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Abstract 

The relation11hip 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-dimersional, fully compressible direct numerical simulations (DNS) of 

premixed flames in a cube have been performed using a uniform 2563 grid. For the 

turbulent case, dec.:tying 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/wri11kled regime where the flame thickness is smaller than the smallest 

scales ofturbulence. 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 ':he 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 ofthe flame thickness at the cusps. To 

isolate the effect of heat release and turbulence, cases of a laminar sinusoidal wrinkled 

flame and a turbulent r-=0 flame have been carried out. For a laminar sinusoidal wrinkled 

flame, a negative correlation between at and curvature was seen. This contradicts 

previous hypothes«~ (Haworth and Poinsot, 1992) (Chakraborty and Cant, 2004) where 

the negative correlation between at 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 at relations :rips with curvature. Changing the peak reaction location towards the 

front ofthe flame did not change the trend in the plots ofdilatation, tangential and normal 

strain rates versm. curvature, confirming that dilatation relationship with curvature in 

particular is not due to any curvature distortion of the flame interior. However, it did 
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thicken the flame and reduce the dilatation (and consequently its components, an and at) 

plot versus curvature and the magnitude oftheir curvature dependence. 
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Chapter 1 

Introduction 

1.1 Backgrou11 d 

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 ofthese 

flames is an impmtant 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 ofpremixed flames in turbulent flows is a very important and fundamental issue 

in the field ofcombustion. Due to difficulties ofstudying flame structure experimentally, 

numerical simulat,ons 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 eqm.tions 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 in£Jrmation obtained by DNS can be used for model development and 

testing for Reynolds averaged Navier-Stokes (RANS), large eddy simulations (LES), and 

fundamental understanding ofthe 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 
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turbulent premixed flames and it has been mainly limited to simple finite-rate chemistry, 

low Reynolds nurn hers and very simple geometries. Most recent turbulent premixed 

flame simulations have been carried out either in two dimensions using complex 

chemistry, or in three 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 c b.anges 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 dil~.tation is the sum of the flame tangential and normal strains and 

consideration ofthis 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 1erm is important in scalar transport, and especially counter-gradient 

transport in flames. Normal and tangential strain rates influence the scalar flux and 

reaction rate modeling 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 local (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, 2001)). 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 displa.c€:ment speed. 

1.2 Objective and Scope 

In this wod:, the interdependence of dilatation, tangential and normal strain rates, 

flame displacement speed and curvature in turbulent premixed flames are studied using 

direct numerical simulations in three-dimensional configuration. Simplified chemistry is 

assumed and the inHuence ofturbulence, heat release and reaction rate profile are isolated 

by performing different DNS cases. 

1.3 Outline ofthe 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 su :h 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 dames 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 ofthese cases are explained. A preliminary analysis for validation and testing of the 

code is shown in the appendix. 

The four ccu,es 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 wht:re reaction rate peak is shifted towards the front of the flame. The 

results are shown in :hapter 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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Chapter2 

Background :llnd Literature Review 

Combustion can be ~;imply defined as following: 

Fuel + Oxidizer + Products +Heat 

and can be divided into premixed and non-premixed combustion. In premixed 

combustion, fuel an:i 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 computatiorull 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 ofall 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 seal es are calculated whereas the effects of small turbulent scales on 

combustion are con:iidered by using sub-grid scale models. This method is intermediate 

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

Direct Numerical mmulation (DNS) is another method of solving a flow field 

computationally. Here, 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 Numeric,rzl Si11111lations 

Turbulence is EL 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 ettergy. 

In Direct Numetical Simulations (DNS), the Navier-Stokes equations are solved 

numerically by resolving all of the turbulent scales. Consequently, the full instantaneous 

Navier-Stokes equation:; 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 extremely large computer resources and can only be carried out for 

low Reynolds numbers nnd simplified geometries. High order numerical schemes are 

also required to ensure that numerical effects (e.g. numerical diffusion) do not affect the 
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solution. The first DNS of decaying homogenous isotropic turbulence was performed by 

Orszag and Patterson (1972) on 323 grids. Since then, DNS has become a powerful tool 

for understanding o1~turbulent flows and model development. 

2.3 Premixed FlaJones 

Combustion involves multiple reactions and multiple species. The mass fraction 

Ya for any species is defined by: 

Y =ma (2.1) 
a m 

where ma is the mas~ ofeach species and m is the total mass. 

A reaction progress vllriable can be defined as: 

(2.2) 


where YP is the mass fraction of the product species and it goes from 0 in the fresh gases 

to 1 in the products. I rtdices 0 and oo represent reactants and products respectively. 

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

(2.3) 


where Dis diffusion coefficient and d; is the chemical source term. p is density and 

uk (i, t) represents the k-th component ofthe fluid velocity at a point in space i and time, 

t. 
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A simple relation used for determining the laminar flame speed (&) is based on the 

consumption ofreaccants as: 

(2.4) 


where dJ F is the fud reaction rate which is negative. Since in this work one-step simple 

chemistry is assumed and the reactant consists ofone species and reactant density is set as 

1, the relation for laminar flame speed is just: 

(2.5) 

-<:1) 

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 c range (typically from c=0.01 to c=0.99). In figure 2.1 this thickness is shown 

by t5~ . A more useful expression for the laminar flame thickness is obtained by using the 

reaction progress variable profile and computing: 

(2.6) 


which is also shown in figure 2.1. 
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II 
1 


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) 

[ac-+uk-ac J =SdiVcl (2.7)at ax =* 
k e=c* 

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

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

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

ml 
=c 

.+~[pn~Jax ax _ k k e=c•
Sd- (2.8) 

The flame tangential strain rate at, the flame normal velocity gradient, a71, the 

dilatation, V· u and curvature are defined as: 
9 
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at = 16 .. -N.N.)&!._I •~!1 1 J(k_c=c 
J 

Oun Ia=
n i}n c==c· 

Bur IV ·u=a +a =-- • 
t n ax c= 

j 

McMaster- Mechanical Engineering 

(2.9) 

(2.10) 

(2.11) 

(2.12) 


where n and t signify the directions normal and tangential to the flame respectively and Ni 

is the i-th compon~nt 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 ofmodels for RANS and LES. 

