planar, premixed
utland, Cant 1994 / trhenius 3D % 128 variable 56.7 turbulent flames to study turbulent
(integral) | transport.
301
Baum, Poinsot, . ial 27510959 | Studied H2/ 02/ N2 flame
Haworth 1994 Complex D ‘:;22/ i le (turbulent) | propagation in turbulent flow.
Modeling the mean effects of stretch
Kostiuk, Bray 1994 Complex 2D constant on lamipar flamelets in a premixed
turbulent flame.
30,20(scali Studied the flame effects on
one-step 129 x 128 al > turbulence within the turbulent flame
g Rutland | 1995 Arrhenius 3D x 128 le ?g)‘, 3?;;3) brush by examining the turbulent
kinetic energy budget.
Dandek Studied the effect of nomnity Lewis
. and 1995 oce-step 3D 96> variable | 85 (Taylor) | number on premixed flame in
Collins Arnhenius
turbulent flow.
The effects of strain rate and curvature
Fohekki and 2 135(integra | on the intermediate radical
Chen 1996 Conplex 2D 501 variable D, 36 concentrations and heat release rate
(Taylor) are evaluated for turbulent premixed
stoichiometric methane-air flames.
Compared distributions of flame front
Ashurst, one-step 3 ial curvature obtained by laser sheet
Shepherd 1597 Arrtenius 3D 64 variable | 55 (Taylor) tomography with the numerical
simulation results.
Determined the correlation of flame-
2 . 181(integra | speed with stretch over a wide range
Chen, Im 1998 Con plex 2D 750 variable D of curvatures and strain rates for
methane-air flames.
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Peters, Statistics of flame displacement speed
Terhoeven, 1998 Complex 2D variable for premixed methane flames in thin
Chen, Echekki reaction zone.
Performed a simulation on premixed
Chen, Echekki, 2 . 181 lean methane-air flame to investigate
Kollmann 1999 | Complex | 2D | 750 variable | . iogral) | the mochanism of unburnt pocket
formation.
C one-step 129 x 128 50 Examined the interaction of a
1999 Arrhenius 3D x 128 (turbulent) | premixed flame with a turbulent field.
. 598,613, Study of the behavior of the turbulent
g}’{“ﬁr““&‘u";’;’t 2001 | Complex 2D variable | 289,135 | scalar fluxin hydrogen-air and
ger, {turbulent) | methane-air flames.
Jime nez, DNS of lean non-homogeneons
Cuenot, 2 . 105 propane-air mixtures have been
Poinso, 2002 Complex 2D 451 variable (turbulent) | perfs 1 for several initial
Haworth distributions of non-homogeneities.
Bell, Day, Adaptive . 100 Studied the behaviour of premixed
Grear 2002 | Complex | 3D | "y variable | o bufent) | turbulent methane flame
96>and
. me-step . 25,30 Developed a LES SGS models by
Tullis, Cant 2002 | rhenius | P 256 128 variable | . oral) | filtcring the DNS results.
Studied strain rate and curvature
Chakraborty, (ne-step 3 . 25 "
c 2003 Arrhenius 3D 96 variable (integral) effects on the flame displacement
speed.
480 x 143 Studied the effect of hydrogen
Hawkes, Chen 2004 Complex 2D variable . blending on lean premixed methane—-
1200 (integral) ;
air flames.
Nads, B2 74 | Ivestigated effects of turbuience
Tanahashi, 2004 Complex 3D N 12’8 X variable (Tay.lor) characteristics on the local flame
Miyauchi 128 structure of H2-air premixed flame.
Investigated the structure of premixed
. 3 . methane flames expanding in a three-
Thevenin 2005 Complex 3D 146 variable 74/167 dimensional turbulent velocity field,
initially homogeneous and isotropic.
Chakraborty, 2005 one-step 3D 963and able 25,30 Effect of strain rate and curvature on
Cant a Arrlienius 128 (integral) surface density function transport.
Influence of Lewis number on
Chakraborty, 2005 one-step 3 . 25 . X .
Cant b Arrh enius 3D 96 variable (integral) curvature effects in the thin reaction
zone regime.
Chakraborty, one- step 3 . 25 Influence of Lewis number on strain
Cant 2006 | Achemius | 3D 9 variable | . jooral) | rate effocts.
480 x Studied statistics of displacement and
Hawkes, Chen 2006 Complex 2D 1200 variable consumption speeds in turbulent lean
_premixed methane-air flames.
160 x 320
Bell, Cheng, 2007 Comnik 2D to ;368(()) x iabl Examined effects of Lewis number on
Day, Shepherd mplex . ¢ lean premixed combustion.
(adaptive
mesh)
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261 x 128 47567 Comparison of displacement speed

Chakraborty 2007 °“°| -step 3D | x128and | variable bulent) | StAtistios in corrugated flamelets
230° ¢ regime and thin reaction zones.