Dilatation i:; 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 e~uation and can be expressed in terms ofdisplacement speed, gradient 

of progress variable and heat release factor, 1: = PR -I (Chakraborty and Cant, 2004) 
PP 

Out 7:SajVcj 
(2.13)axk 1=· = (1 + rc) 1="* 

A linear relationship between displacement speed Sd and curvature has been noted by 

Echekki and Chen (1996, 1999), and it is a key determinant of the correlation between 

dilatation and curvature. 
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2.4 Turbulent Fl runes 

Turbulence :;tretches and wrinkles the laminar flames, consequently increasing the 

flame surface area, burning more reactant and causing a higher combustion rate and 

turbulent flame speed. 

Damkohler ( 1940) was the first person who presented an equation for a turbulent 

flame speed. He related the mass flux of reactant, m to the flame surface area which is 

produced by turbulence, Fr and laminar flame speed, SL as follows: 

(2.14) 


(2.15) 


where p 0 is the reactattt density, Sr is turbulent flame speed and F is the projected flame 


cross-sectional area. 


For small scale turbulence Damkohler assumed: 


(2.16) 

(2.17) 

where tcltem, D and Dr are chemical timescale, molecular diffusivity and turbulent 

diffusivity respectively. Moreover, the turbulent diffusivity, Dr, is proportional to the 

u'lr, where It is the integral length scale and u' is the root mean square of the velocity 

fluctuations. The laminar diffusivity, D, is proportional to the SL8L, where8L is the 

flame thickness. Therefbre: 
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(2.18) 

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 th~ relation 2.18, when u' is very small, Sr tends towards zero values. 

This is not true in real flames where for very small u', Sr is expected to tend towards SL. 

In order to fix this problem, Abdel-Gayed et al. (1984) and GUider (1990) have proposed 

relations between laminar and turbulent flame speed in the form: 

S u' 
_z_ =I +fn(-,11,8 ) (2.19)s

L 
s

L 
'· 

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 Sr was the only parameter of concern. However, 

understanding ofturbulent premixed flame behaviour depends on more than simply Sr. 

1.5 Regimes in TurlJulent 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 ofthe 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) 

(2.20) 


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

(Kolmogorov) turbulence scales: 

(2.21) 


where tchem is time scale associated with flame chemistry and t" is Kolmogorov time 

scale. 
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An additional Karlovitz number for the inner layer thickness (reaction zone thickness)£5R 

can be defined as: 

(2.22) 


When Ka < I , the :;hemical time scale is shorter than the turbulent time scale. In this 

region, the flame is thin and has a structure close to that ofa laminar flame. Turbulence 

can then wrinkle the flame, but turbulent eddies are too big to enter the flame inner 

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

' 
- Corrugated flamelet regime in which !!._ > I . Turbulent eddies are able to wrinkle the 

SL 

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

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

' 
- Wrinkled flamelet regime where !!._ < I. The turbulent motion is not able to wrinkle 

SL 

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

In the thin reaction zones regime (Re >I, Ka >I and Ka6 <I), 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 Ka6 < I, the smallest eddies are still larger the reaction zone. 

At the top of the diagram, above the Ka6 = I 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 recaion zones are mixed by the high turbulence level producing what 

is often referred to as distributed reactions. 
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In the pre£ent study, we are interested in thin flames in the corrugated and 

wrinkled flamelet 2ones where turbulent eddies cannot penetrate into the flame structure. 

In this case, the flame behaves like a laminar wrinkled flame and, consequently, 

simplified chemistr:r can be used. Since our study focuses on the effects ofturbulence 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 strue1ure ofthe flame is changed by turbulent eddies. 

2. 6 Previous Diret't 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 detailed 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 ofDNS for turbulent premixed flames is shown in table 2.1: 

Author(s) Year Oemistry 
2D/ 
JD Grid Density Re Notes 

Ashutstand 
Barr 

1983 No/; \.rrhenius 2D 
constaJJtl 
variable 

Study ofpremixed flame propagation 
via vortex dynamics. 

Ashurst 1987 No 2D constant 
Vortex simulation ofunsteady 
wrinkled laminar flames in V -shape 
and bunsen burner flames. 

Ashurst, 
Kerstein, Kerr, 
Gibson 

1987 1/o 3D 12g3 constant 83 (faylor) 
The alignment between vorticity and 
eigenvectors ofthe strain rate tensor 
using pseudospectral calculations. 

Laverdant, 
Candel 

1989 
one·step 

Arrtlenius 
2D constant 

Explored the interaction between a 
vortex and a premixed laminar flame. 

Rutland, 
Ferziger 

1989 
one· step 

Arrbmius 2D variable 
Study ofthe interaction ofa vortex 
structure and a premixed flame. 

Barr 1990 No 2D variable 

Yeung, 
GiriJwYi, Pope 

1990 No) 3D 12g3 constant 
38to 

93(faylor) 

Examined the straining on material 
surfaces and the behaviour ofthin 
diffusive layers. 

Caul, Rutland, 
Trouve 

1990 
one-step 

ArrbeJuus 
3D 128

3 
constant 

Extracted statistical information for 
laminar ftamelet modeling. 
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Patnaikand 
Kailasanath 

1990 Complex 2D variable 
Study ofthe initiation and subsequent 
development of cellular structures in 
lean hydrogen-air flames. 

EITahry, 
Rutland, 
Ferziger 

1991 
one-step 

Arrhenius 
3D 12gl constant 

3.9,9.2, 
and 

18(faylor) 

Study ofthe local flame speed and 
structure ofturbulent premixed 
flames. 

Poinsot, 
Veynante, 
Candel 

1991 
one-step 

Arrhenius 
2D 

25000 
points variable Oto3000 

Prediction offlame quenching by 
isolated vortices! effect ofcurvature 
and viscous dissipation on 
flame/vortex interactions/non-unity 
Lewis number. 

Haworth, 
Poinsot 

1992 
one-step 

Arrhenius 
2D 4002 variable 

86,88,91 
(integral) 

Lewis number effects in turbulent 
premixed flames. 

Rutland, 
Trouve 

1993 
one-step 
1\rrhenins 

3D 121? oonstaJit 30 
The effect ofturbulence on premixed 
flames in the flamelet regime. 

Trouve, Poinsot 1994 
one-step 

,\rrhenius 3D 129
3 variable 

50(faylor) 
or 

70(integra1) 

Estimated the different terms 
appearing in the evolution equation of 
the flame surface density/Different 
Lewis numbers. 

Rutland, Cant 1994 
JOe-step 

l.rrbenius 
3D 

251 X 128 
X 128 

variable 
30(scating), 

56.1 
(integral) 

Simulatioos ofplanar, premixed 
turbulent flames to study turbulent 
transport. 