261 x 128 Studied the modeling of Damk&dhler
Chakraborty, one-step . 56.7, 41 number, Da, effects on the interaction
Swaminathan | 2°%7 | Arhenivs | P |~ 1122?“’ variable | tulent) | of turbulence and scalar fields in

premixed flames.

Chakraborty, 480 x The effect of strain rate and curvature
Hawkes, Chen, 2008 Complex 2D 1200 and variable on surface density function for
Cant 520 x 512 methane-air and hydrogen-air flames.

Table 2.1: Survey of previous direct numerical simulations of premixed turbulent flames.

Table 2.1 indicates improvements in both computational power and more
advanced algorithrns over time. Two-dimensional calculations which needs less grid
point are replaced by three-dimensional domains. Early work during the 1980s and the
beginning of the 1990s, often assumed constant density. Since resolving chemistry is
computationally expensive, the early direct numerical simulations on premixed
combustion started with considering no chemistry. In this case, DNS was used to study
the propagation of a material surface in turbulent flows. Later, computations were
performed using simple one-step chemistry with Arrhenius reaction rate. The use of
complex chemistry is computationally expensive and often requires assuming two-
dimensional turbulznce to highly reduce the number of grid points (and so computational
costs needed). As it is clear from the table, the value of Reynolds number is proportional
to number of grid points and increasing computer power has allowed increasing Reynolds
numbers. It is only very recently that three-dimensional DNS with complex chemistry

have been performed and these are still at very modest Reynolds numbers.

The effect of curvature on flame tangential strain and displacement speed has
been investigated extensively. Yeung et al. (1990) used three-dimensional direct
numerical simulation of turbulence with constant density on non-reacting flows to
examine the straining on material surfaces and the relationship between strain rate and
curvature. The flame is seen to align mostly with positive (expansive) strains and near-

zero average strains are experienced by high curved surfaces. Also, study of flame with
18
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no heat release has been done by Cant (1999) in order to examine the interaction of a
premixed flame with a turbulent field. This study did not find any correlation between

strain rate and curvzture.

Two-dimensional DNSs of premixed flames with detailed chemistry have been
carried out by Echekki and Chen (1996), Chen and Im (1998), Peters ef al. (1998) and
Hawkes and Chen (2006); and with one-step chemistry by Haworth and Poinsot (1992).
Hawkes and Chen (2006) used DNS to study statistics of displacement and consumption
speeds in turbulent lean premixed methane-air flames. A strong nonlinear relationship
between displacement speed and curvature at negative curvatures was seen by Echekki
and Chen (1996), Chen and Im (1998) and Peters et al. (1998) for turbulent premixed
stoichiometric methane-air flames. They related this correlation to the coupling of
curvature with differential diffusion effects of hydrogen atom in the reaction zone
(Echekki and Chen, 1996 and 1999). Howeuver, this nonlinearity was seen in our results
(see chapter 4) with single-step chemistry and so does not seem to be due to chemistry.
According to Chen and Im (1998), the displacement speed is enhanced for large negative
curvatures due to tae differential diffusion and focusing of mobile radicals, and also by
upstream flame—flame interaction. For a radius of curvature less than one thermal flame
thickness, the flame thermo-diffusive and reactive layers start to merge into the
neighboring flames. As a result, the flame accelerates due to vanishing species gradients
and shifts in balance between chemical reaction and normal diffusion as cusps develop
(Chen and Im, 1998) (Chen et al., 1999). In addition, they observed positive mean value
in the PDF of strain rate which was consistent with the previous computations with
simple chemistry (Echekki and Chen, 1996).

Haworth and Poinsot’s (1992) DNS showed probability density functions (PDFs)
of flame curvatures are almost symmetric about a near-zero mean, while the flame aligns
preferentially with extensive tangential strain rate. A strong correlation between the local
tangential strain rate and the local curvature was found in their simulations. They

believed that this curvature-strain rate correlation is a result of the asymmetry of
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turbulence (high in the pre-flame gases, low in the post flame regions), as well as specific
features of the computation (Haworth and Poinsot, 1992). This idea is not compatible
with our results where the same correlation between tangential strain rate and curvature is

seen in the laminar sinusoidal flames.

Bell et al. (2007) examined the effects of Lewis number on lean premixed
combustion primarily using two-dimensional simulations of hydrogen, methane and
propane flames. "They observed a strong negative correlation between flame local
burning speed and curvature which is increased in regions of negative curvature. A
similar but much weaker correlation was observed for the methane flame. However, for
the hydrogen flame, a very strong positive correlation with positive curvature and a

weaker positive correlation with negative curvature were seen.