Baum, Poinsot, 
Haworth 

1994 <:Omplex 2D 

301~/ 

48rl 

601
2 

variable 
275to959 
(turbulent) 

Studied H2l 021 N2 flame 
propagation in turbulent flow. 

Kostiuk, Bray 1994 Complex 2D constant 
Modeling the mean effects ofstretch 
on laminar flamelets in a premixed 
turbulent flame. 

Zhang, Rutland 1995 
one-step 

rurhenius 
3D 

129 X 128 
X 128 variable 

30,20(scali 
ng),39,53 
(turbulent) 

Studied the flame effects on 
turbulence within the turbulent flame 
brush by examining the turbulent 
kinetic energy budget 

Dandekar and 
Collins 

1995 
ore-step 

Anbenius 
3D 963 variable 85 (Taylor) 

Studied the effect ofnonunity Lewis 
number on premixed flame in 
turbulent flow. 

Echekkiand 
Chen 

1996 Conplex 2D 501
2 variable 

I35(integra 
1), 36 

(Taylor) 

The effects ofstrain rate and curvature 
on the intermediate radical 
concentrations and heat release rate 
are evaluated for turbulent premixed 
stoichiometric methane-air flames. 

Ashurst, 
Shepherd 

1997 
one-step 

Arrtenins 

Corrplex 

3D 643 variable 55 (Taylor) 

Compared distributions offlame front 
curvature obtained by laser sheet 
tomography with the numerical 
simulation results. 

Chen, 1m 1998 2D 750
2 

variable 
181 (integra 

I) 

Determined the correlation offlame-
speed with stretch over a wide range 
ofcurvatures and strain rates for 
methane-air flames. 
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Peters, 
Terhoeven, 
Chen, Echekki 

1998 Complex 2D variable 
Statistics offlame displacement speed 
for premixed methane flames in thin 
reaction zone. 

Chen, Echekki, 
Kollmann 1999 Complex 2D 750

2 variable 
181 

(integral) 

Performed a simulation on premixed 
lean melbane-air flame to investigate 
the mechanism ofunbumt pocket 
formation. 

Cant 1999 
one-step 

Arrhenius 
3D 

129 X }28 
X 128 

constant 
50 

(turbulent) 
Examined the interaction ofa 
premixed flame with a turbulent field 

Swaminathan, 
Bilger, Cuenot 

2001 Complex 2D variable 
598,613, 
289,135 

(turbulent) 

Study ofthe behavior ofthe turbulent 
scalar flux in hydrogen-air and 
methane-air flames. 

Jime"nez, 
Cuenot, 
Poinsot, 
Haworth 

2002 Complex 2D 451
2 variable 

105 
(turbulent) 

DNS oflean non-homogeneous 
propane-air mixtures have been 
performed for several initial 
distributions ofnon-homogeneities. 

Bell, Day, 
Grear 

2002 Complex 3D 
Adaptive 

grid variable 
100 

(turbulent) 
Studied the behaviour of premixed 
turbulent methane flame 

Tullis, Cant 2002 
)Jle-step 

l.rrbenius 
3D 

96
3
and 

256 X 128 
X 128 

variable 
25,30 

(integral) 
Developed a LES SGS models by 
filtering the DNS results. 

Chakraborty, 
Cant 

2003 
toe-step 

Arrhenius 
3D 963 variable 

25 
(integral) 

Studied strain rate and curvature 
effects on the flame displacement 
speed 

Hawkes, Chen 2004 C001plex 2D 
480x 
1200 

variable 
143 

(integral) 

Studied the effect ofhydrogen 
blending on lean premixed methane-
air flames. 

Nada, 
Tanabasbi, 
Miyauchi 

2004 Complex 3D 

257 X 256 
X 256,513 

X 128 X 

128 

variable 
37.4 

(Taylor) 

Investigated effects ofturbulence 
characteristics on the local flame 
structure ofH2-air premixed flame. 

Thevenin 2005 C<Jmplex 3D 146
3 variable 74/167 

Investigated the structure ofpremixed 
methane flames expanding in a three-
dimensional turbulent velocity field, 
initially homogeneous and isotropic. 

Chakraborty, 
Cant 

2005 
a 

ont\-step 
Ani1enius 

3D 
~and 
12sl 

variable 
25,30 

(integral) 
Effect of strain rate and curvature on 
surface density function transport. 

Chakraborty, 
Cant 

2005 
b 

one-step 
Arrllenius 

3D 96
3 

variable 
25 

(integral) 

Influence ofLewis number on 
curvature effects in the thin reaction 
zone regime. 

Chakraborty, 
Cant 

2006 
one-step 

Arrh·lllius 
3D 963 variable 

25 
(integral) 

Influence ofLewis number on strain 
rate effects. 

Hawkes, Chen 2006 Com'lex 2D 
480 X 

1200 
variable 

Studied statistics ofdisplacement and 
consumption speeds in turbulent lean 
premixed methane-air flames. 

Bell, Cheng, 
Day, Shepherd 

2007 ColllJ•lex 2D 

}60 X 320 
to 1280 X 

2560 
(adaptive 

mesh) 

variable 
Examined effects ofLewis number on 
lean premixed combustion. 
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Chakraborty 2007 
one-step 

Arrhenius 
30 

261 X 128 
X 128 and 

230
3 

variable 
47,56.7 

(turbulent) 

Comparison ofdisplacement speed 
statistics in corrugated flamelets 
regime and 1hin reaction zones. 

Chakraborty, 
Swaminathan 

2007 
one-step 

Arrhenius 
30 

261 X 128 
X 128and 

128
3 

variable 
56.7,41 

(turbulent) 

Studied the modeling ofOamkohler 
number, Da, effects on the interaction 
ofturbulence and scalar fields in 
premixed flames. 

Chakraborty, 
Hawkes, Chen, 
Cant 

2008 Complex 20 
480 X 

1200and 
520 X 512 

variable 
The effect ofstrain rate and curvature 
on surface density function for 
methane-air and hydrogen-air flames. 

Table 2.1: Survey ofprevious direct numerical simulations ofpremixed turbulent flames. 

Table 2.1 indicates improvements in both computational power and more 

advanced algorithms 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 o:f 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 turbul,~nce to highly reduce the number ofgrid points (and so computational 

costs needed). As it is clear from the table, the value ofReynolds number is proportional 

to number ofgrid points and increasing computer power has allowed increasing Reynolds 

numbers. It is only very recently that three-dimensional DNS with complex chemistry 

have been performt:xl 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 a/. (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 




Master's Thesis - N. Shahbazian McMaster- Mechanical Engineering 

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 curvaure. 

Two-dimemional DNSs of premixed flames with detailed chemistry have been 

carried out by Echddci and Chen (1996), Chen and Im (1998), Peters et 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). However, 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 tle 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 balanGe between chemical reaction and normal diffusion as cusps develop 

(Chen and Im, 199H) (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 curvature~ 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 ~inusoidal flames. 

Bell et a/. (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 wt~ak:er correlation was observed for the methane flame. However, for 

the hydrogen flame::, a very strong positive correlation with positive curvature and a 

weaker positive con-elation 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 et al., 2006) using three-dimensional compressible DNS with single-step 

chemistry. They reported a negative correlation between tangential strain rate and 

curvature and displacement speed and mean curvature. They suggested that the 

correlation between strain rate and curvature could be due to the higher turbulence levels 

present ahead oftht: 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, IVcl, 
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 be 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 ofLewis number on strain 

effects. Again a nt::gative correlation between tangential strain rate and curvature was 

reported. They beli(:ved that this correlation is due to heat release and plays an important 

role in the response ofdisplacement 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 IVcl 
are mildly positively correlated, while for thin reaction zones flames, the joint PDFs 

between IVcl and curvature has one branch with positive correlation and the other one 

with negative correlation. A negative correlation between Sd 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 a/. (2008) performed two-dimensional direct numerical 

simulations for lean methane-air and hydrogen-air flames using detailed chemistry. They 

investigated the efn~cts of tangential strain rate and curvature on the surface density 

function. For bo1h hydrogen and methane flames, dilatation and curvature were 

negatively correlate:i. However, this correlation is much weaker in the hydrogen flame 

than in the methane flame. This difference was explained to be because ofthe differential 

diffusion of heat and species (Chakraborty eta/., 2008). The correlation between the 

normalized tangentid 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 cur\'ature the correlation is positive. In the hydrogen flame the overall 

correlation is positiv·~ (Chakraborty eta/., 2008). 

Experimental investigations of flame strain rate and local flame properties such as 

curvature and displaeement speed have also been done by Bradley eta/. (2003), Renou et 

a/. (1998) and Nye eta/. (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 et 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, 2563 

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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Chapter3 

Numerical D~etails 

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: 

• An initially planar flame in a turbulent flow field. 

• A laminar sinusoidal flame. 

• Turbulent z:=O back to back flames. 

• A laminar sinusoidal flame with peak ofreaction rate in front ofthe 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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outlet 

outlet 

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, 

(3.1) 

where p is the density and uk (x,t) represents the k-th component of the fluid velocity at 

a point in space xk and time, t. 

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

can be written as: 

(3 .2) 

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

can be written as: 
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(3.3) 


where f..l is the dynamic viscosity and 6 ij is Kronecker symbol. 

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

energy conservation equation reduces to: 

o(pE) + o(pukE) = o(Puk) + o(rkiuk) _ f)qk (3.4)
iJt Oxk Oxk Ox; Oxk 

where E is the stagtwtion internal energy and qk is the heat flux vector which is given by: 

(3.5) 


where Tis the temperature, A. is the thermal conductivity, ha is the enthalpy of formation 

of species a, Vate is the diffusion velocity of species a relative to the mixture and Ya is 

the mass fraction of ~pecies a. 

3.1.1 Chemistry 


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


a= l, ... ,N (3.6) 

For the species mass !Taction: 

(3.7) 
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Resolving three-dimensional turbulence with complex chemistry ts 

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 ;cale: 

Reactant -+ Product 

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

progress variable can be defined as: 

(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: 

(3.9) 


where D is a diffusi,Jn 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: 

(3.10) 


For the reaction rate, the Arrhenius reaction rate is considered in the following form: 

(3.11) 


where B is the pre-exponential factor and Ea is activation energy. 

The equations are clo KXl using the equations of state: 
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P=pRT (3.12) 


(3.13) 


where Cv is the mixture specific heat capacity at constant volume and His the heat of 

reaction per unit mass ofreactants consumed. 

The heat flux vector can then be re-written as: 

(3.14) 


3.1.2 Non-dimensionalized Equations 

The equations are IJon-dirnensionalized by u0 , / 0 , t0 , Po and 1'o where U 0 equals to 

laminar flame speed, /0 is the domain size, t0 = /0 ju0 and Po and 1'o are initial reactants 

density and temperatllre respectively. The non-dimensional temperature is defined as: 

(3.15) 


"' T represents the instantaneous dimensional temperature, To and Tad are initial and 

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

with respect toCPol'o md pressure is non-dimensionalized by p0 ug. 

The non-dimensionalized forms ofthe governing equations are then: 

(3.16) 


(3.17) 
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T a [ aT l T a [ iJc ] 
(3.18) 

+ RePr iJxt A iJxt - ReSc iJxt pD iJxt 

(3.19) 


We close the equations by the two non-dimensional equations ofstate: 


P=-
1

-
2 

p{1+rT) (3.20)

]A4a 

(3.21) 


The ratio of specific heats, r and the heat release factor, T are: 

(3.22) 


a (Tad -~1 )T= - ...:......::..._-.: (3.23) 
(1-a) To 

CP. and Cv. are reac:tant heat capacities at constant pressure and volume respectively. 
0 0 

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

the heat released by the flame. 

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

p u I0 0 0Reynolds number: Re = (3.24) 
Jlo 

Prandtl number which compares momentum and heat transport is defined as: 
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(3.25) 


where A-o is heat ditfusion coefficient, J.lo is the dynamic viscosity and Dtho is the heat 

ditfusivity coefficient. 

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

(3.26) 


D0 is the mass diffusion coefficient. 

And Mach number: Ma = uo (3.27) 
ao 

where a0 = ~'}RI'o is the acoustic speed. 