Chakraborty and Cant (2003 and 2004) and Jenkins et al. (2006) investigated
strain rate and curvature effects on the propagation and displacement speed of the
turbulent planar premixed flames (Chakraborty and Cant, 2003 and 2004) and flame
kernels (Jenkins ef «l., 2006) using three-dimensional compressible DNS with single-step
chemistry. They reported a negativé correlation between tangential strain rate and
curvature and disgplacement speed and mean curvature. They suggested that the
correlation between strain rate and curvature could be due to the higher turbulence levels
present ahead of the flame than behind it. Our results in chapter 4 show that even for a
laminar flame, this correlation is observed. Their results also showed a very weak
correlation between local displacement speed and local tangential strain rate. However,
conditional joint PDF of displacement speed and tangential strain rate at zero curvature
locations indicated a negative correlation between tangential strain rate and displacement
speed (Chakraborty and Cant, 2003 and 2004). They also showed that, in the case of
flame kernels, the magnitude of the reaction progress variable is negatively correlated

with curvature. For the planar flames, this correlation is weak.
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In 2005b, Chakraborty and Cant used the same simulations to investigate the
influence of Lewis number on curvature effects. They found a negative correlation
between dilatation and curvature as well as tangential strain rate and curvature.
Dilatation and curvature were seen to have a stronger correlation than tangential strain

rate and curvature. In the other paper in the same year (Chakraborty and Cant, 2005a)

they studied the effect of strain rate and curvature on surface density function,|Vc|,

transport. A positive correlation between surface density function (SDF) and tangential
strain rate was shown. In their results, the joint PDF of SDF and curvature has two
branches. For positive curvature, the correlation between SDF and curvature is negative.
For negative curvature there is a weak positive correlation. This behavior was said to be
a consequence of tie correlation between strain rate and curvature together with the

correlation between displacement speed and curvature (Chakraborty and Cant, 2005a).

Chakraborty and Cant (2006) also studied the influence of Lewis number on strain
effects. Again a negative correlation between tangential strain rate and curvature was
reported. They belicved that this correlation is due to heat release and plays an important
role in the response of displacement speed to tangential strain rate. It was also shown that
the surface density function and tangential strain rate are positively correlated which
demonstrates that the local flame thickness decreases with increasing tangential strain
rate. In 2007, they used a similar simulation to compare the statistics for two combustion

regime zones (Chakraborty, 2007): corrugated flamelets and thin reaction zones. Their
results show that for a flame in the corrugated flamelets regime, the curvature and |V¢|
are mildly positively correlated, while for thin reaction zones flames, the joint PDFs
between |Vc| and curvature has one branch with positive correlation and the other one

with negative correlation. A negative correlation between S; and curvature was seen
which was linear for the corrugated flamelets and nonlinear for the thin reaction zones

regimes.
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Chakraborty et al. (2008) performed two-dimensional direct numerical
simulations for lean methane-air and hydrogen-air flames using detailed chemistry. They
investigated the eflects of tangential strain rate and curvature on the surface density
function. For both hydrogen and methane flames, dilatation and curvature were
negatively correlated. However, this correlation is much weaker in the hydrogen flame
than in the methane flame. This difference was explained to be because of the differential
diffusion of heat ard species (Chakraborty ef al., 2008). The correlation between the
normalized tangential strain rate and normalized curvature remains negative throughout
the flame brush for the methane flame, in contrast with the hydrogen flame where this
correlation remains ‘weak throughout the flame brush. Moreover, for the methane flame,
the surface density function and curvature are mainly negatively correlated while for
highly negative curvature the correlation is positive. In the hydrogen flame the overall
correlation is positiv (Chakraborty e? al., 2008).

Experimental investigations of flame strain rate and local flame properties such as
curvature and displacement speed have also been done by Bradley ef al. (2003), Renou e?
al. (1998) and Nye et al. (1996). These papers reported symmetry in PDFs of tangential

strain rate with respect to a mean value near zero which is in contrast with most

numerical simulation results (Haworth and Poinsot, 1992) (Kostiuk and Bray, 1992).

Renou ef al. (1998) also found a negative correlation between curvature and tangential

strain rate for propan: and methane-air flames.

Although simulations with higher Reynolds numbers and resolution exist, 256

grid points, which is used here, is a typical and acceptable resolution compared to the

other current three-dimensional premixed flame simulations. The previous studies on

premixed combustion usually focused on tangential strain rate and displacement speed.

There has been little work done on the flame dilatation and normal strain rate which are

very significant in flame behaviour and combustion modeling. Different factors such as

heat release and turbulence influence turbulent premixed flame and consequently its

dilatation, strain and displacement speed. The effect of each factor has not been
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considered separately in the previous studies. In this work we try to isolate these effects

in order to explore the flame behaviour more accurately.
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Chapter 3

Numerical Details

Three dimensional direct numerical simulations (DNS) of premixed flames in a
cube are performed using a fully compressible finite difference code (Jenkins and Cant,
1999). Four different cases are studied:

e Aninitially planar flame in a turbulent flow field.

e A laminar sinusoidal flame.

e Turbulent #=0 back to back flames.

e A laminar sinusoidal flame with peak of reaction rate in front of the flame.

The flames are inserted in a box with x-coordinate which is the direction of the
propagation of the laminar flame and y and z for the other directions. Figure 3.1 shows

the computational domain.
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Figure 3.1: The computational domain with a flame surface shown in red.

3.1 Governing Equations
The full set of governing equations for the compressible reacting flows in

Cartesian tensor notation are given by:

The total mass conservation equation,

o, dAou) _,

3.1
a o, G-

where p is the density and u, (¥,7) represents the k-th component of the fluid velocity at

a point in space x, and time, 7.

By neglecting external body forces acting on the flow, the conservation of momentum

can be written as:

opw,) , dpun) P, o) (3.2)
e 2 '

P is pressure and 7, is the viscous stresses tensor, which assuming a Newtonian fluid,

can be written as:
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T T, 3

m

ou, ou, 2 auJ (33)

where 4 is the dynamic viscosity and & ; is Kronecker symbol.

By neglecting heat source terms (other than the combustion) and volume forces, the

energy conservation equation reduces to:

a(gtE) N ang) _ 6(;%) . 6(2;@) _ f;zk G.4)

where E is the stagnation internal energy and g, is the heat flux vector which is given by:

=_,1——+pZi V.Y, (3.5)

k a=1

where T is the temperature, A is the thermal conductivity, #, is the enthalpy of formation
of species «, V,, is the diffusion velocity of species «a relative to the mixture and Y, is

the mass fraction of species a.

3.1.1 Chemistry

The species conservation equation for a =1,..., N species is:

a(pYa)_'_a(pukYa)::ma_a(pVakYa) a=1,...,N (36)
ot ox, Ox,

For the species mass fraction:

N .

>, =1 3.7

a=1
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Resolving three-dimensional turbulence with complex chemistry is
computationally costly. Consequently, the chemistry here is assumed to be a single-step
irreversible reaction; this is possible because the flame is considered thin relative to the

Kolmogorov length scale:
Reactant =» Product

By assuming that the mixture has only two species, reactants and products, a reaction

progress variable can be defined as:
c=Y, (3.8)

By neglecting volume forces and assuming small pressure gradients, the diffusion
velocity, V, in the progress variable equation obeys the Fick’s law as following:
oc
V.c=—pD— 3.9
PV a4 pD o, (3.9)
where D is a diffusion coefficient and is a function of the local thermo-chemical state.

Therefore equation 3.6 can be replaced by the conservation equation of reaction progress

variable as follows:

Ape) , dlpusc) _ _"—[ppﬁ}m (3.10)

ot Ox, o, Ox,

For the reaction rate, the Arrhenius reaction rate is considered in the following form:
-k
@ = Bp(1-c) exp[};]"—,] (3.11)
where B is the pre-exponential factor and £ _ is activation energy.
The equations are closed using the equations of state:
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P=pRT (3.12)
1
E=C,T+uu, +H(-c) (3.13)

where C, is the mixture specific heat capacity at constant volume and H is the heat of

reaction per unit mass of reactants consumed.
The heat flux vector can then be re-written as:

or oc
=—-A—-pDH — 3.14
9 o, D o, (3.14)
3.1.2 Non-dimensionalized Equations
The equations are non-dimensionalized by #,, /,, t,, p, and T where u, equals to
laminar flame speed, /, is the domain size, 7, =/, /u,and p, and T, are initial reactants
density and temperature respectively. The non-dimensional temperature is defined as:

_I-7,
Tad—To

T (3.15)

f’represents the instantaneous dimensional temperature, 7y and 7,4 are initial and

adiabatic flame temperatures, respectively. The internal energy is non-dimensionalized

with respect toC, 7, and pressure is non-dimensionalized by p,u; .
The non-dimensionalized forms of the governing equations are then:

QE+M—)=O (3.16)
o  Ox,

Apw,), olpu) 0P | 1 z) G.17)
p |

ox, o, Re ox,
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a(gtE)+6g:E) - - DM a(Pu,,) (y W’ 6(rhuk)
+R:Pr ai,, IZASx],:]_ReTSc ai,, l:ng:;]

Ape), Apue) _ 13 [pDac]m (3.19)

o oy, ReScox,|” ox,

(3.18)

We close the equations by the two non-dimensional equations of state:

(3.20)
E=L1(+ rT)+%(7—1)Ma2ukuk +7(i-0) 3.21)
4
The ratio of specific heats, ¥ and the heat release factor, 7 are:
Cr (3.22)
y= CV,, .
-2 _Uul) (3.23)
(1-a) T,

Cp, and C, are reactant heat capacities at constant pressure and volume respectively.

The product temperature is assumed to be equal to the adiabatic flame temperature. @ is

the heat released by the flame.

The main non-dimensional parameters appearing in these equations are defined as:

/
Reynolds number: Re = Pollee. (329
#,

Prandt] number which compares momentum and heat transport is defined as:
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v, Vv, _H4Cy

Pr= = —=
D, 4/(0,Cr) A

(3.25)

where 4, is heat diffusion coefficient, x4, is the dynamic viscosity and D, is the heat

diffusivity coefficient.

The Schmidt number, Sc, compares momentum and molecular diffusion:

Se=2o - to (3.26)
D,  p,D,

D, is the mass diffusion coefficient.