The chemica: reaction rate is given by: 

dJ =B*p(I-c)exp[-- P(I-T) ] (3.28)
I-a(I-T) 

Heat released by the flame, a, Zeldovich number, p and the pre-exponential factor, 

s·are given as: 

T Tad-I;Ia=--= - (3.29)(l+r) Tad 

(3.30) 
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• B [ P]B =--exp --	 (3.31) 
Po"o a 

3.2 	 Boundary CoJ'Iditions 

The domain boundary conditions are periodic in they and z directions and inflow

outflow in the x-di rection 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 corre:;pond 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 Sc,emes 

All first-ord,~r and second order derivatives are calculated using a lOth order 

explicit central diffi:rence scheme. As the boundaries are approached, the order of the 

scheme progressively decreases to 1st order. The equations are solved explicitly using a 

3nt order low stora:~e Runge-Kutta time marching scheme (Wray, 1990). The finite 

difference code waH developed by Jenkins and Cant (1999). The code is parallelized 

using Message Pas~ing 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, fc>r 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 ofsmallest eddies) can be specified as: 

(3.32) 


where /1 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, 

(3.33) 


where ~is the marimum possible grid spacing. 

For a DNS simulation: 

(3.34) 


where N is the number of data points required in each direction and L80x is the 

computational domain size. 

We can rewrite the above relation as: 

( 
4/3 

Re- ~ N4.'3 (3.35) 
LBOX J 

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 cod(: 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: 

(3.36) 


where is the smmd speed. The CFL number is defined as: CFL = a0 tit/Ax. Fora0 

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

(3.37) 


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

while not requiring ex:cessively small time step from CFL condition. 

Another condition for the DNS of a reacting flow is resolution of flame inner 

structure. This resolution 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 eta/., 1996). 

33 




Master's Thesis - N. Shahbazian 	 McMaster -Mechanical Engineering 

1000 

"'t3 
Q..) 

Q..) 
 100p.. 
tl1 

Q..) Aircraft engines 
~ -.~ ?r 10 
u 
0 v 
~ 

~ 
Q..) \. 
1 
~ 

Piston eng:in.es 

0.1 +-------~------~------~~------~------~ 
0.1 	 1 10 100 1000 10000 

turbulent length scale/flame thickness 

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 t=O, and the flame as examined at t=0.08 and t=O.l6). 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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J. 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-s:>ectral method developed by Rogatio (1981). This initial velocity 

field is incompressible, divergence-free and periodic in all three spatial directions. The 

initial energy spectmm is defined as: 

ICmin S 1C S lCpeak 

E(r) = (3.38) 

otherwise0 

where YE is a constant determines the initial kinetic energy, Km;n is the minimum non-zero 

wave number, TCmro· is the maximum wavenumber and TCpeak 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-dimensiortalized laminar flame speed equal to 0.84. This velocity is obtained 

by changing B* and the Prandtl and Schmidt numbers. A uniform 2563 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 tine 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 from two different snapshots of the simulation are discussed in chapter 4. 

Tables 3.1 and 3.2 :;how 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 res1Jlt, relative turbulence intensity declines while there is an increase in 

relative turbulent length scale and Bray number. 

Heat release factor, ~~ 5 

a=tf(l+r) 0.833 
Zeldovich number, p 4 

Pre-exponential factor, B* 2500 
Ratio ofspecific hea1s, r 1.4 
Reynolds number, Re=llv 360 
Mach number, Ma 0.014159 
Prandtl number, Pr 0.2 
Schmidt number, Sc 0.2 
Lewis number, Le 1 

Grid spacing, & 0.0039 
Time step, 1J.t 2xl0-6 

Table 3 .I: Specified parameters used for the turbulent flame case. 

Initial kinetic energy ,;onstant, Jt 2xl04 

Minimum wavenumb ~r, K,;n lx21t 
Maximum wavenumber,""'= lOOx21t 
Peak wavenumber, r,""* 3x21t 

Table 3.2: Initial energy function spectrum parameters. 

36 




Master's Thesis- JIT. Shahbazian McMaster- Mechanical Engineering 

Initially 
imposed 

Time 
0.08 

Time 
0.16 

Heat release factor, r 5 5 5 

Laminar flame speed, SL 0.84 0.84 0.84 

Laminar flame thick ness, ~ 0.06 0.06 0.06 

Relative turbulence ntensity, u'/SL 1.45 1.11 0.93 

Relative turbulence I ength scale, l/b 3.4 4.5 5 

Bray number, rSd2•l 1.71 2.25 2.68 

Table 3.3: Resultant parameters in two different snapshots ofthe simulation. 

3.6 Laminar Sinusoidal Flame 

To isolate tll e 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: 

9 

xdisp(y, z) =~A; [sn(21Z'tvy)+ sin(2Kmz)) (3.39) 
i=l 

where (I) is the wavenumber and A; is based on the turbulence imposed energy function 

spectrum as: 

reM 
(3.40) 

~ -% 

I c r.x~(k~J 
'

where C=O.l specifief: the overall amplitude ofthe initial sinusoidal shape. 
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3. 7 Turbulent r-0 Flame 

In order to isolate the effect of heat release and gas dilatation, a turbulent case 

with zero heat rel~se factor ( z=O) is performed. There is no density changes across the 

flame as c and T go from 0 to I. 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 initial1 urbulent field. 

3. 8 Laminar Sinu.witlal Flame with a Different Retu:tion Rate Profile 

In this case, we want to examine the effect of reaction rate profile on flame 

structure. Hence, a ~:imilar 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 ofthe 

flame is the same as part 3.6. Figure 3.3 shows the reaction rate profiles for the laminar 

sinusoidal flames in f,ections 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 flame speeds in these two cases, the peak value for the reaction rate 

profile has been decr~~ased while the general profile is broader compared to the original 

flame. The laminar fl:tme speed is 0.93, very close to that ofthe 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. 
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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 r-=5, 

laminar flame speed, SL=0.84, u'/SL =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. 

(a) 
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50 100 150 200 250 

(b) 

Figure 4.1: Contours of reaction progress variable in the x-y plane at z=O.S (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, 
c=0.8: (a) t=0.08 (b) t=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=O. 5 and a three

dimensional view of the flame at c=O. 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 4.1 a. 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 ofpositive 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 HJygen' s propagation. Cusp development and sharpening with time is 

also seen in figure 4 .1. Regions of positive cwvature, which do not sharpen, are often 

referred to as 'bulges'. 

A. 

// "" 
./ '··., 

·~._ 

·. 4.0 

Figure 4.2: Evolution and propagation ofan initially sinusoidal flame surface and the 
formation ofcusps c·ver the flame surface. (Modified from Law and Sung, 2000) 
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Figure 4.3: Contours of dilatation, tangential and normal strain rates in the x-y plane at 
z=O.S in two different time steps. The three white lines on each figure indicate the 
progress variable isosurfaces at c=O.01 , c=O.8 and c=O. 99. Reactants are located on the 
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left and products on the right side of the domain. (a) Dilatation (V.u) at t=0.08 and (b) 
t=O.l6. (c) Tangential strain rate (at) at t=0.08 and (d) t=O.l6. (e) Normal strain rate (an) 
at t=0.08 and (f) t=O.I6. 