And Mach number: Ma =20 (.27
a,

where a, = \[RT, is the acoustic speed.
The chemica. reaction rate is given by:

- BA-T)
o=B p(l1- s L 3.28
A( C)exr)[ 1—a(=T) (3.28)
Heat released by the flame,a, Zeldovich number, £ and the pre-exponential factor,

B are given as:

T Tad—Tn
= = L 3.29
L T (3:29)
ET, -T
/?:———“(R;';’T2 ) (3.30)
ad
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B exp[— ﬁ] (3.31)

Potho a

B =

3.2 Boundary Conditions

The domain boundary conditions are periodic in the y and z directions and inflow-
outflow in the x-direction using the Navier-Stokes characteristic boundary condition
(NSCBC) (Poinsot and Lele, 1992). In the NSCBC method, at the boundaries, the
Navier-Stokes equations are written in terms of locally one-dimensional inviscid
equations that correspond to waves traversing the boundary with characteristic velocities.
These are then solved in combination with an imposed physical boundary condition so
that incident waves from inside the domain freely pass through the boundary and no

waves are reflected.

3.3 Numerical Schemes

All first-order and second order derivatives are calculated using a 10th order
explicit central diffcrence scheme. As the boundaries are approached, the order of the
scheme progressively decreases to 1% order. The equations are solved explicitly using a
3™ order low storage Runge-Kutta time marching scheme (Wray, 1990). The finite
difference code was developed by Jenkins and Cant (1999). The code is parallelized
using Message Passing Interface (MPI) by domain decomposition with a halo of five

cells around each domain for message passing (Jenkins and Cant, 2001).

3.4 Grid and Tim: Step Resolution for DNS

Generally, for both reacting and non-reacting flows, the maximum Reynolds

number which can be resolved by a DNS depends on the number of grid points. For
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resolving the turbulence scales, the largest and smallest scales need to be captured by the

grid. The following shows the conditions for resolving the turbulent scales:

The Kolmogorov length scale (the size of smallest eddies) can be specified as:
n=(@lfv)™*1, =Re¥*1, (3.32)

where I, is the integral length scale. This shows the inverse relationship between
Reynolds number and Kolmogorov length scale. Since all eddies have to be resolved in a
DNS, the number f grid points in the simulations are strongly dependant on the flow

Reynolds number,

Ax~7n~Re ™1, (3.33)
where Ax is the maximum possible grid spacing.

For a DNS simulation:

L 34

N~ LBOX . _—BOX Re

3.34
ye— (3.34)

where N is the number of data points required in each direction and Lg,, is the

computational domain size.

We can rewrite the above relation as:

/ 4/3
Re~(L’ } N*? (3.35)
BOX

To be able to resolve the high Reynolds number flows, we need a vast number of data

points which is computationally expensive.
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For the code to be stable and accurate, an acoustic wave cannot move more than
one grid spacing in one computational time step. According to Courant-Friedrichs-Levy
(CFL condition), the possible time step needed for an explicitly solved compressible flow
is limited by:

At < Ax/a, (3.36)

where a, is the sound speed. The CFL number is defined as: CFL =a, At/Ax. For

explicit compressibl: codes, CFL number should be lower than unity.

Ax Ma
<

Ar <
2 o

(3.37)

The Mach number, Ma, was chosen such that the compressibility effects were minimized

while not requiring excessively small time step from CFL condition.

Another condition for the DNS of a reacting flow is resolution of flame inner
structure. This resolition highly depends on the type of chemical scheme used for DNS.
For a single-step irreversible reaction, the inner structure of the flame should be resolved

with at least ten to twenty grid points inside the flame (Poinsot ez al., 1996).
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Figure 3.2: Practical applications of premixed flames on Borghi diagram (Poinsot and
Veynante, 2005). The three blue points are turbulent cases resolved in this thesis in three
different time steps.

This resolution requirement for the chemical scales makes a severe limitation for direct
numerical simulations (Poinsot and Veynante, 2005). Figure 3.2 illustrates the Borghi
diagram and the ranges of two practical applications, piston engines and gas turbine
aircraft engines. Reynolds number (and hence resolution of the Kolmogorov length
scale) and resolution requirements of the flame inner structure respectively limit the
vertical and horizontal axis ranges of the simulations. The three blue points on the
diagram indicate the turbulent premixed flame in this study at three different time steps
(The initial flame at /=0, and the flame as examined at 7=0.08 and 7=0.16). It is seen that
our case overlaps with some practical applications. The top point shows the initial flame.
As time progresses, turbulence decays and integral length scale increases so the points

move down and towards the right side of the diagram.
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3.5 Turbulent Flame

An initially planar laminar flame is inserted into the turbulent flow field in a cube
of unit volume. A three-dimensional, random, decaying, isotropic, homogeneous
turbulent velocity field with periodic boundaries on all sides is considered with
Batchelor-Townsend energy spectrum (Batchelor and Townsend, 1948) and imposed
using the pseudo-soectral method developed by Rogallo (1981). This initial velocity
field is incompressible, divergence-free and periodic in all three spatial directions. The

initial energy spectrum is defined as:

(7 Knin < K S Kpeak
E(y) = < YeKeak” (K/Kpeak) ™ Kpeak < K < Kmax (3.38)
0 otherwise
-

where 7z is a constant determines the initial kinetic energy, &, is the minimum non-zero
wave number, Ko i8S the maximum wavenumber and xpesx is the wavenumber

corresponding to the peak in the energy function spectrum.

The turbulem: premixed flame is initialized using a pre-computed laminar flame
with a non-dimensionalized laminar flame speed equal to 0.84. This velocity is obtained
by changing B* and the Prandtl and Schmidt numbers. A uniform 256° grid is used to
resolve both turbulence and flame structure. The flame is resolved over 15 grid points.
Initially, a laminar premixed flame case and a cold turbulent flame case were run for a
small number of tirae steps. The laminar flame’s progress variable profile and its
associated temperature and density fields were imposed as an initial condition for
turbulent premixed flame; while the velocity and energy fields of cold turbulent and

laminar flame were added together.
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Results frora two different snapshots of the simulation are discussed in chapter 4.
Tables 3.1 and 3.2 show the parameters used for the simulation and turbulence generation
energy function spectrum. Table 3.3 indicates the resultant parameters from initially
imposed turbulent flame and from two later time steps. Both flame and turbulence
parameters showed in table 3.3 indicate that the flame is mostly located in the corrugated
flamelet regime. As time progresses, turbulence decays and integral length scale
increases. As a resilt, relative turbulence intensity declines while there is an increase in

relative turbulent length scale and Bray number.

Heat release factor, 5
a=7(1+7) 0.833
Zeldovich number, £ 4
Pre-exponential factor, B* 2500
Ratio of specific heats, y 14
Reynolds number, Re=1/v 360
Mach number, Ma 0.014159
Prandtl number, Pr 0.2
Schmidt number, Sc 02
Lewis number, Le 1
Grid spacing, Ax 0.0039
Time step, Af 2x10

Table 3.1: Specified parameters used for the turbulent flame case.

Initial kinetic energy constant, | 2x10*
Mimimum wavenumbszr, K, 1x2%
Maximum wavenumber, Kpa 100x2x
Peak wavenumber, &;..; 3x2x

Table 3.2: Initial energy function spectrum parameters.
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Initially Time Time

imposed 0.08 0.16
Heat release factor, 7 5 5 5
Laminar flame speed, S; 0.84 0.84 0.84
Laminar flame thickness, &; 0.06 0.06 0.06
Relative turbulence ‘ntensity, /S, 1.45 1.11 0.93
Relative turbulence |ength scale, //6 34 45 5
Bray number, 7.5;/2:¢' 1.71 225 2.68

Table 3.3: Resultant parameters in two different snapshots of the simulation.

3.6 Laminar Sinusoidal Flame

To isolate the effect of turbulence on the flame, a sinusoidal flame is made and
inserted in a laminar flow. The flame parameters are as table 3.1. The initial sinusoidal
shape was generated by specifying an initial displacement as following:

xdisp(y, z) = 29: 4 [s:ln (27wy)+sin (27m)z)] (3.39

where @ is the wavenumber and 4; is based on the turbulence imposed energy function

spectrum as:
4 2
Cy7ek, Kmin < Ki S Kpeak
A4, =C.JE(k,) = (3.40)
< =%
: | ki
C ¥k o] —— Kpeak < K S Kmax
Kot
.

where C=0.1 specifies the overall amplitude of the initial sinusoidal shape.
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3.7 Turbulent =0 Flame

In order to isolate the effect of heat release and gas dilatation, a turbulent case
with zero heat relezse factor (7=0) is performed. There is no density changes across the
flame as ¢ and 7" go from 0 tol. The flame still propagates towards the reactants due to
reaction but since there is no dilatation, it does not have any effect on the turbulent flow
field. The flame properties such as laminar flame speed, flame thickness and reaction
rate profile are same as the previous case. All turbulent properties are same as the
turbulent case in part 3.5. The configuration used here was of two back to back planar

flames in the initial turbulent field.

3.8 Laminar Sinusoidal Flame with a Different Reaction Rate Profile

In this case, we want to examine the effect of reaction rate profile on flame
structure. Hence, a similar case to the laminar sinusoidal flame, which was explained in
section 3.6, is run but with a different reaction rate profile. The initial wrinkling of the
flame is the same as part 3.6. Figure 3.3 shows the reaction rate profiles for the laminar
sinusoidal flames in sections 3.6 and 3.8. As seen from the figure, in the present case the
reaction rate profile peak is located in front of the flame close to reactants at c=0.32 but
in the original flame, the peak is close to products at approximately c=0.8. To maintain
the same laminar flaine speeds in these two cases, the peak value for the reaction rate
profile has been decrcased while the general profile is broader compared to the original

flame. The laminar flame speed is 0.93, very close to that of the previous flame.
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Figure 3.3: Variations of reaction rate versus progress variable. (a) Laminar sinusoidal
flame in part 3.6. (b) Laminar sinusoidal flame in part 3.8.