Contours of dilatation for the turbulent case in the X-:)1 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 ,:;onvex towards products or in negative curvatures while the dilatation 

is lower in positive] y curved regions. 

Figures 4.3c and 4.3d show the contours of tangential strain rate in the X-:)1 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 at 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 4.3e and 4.3fshow that an in the x-y plane and in the middle ofthe domain 

remains positive throughout the flame brush. The highest value of normal strain rate can 

be seen on the isos.uface of reaction rate peak, where c=0.8. On this isosurface, the 

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

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

rate and normal strai11 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: c=0.3, red line: c=0.5 and black line: c=0.8) 
in two different time steps. (a) Curvature at t=0.08 and (b) t=0.16 (c) Dilatation (V.u) at 
t=0.08 and (d) t=0.16 (e) Tangential strain rate (a1) at t=0.08 and (f) t=0.16 (g) Normal 
strain rate (an) at t=0.08 and (h) t=0.16. (counts are used instead of probabilities) 

As seen from figure 4.4a, the PDF of curvature at t=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 (c=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 t=0.16, as seen from figure 

4. 4b, this behaviour is increased, the cusps sharpen and values of negative curvatures 

increase compared to t=0.08. 

Figure 4.4c shows the PDF of dilatation at t=0.08. It is seen that higher values of 

dilatation occur on the c=0.5 than the c=0.3 and c=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 ofdilatation occur in a narrow region on the reactant side of 

the isosurface with the highest reaction rate (at approximately c=0.7 to c=0.75). These 

results are consistent with those of Swaminathan et al. (1997) where a single irreversible 

reaction rate with h: gh activation energy was used but they disagree with Swaminathan et 

al. (200I) observa1 ions with complex chemistry where the peak of reaction rate and 

dilatation are not located at the same place. The PDF of dilatation at t=O.l6 is very 

similar to t=0.08 anci follows the same trend. 

The PDF of tangential strain rate at t=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 

a1• This is consist€:nt with the results of Yeung et al. (1990) and Girimaji and Pope 

(1992) on alignment of material and propagating surfaces with positive tangential strain 

rates. By comparing these results with contours oftangential strain rate on a slice at x-y 

plane (figure 4.3c and 4.3d), it can be noted that these values ofhigh positive tangential 

strain rate may occur at the cusps. There is a bigger range of tangential strain rate on 

c=0.8 isosurface where the peak ofreaction rate occurs rather than c=O.J. At t=0.16, very 

large positive values oftangential 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), an-10 with a 

roughly symmetric distribution. Like the dilatation, the values of normal strain rate are 

higher for the c=0.5 isosurface and lower for c=O.J. 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=O.7

0.75. Similar trend is seen for PDF ofnormal strain rate at t=0.16. 

From PDF remlts 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. S 'tnce c=0.8 isosurface follows the trend of dilatation and normal 

strain rate, it is suita ~le to explore the results on this isosurface. In the rest of this 

section, the joint PDFH of flame properties (dilatation, tangential strain rate, normal strain 

rate) and curvature are plotted on isosurface ofc=0.8 and discussed. These are seen in 
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figure 4.5 for t=0.08 and t=O.l6. A strong linear relationship between dilatation and 

curvature can be c !early 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 compre !;Sive 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 eta/., 2008). The correlation between the tangential 

strain rate and curvclture 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 a:• it is seen in figure 4.5d. Zero curvatures are associated with zero 

tangential strain rat,:s. 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 ar (figures 4.4e and 4.4t). Around zero 

curvature regions, higher scatter in tangential strain rate is clear from figures 4.5c and 

4.5d. 

As seen fron figures 4.5e and 4.5f, there is not an obvious strong correlation 

between normal strain rate and curvature. However at t=O.l6, a decline in normal strain 

rate can be seen for very negative curvatures (cusps). For both time steps, normal strain 

rate values remain positive everywhere. There is a considerable scatter in an especially at 

zero curvatures .. 
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Figure 4.5: Contours of joint PDF of dilatation, tangential strain rate, normal strain rate 
versus curvature on the c=0.8 isosurface at two different time steps. (a) Joint PDF of 
dilatation and curvature, t=O.08 and (b) t=O .16. (c) Joint PDF of tangential strain rate and 
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curvature, t=0.08 and (d) t=O.l6. (e) Joint PDF of normal strain rate and curvature, t=0.08 
and (f) t=0.16. 

The joint probability density functions of displacement speed and IVcl versus 

curvature for t=O.l6 are plotted in figures 4.6a and 4.6b respectively. 
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Figure 4.6: Contours of joint PDFs of displacement speed and !Vel versus curvature on 
the c=0.8 isosurface at t=0.16. (a) Joint PDF of displacement speed and curvature. (b) 
Joint PDF of!Vcl and curvature. 

Figure 4.6a shows that displacement speed is almost linear with curvature. 

Positively curved regions have lower displacement speed compared to negative curvature 
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regions. This con·elation is consistent with previous results of 2D and 3D numerical 

studies (Chen and [m, 1998) (Bell eta/., 2007) (Chakraborty and Cant, 2004, 2005a and 

2005b) (Chakrabo1y, 2007). The small scatter is clear in the joint PDF of Sd and 

curvature. The negative correlation between Sd and curvature has been explained as due 

to the divergence of flow streamlines which occurs at negative curvature regions 

distributing the lar,ger amount of reactants over a large flame surface. Consequently, a 

higher flux of reactants is burned and the displacement speed increases (Poinsot et al., 

1992). Moreover, :flame tangential "leakage" ofreactants by diffusion makes the reactant 

pathlines diverge faster than the streamlines of the mean flow and enhances the 

displacement spee<l further (Poinsot et a/., 1992). The same effect is also referred to as 

focusing (defocusing) of heat in the negatively (positively) curved regions leading to an 

increase (decrease) in SJ. For very large negative curvatures (cusps), Sd is enhanced by 

upstream flame-flame interaction (Chen and Im, 1998). When the radius of curvature 

reaches the flame thickness, the flame preheat zone starts to interact with the adjacent 

flame so reactant b~ting is increased, leading to flame acceleration (Chen and Im, 1998). 