39



Master’s Thesis — N. Shahbazian McMaster — Mechanical Engineering

Chapter 4

Results and Discussion

4.1 Turbulent Flame

Here, a single laminar flat flame in the corrugated regime is inserted into a
turbulent field. The main parameters of this simulation are: a heat release factor 7=5,
laminar flame speed, S;=0.84, #'/S; =1.45 and a laminar flame thickness of 0.06. The

Arrhenius reaction rate profile used has a peak of reaction rate located at c=0.8.

(2)
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(b)

Figure 4.1: Contours of reaction progress variable in the x-y plane at z=0.5 (Reactants are
located at the bottom of the domain and are shown in blue. Products are in red and are at
the top of the domain. The flame propagates towards the bottom of the domain into the
reactants) and three-dimensional view of the flame on a progress variable isosurface,
¢=0.8: (a) =0.08 (b) =0.16.

Here, two time instances from the results are considered in detail; one fairly early
in the simulation and the second after the turbulence has decayed significantly. Figure
4.1 shows the contours of reaction progress variable in the x-y plane at z=0.5 and a three-
dimensional view of the flame at ¢=0.8 isosurface for these two snapshots. In the early
time steps, small eddies of turbulence have significant energy which wrinkles the initially
laminar flame. In this stage, the wrinkles are small as seen in figure 4.1a. As time
progresses, the smaller scales of turbulence dissipate and the size of the main energy
containing eddies increases. The wrinkles then grow as they are convected by the
turbulent eddies and their wavelength increases. The thin flame here behaves like a
laminar wrinkled flame. There is no disruption of the flame profile (c-contours) by the
turbulence. As the wrinkled flame propagates normal to itself into the reactants, the
negatively curved regions (concave towards reactants) become more highly curved than
regions of positive curvature (concave towards products). Figure 4.2 shows the evolution
of a wrinkled flame front with time and the formation of these highly curved ‘cusps’, an
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effect known as Huygen’s propagation. Cusp development and sharpening with time is
also seen in figure 4.1. Regions of positive curvature, which do not sharpen, are often

referred to as ‘bulges’.
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Figure 4.2; Evolution and propagation of an initially sinusoidal flame surface and the
formation of cusps cver the flame surface. (Modified from Law and Sung, 2000)
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contours of dilatation contours of dilatation

;'I

)

Figure 4.3: Contours of dilatation, tangential and normal strain rates in the x-y plane at
z=0.5 in two different time steps. The three white lines on each figure indicate the
progress variable isosurfaces at ¢=0.01, ¢=0.8 and ¢=0.99. Reactants are located on the
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left and products on the right side of the domain. (a) Dilatation (V.«) at 0.08 and (b)
=0.16. (c) Tangential strain rate (a;) at /=0.08 and (d) ~0.16. (¢) Normal strain rate (a,)
at =0.08 and (f) r=0.16.

Contours of dilatation for the turbulent case in the x-y plane in the middle of
domain are plotted in figure 4.3a and 4.3b. Higher amounts of dilatation can be seen
where the flame is convex towards products or in negative curvatures while the dilatation

is lower in positively curved regions.

Figures 4.3¢ and 4.3d show the contours of tangential strain rate in the x-y plane
in the middle of domain for the two different time steps. The peak values of tangential
strain rate decline as turbulence decays. Inside the flame, the highest positive values of
tangential strain rate are in negative curvature regions or cusps. In bulges, where the
curvature is positive, tangential strain rate is negative or compressive. Zero tangential
strain rate is associated with flat or zero curvature regions. The tangential strain rate is
only relevant inside the flame. The non-uniform values of a; in the reactants are simply
due to turbulence. The flame tangential direction (normal to Vc) will have a meaningless
value outside of the flame. The turbulence is damped on products side of the flame and

flow velocity becomes more uniform so, the tangential strain rate is much reduced.

Figures 4.3¢ and 4.3f show that a, in the x-y plane and in the middle of the domain
remains positive throughout the flame brush. The highest value of normal strain rate can
be seen on the isosurface of reaction rate peak, where ¢=0.8. On this isosurface, the

normal strain rate does not appear to vary significantly with curvature.

The probabil ity density functions (PDF) of curvature, dilatation, tangential strain

rate and normal strain rate are plotted in figure 4.4 for the two different time steps.
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Figure 4.4: PDFs of curvature, dilatation, tangential and normal strains on three different
progress variable isosurfaces (dash blue line: ¢=0.3, red line: ¢=0.5 and black line: ¢=0.8)
in two different time steps. (a) Curvature at =0.08 and (b) 7=0.16 (c) Dilatation (V.u) at
=0.08 and (d) =0.16 (e) Tangential strain rate (a;) at #=0.08 and (f) =0.16 (g) Normal
strain rate (a,) at =0.08 and (h) 7=0.16. (counts are used instead of probabilities)

As seen from figure 4.4a, the PDF of curvature at /=0.08 is roughly symmetric about
zero. Cusp formation is seen in significant counts at high negative curvatures. The
similarity in the PDFs of curvature for different isosurfaces shows that the flame wrinkles
due to turbulence are fairly uniform through the flame and that the flame is then behaving
as a wrinkled laminar flamelet. On the reactant side of the flame (c=0.3 isosurface), there
is more bulges area and there is a higher negative curvature on this surface compared to
the product side (¢=0.8). The combination of high curvature cusps and lower curvature
bulges produces the small discrepancies between c isosurface PDFs. There is simply
more flame area on the reactant side of the flame (due to the low bulge curvature), and
there are higher negative curvatures on this isosurface. At 7=0.16, as seen from figure
4.4b, this behaviour is increased, the cusps sharpen and values of negative curvatures

increase compared to =0.08.

Figure 4.4c shows the PDF of dilatation at 7=0.08. It is seen that higher values of
dilatation occur on the ¢=0.5 than the ¢=0.3 and ¢=0.8 surfaces. Based on the contours of

dilatation on an x-y plane (figures 4.3a and 4.3b), and by looking at PDF results, it
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appears like the peak values of dilatation occur in a narrow region on the reactant side of
the isosurface with the highest reaction rate (at approximately ¢=0.7 to ¢=0.75). These
results are consistent with those of Swaminathan ez al. (1997) where a single irreversible
reaction rate with h:gh activation energy was used but they disagree with Swaminathan e#
al. (2001) observations with complex chemistry where the peak of reaction rate and
dilatation are not located at the same place. The PDF of dilatation at =0.16 is very

similar to #=0.08 and follows the same trend.

The PDF of tangential strain rate at /=0.08 (figure 4.4e) shows the skew of
tangential strain rate to positive values with an obvious tail at very high positive values of
a;. This is consistent with the results of Yeung er al. (1990) and Girimaji and Pope
(1992) on alignmeni of material and propagating surfaces with positive tangential strain
rates. By comparirg these results with contours of tangential strain rate on a slice at x-y
plane (figure 4.3¢c ard 4.3d), it can be noted that these values of high positive tangential
strain rate may occur at the cusps. There is a bigger range of tangential strain rate on
¢=0.8 isosurface where the peak of reaction rate occurs rather than c=0.3. At =0.16, very

large positive values of tangential strain rate increase.

As it is seen from figures 4.4g and 4.4h, unlike tangential strain rate, there is only
positive flame normal strain rate. At the peak reaction rate location (c=0.8), a,~70 with a
roughly symmetric distribution. Like the dilatation, the values of normal strain rate are
higher for the ¢=0.5 isosurface and lower for c=0.3. Based on the contours of normal
strain rate on an x-y plane, the peak values of normal strain rate appear to occur at c=0.7-

0.75. Similar trend is seen for PDF of normal strain rate at =0.16.

From PDF results and contour plots explained above, it can be seen that the
contours of dilatation and normal strain rate are almost parallel to contours of reaction
progress variable. Since ¢=0.8 isosurface follows the trend of dilatation and normal
strain rate, it i8 suitable to explore the resuilts on this isosurface. In the rest of this
section, the joint PDFs of flame properties (dilatation, tangential strain rate, normal strain

rate) and curvature are plotted on isosurface of c=0.8 and discussed. These are seen in
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figure 4.5 for =0.08 and #=0.16. A strong linear relationship between dilatation and
curvature can be clearly seen. The linearity is preserved over time. The curve bends
slightly upwards (higher dilatation values) at minimum and maximum values of

curvature.

For tangential strain, a negative correlation between tangential strain rate and
curvature is seen in figures 4.5c and 4.5d. At the bulges, which have positive curvature, a
negative or compressive tangential strain rates are seen, while cusps are associated with
highly positive (expansive) tangential strain rates. The negative correlation was also
reported in the previous studies. (Chakraborty and Cant, 2004, 2005b and 2006)
(Chakraborty, 2007) (Chakraborty et al., 2008). The correlation between the tangential
strain rate and curvzture is not as linear as the dilatation relationship with curvature. The
tangential strain rat: increases faster at very low negative curvatures. The nonlinearity
increases by time as it is seen in figure 4.5d. Zero curvatures are associated with zero
tangential strain ratcs. Much more of the joint PDF shows positive values of tangential
strain rate which indicates the alignment of the flame surface with expansive tangential
strain rates as was shown in PDF plots of a; (figures 4.4¢ and 4.4f). Around zero
curvature regions, higher scatter in tangential strain rate is clear from figures 4.5¢ and
4.5d.

As seen frora figures 4.5e and 4.5f, there is not an obvious strong correlation
between normal strain rate and curvature. However at r=0.16, a decline in normal strain
rate can be seen for very negative curvatures (cusps). For both time steps, normal strain
rate va<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>