The joint F'DF of jVcl and curvature is essentially flat (the flame thickness is 

uniform) with a w•~ak negative correlation for positive curvatures. Chakraborty (2007) 

reported a slightly positive correlation between curvature and IVcl in the corrugated 

flamelet zones. For negative curvatures, the value of IVcj is essentially constant. At the 

cusps themselves, :he leading edge of the flame has higher negative curvature than the 

trailing edge. This can be seen from figures 4.4a and 4.4b where in c=0.3 isosurface, a 

higher negative ct:rvature can be seen compared to c=0.8 isosurface. The negative 

correlation of Sd and curvature which is linear at negative curvatures makes the flame 

thicker at cusps (Chakraborty and Cant, 2005a) and consequently, reducesiVcj. 

Based on relation 2.13, dilatation is proportional to the product of sd and IVcj. 

The thin flamelet here is barely affected by turbulence or flame curvature (the value of 

V'c lc=0.s varies by l€:ss than 100/o). So the negative correlation between dilatation and 
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curvature can mostly be related to the effect of curvature on the displacement speed. As 

discussed earlier and is seen from figure 4.6a, Sa is roughly linear with curvature. 

As mentioned before, a negative correlation between tangential strain rate and 

curvature is seen in figures 4 .5c and 4 .5d. Divergence (convergence) of the flow 

streamlines in regions of negative (positive) flame curvature due to heat release (Poinsot 

eta/., 1992), caus.~ a positive or expansive (negative or compressive) tangential strain 

rate which results tiJ the negative correlation between a1 and curvature. At the same time, 

it is expected that the turbulence will stretch the flame and cause the flame to align with 

positive tangential strain rates. The results also show that a1 does not have the same 

linear relationship with curvature as the dilatation, with ar increasing more rapidly at 

large negative curvatures. This nonlinearity increases with time and appears to be related 

to the curvature approaching the scale of the flame thickness. The minimum radii of 

cusps are in the order ofthe laminar flame thickness (Haworth and Poinsot, 1992). 

In summary, dilatation is a function of displacement speed and its behaviour with 

curvature is related primarily to the displacement speed dependency on curvature. There 

are two mechanisms relating ar with curvature, one due to the flame surface aligning with 

the turbulent strain:;, and the second due to heat release across the curved surface. Since 

the flame tangential and normal strain rates are just the two components of dilatation, an 

can be explained i11 terms of differences between dilatation and tangential strain rate and 

the effect ofcurvat11re on each ofthem. 

In order to isolate the effect of turbulence and flame heat release, two separate 

cases have been ru11. The first case is a laminar flow with the same flame properties as 

the original case, but with an initially wrinkled flame and the second case has the same 

turbulent properties as the original case but with zero heat release (constant density). 

4.2 Laminar Sin'lsoidal Flame 

The flame tangential strain rate has two sources: alignment of a surface with the 

principal turbulent stresses and heat release/dilatation across curved flames. Since it is 
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expected that the second of these is primarily responsible for the flame tangential strain 

behaviour seen here, a simplified DNS run was performed using the identical flame 

parameters, but introduced with a specified sinusoidal perturbed shape into an initially 

stagnant (laminar) velocity field. The initial flame thickness and laminar flame speed and 

other flame properties are same as the turbulent flame discussed in 4 .1. 

Figure 4.7 shows the flame curvature on an isosurface ofc=0.8 (which is the peak 

reaction rate location) at t=O.l6. The flame rapidly develops a cusped shape, and the 

curvature at the cusps increases with time. 

~ c • 0.8, curvature 

250 

Figure 4.7: Curvature on the isosurface of c=0.8 at t=O.l6. Products are located above 
the flame and reactants are on the bottom of the domain. The flame propagates from the 
top to the bottom. 
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contours of dilatation contours of dilatation 

so 100 X ISO 200 250 

(a) (b) 

Figure 4.8: Contours of dilatation in the x-y plane at z=0.5 in two different time steps. 
Reactants are located on the left side of the domain while products are on the right. The 
three white lines indicate the progress variable isosurfaces at c=O.Ol , c=0.8 and c=0.99 
(a) t=0.08 (b) t=O.l6. 

Figure 4.8 shows the contours of dilatation in the x-y plane. The cusp formation 

is clear from the figure. The wrinkled flame shape is influenced by the shape of initially 

imposed flame which is dominated by large scales. The wavelengths here are not 

determined by the turbulent flow and are relatively fixed. The curvature values at the 

bulges show a small increase with time while the negative cusp curvatures increase 

significantly as time progresses due to the flame propagation. Figure 4.8b shows that the 

flame brush thickens with time. If the domain was longer, Huygen' s propagation would 

sharpen the cusps further, and then eventually flatten the flame. This effect is seen in 

appendix A for laminar two-dimensional sinusoidal flames. It can be noted that the 

highest dilatation occurs in a region around the isosurface of highest reaction rate, c=0.8 

which is in consistent with the results for the turbulent case in part 4.1 and with 

Swaminathan et a/. (1997). 
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Figure 4.9: Dilatation, tangential strain rate, normal strain rate and displacement speed 
versus curvature on the c=0.8 surface at two different time steps. (a) Dilatation versus 
curvature, t=0.08 and (b) t=0.16. (c) Tangential strain rate versus curvature, t=0.08 and 
(d) t=0.16. (e) Normal strain rate versus curvature, t=0.08 and (f) t=0.16. 
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Plots of the :lilatation and its component strains versus curvature for t=0.08 and 

t=0.16 are shown in figure 4.9. The same patterns are seen as in the turbulent wrinkled 

flame; a very linear relationship between dilatation and curvature. The effect of time 

seems to be small in these figures. However, as time progresses, scatter increases. There 

is a negative correhtion between tangential strain rate and curvature as it is seen in 

figures 4.9c and 4.9d. These results contradicts Haworth and Poinsot (1992) and 

Chakraborty and Cant's (2004) analysis for the correlation between tangential strain rate 

and curvature. According to them, this correlation is a result ofasymmetry of turbulence 

in two sides of the fl arne. Here, the reactant flow is laminar and the same correlation is 

observed. The negative correlation between tangential strain rate and curvature is then 

solely a result of ht:mt release. Divergence of the flow streamlines on the negative 

curvature regions cause an expansive (positive) tangential strain rate at cusps. On the 

other hand, the convt~rgence of the flow on bulges makes a compressive tangential strain 

rate. 

At high neg1tive curvatures (cusps) the flame tangential and normal strains 

deflect from the linear behaviour seen by the dilatation. For more tightly curved cusps 

(relative to the flam~ thickness), this deflection increases. This is seen for both the 

laminar and fully tur'Julent cases, where the cusps sharpen with increasing time due to 

propagation. It can then be concluded that the slightly nonlinear behavior of ar and an 

curves is due to curvature and cusp formation rather than turbulence effects. 

The plots in figure 4.9 appear to be composed of three main overlapping sets of 

data, particularly at higher negative curvatures. This is due to the asymmetry of the 

flame wrinkling whic.1 can be seen in figure 4.7. Differences between the surroundings 

of cusps peaks make each cusp behave slightly differently despite of having the same 

curvature value. 
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4.3 Turbulent r-0 Flame 

To observe the effect of turbulence on a propagating surface, a case with zero heat 

release ( z=O) is considered. Two back to back flames are inserted into a turbulent flow 

field. The flames still propagate in the turbulent field due to reaction-diffusion, but 

without heat release and its subsequent density change and dilatation, they do not have 

any effect on the flow field. 

The curvature on the two back to back isosurfaces of c=0.8 are shown in figure 

4.10. The figure shows that the flames are wrinkled by turbulent eddies, and that large 

regions of positive curvature (bulges) are separated by narrow ridges of negative 

curvature (cusps). This is due to Huygen's propagation which occurs for surfaces 

propagating normal to themselves and is not dependent on heat release. 

250 

Figure 4.10: Isosurfaces of c=0.8 for the two back to back turbulent z=O flames, at 
t=0.08. The surfaces are coloured by flame curvature. Products are located between two 
flames and reactants are at the top and at the bottom ofthe domain. 
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A material s wface in a turbulent field is convected to regions of higher positive 

tangential strains. Both positive and negative curvature regions then align with positive 

strains, although the:: relationship between strain and curvature is not constant (Girimaji 

and Pope, 1992). If the surface is propagating, the alignment and the average tangential 

strain rate is decreased as the flame has a limited time to be transported by the turbulence, 

further complicating the strain-curvature relationship. 
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Figure 4.11: PDF of·tangential strain rate at t=0.08. 

Since dilatation in this case is zero due to absence of heat release, a1 =-an. 

Therefore, we only need to discuss one of the strains. PDF of tangential strain rate is 

shown in figure 4 .11. It can be seen that there is a large skew towards positive tangential 

strains. This is due to the alignment of the flame surface with most expansive strains. 
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Figure 4.12: Contours of joint PDF of tangential strain rate and curvature on the c=0.8 
surface at t=0.08. 

The joint PDF of tangential strain rate and curvature for t=0.08 is shown in figure 

4.12. No strong correlation is seen between tangential strain rate and curvature. A 

similar result was seen by Cant (1999). The highest tangential strain rate is experienced 

by essentially flat (zero curvature) surfaces. Girimaji and Pope (1992) explained this 

behaviour as the strain acting to flatten the flame, so that here, zero curvatures are the 

effect rather than cause of high tangential strain rates, although this does not preclude 

zero curvatures in regions of low tangential strain. It can be seen that tangential strain 

rate in figure 4.12 has large scatter at zero curvature regions. The increased scatter in the 

flame tangential (and normal) strains seen in the fully turbulent case with heat release 

(Figure 4.5) is then most likely due to the same reasons as when r-0, turbulence and the 

tendency of the flame to align itself with the most expansive strains. 

4. 4 Combination ofResults from Sections 4.2 and 4.3 

Two separate cases have been run to isolate the effect of heat release and 

turbulence on the flame. The results of a laminar wrinkled flame with heat release were 

explained in section 4.2 and section 4.3 presented the turbulent flame with no heat 
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release. By combining the results from laminar sinusoidal flame (Figure 4.9) and 

turbulent flame with no heat release (Figure 4.12), we can explain the flame behaviour in 

turbulent premixed flame with heat release presented in section 4.1 (Figure 4.5). The 

scatter seen for zero curvature in joint PDFs of tangential and normal strain rates versus 

curvature in turbulence case with heat release (Figure 4.5) is due to turbulence effects 

since the same scatter is seen in figure 4.12. This is superimposed on the negative 

correlation between tangential strain rate and curvature and slightly curved shape ofjoint 

PDFs in very negatlve curvature regions (Figure 4.5c and 4.5d) due to dilatation and heat 

release and not the turbulence. The same correlation was seen in figure 4.9 for the 

laminar sinusoidal name. 

4. 5 Laminar Sinr~soidal Flame with a Different Reaction Rote Profile 

To explore the effect of peak location in reaction rate profile, the sinusoidal 

laminar flame described in part 4.2 was repeated with a different reaction rate profile. 

Changes in correhttion between dilatation and curvature from changing peak reaction 

area and the effect of focusing of reactants and heat in front of the flame are investigated. 

In this case, the pe:tk in the reaction rate is located towards the reactant side of the flame 

at approximately c-=0.32. This type of reaction rate profile is similar to hydrogen flames, 

as opposed to the original profile that is more typical of hydrocarbon flames. For 

convenience, these two profiles will be referred to as H2 and C~ flames in this section. 

Figure 4.13 depicts contours ofdilatation in the x-y plane and in the middle of the 

domain for the two different time steps. As time progresses, the flame thickens 

dramatically due 1o the low reaction rate at the product side of the flame. Here, the 

completion of tina l reaction is slow while the advection speed of products is high which 

results in flame thickening. 
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Figure 4.13 : Contours of dilatation in the x-y plane at z=0.5. The three white contour 
lines indicate the progress variable isosurfaces at c=0.01 , c=0.32 and c=0.99. Products 
are on the right side of the flame and reactants are located on the left. (a) t=0.04 (b) 
t=0.08. 

Figure 4.13 shows that the locations of peak of dilatation and reaction rate 

coincide as in the original C~ flame reaction rate profile. This H2 flame also shows the 

development of sharp cusps, although to a less extent due to the increased flame 

thickness. 
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Figure 4.14: Contours ofjoint PDF s of dilatation, tangential strain rate, normal strain rate 
and curvature on the c=0.32 isosurface at t=0.08. (a) Joint PDF of dilatation and 
curvature. (b) Joint PDF oftangential strain rate and curvature. (c) Joint PDF of normal 
strain rate and curvature. 

Contours of dilatation, tangential and normal strain rates versus curvature on the 

c=0.32 isosurface and t=0.08 are shown in figure 4.14. The negative correlation between 

dilatation and curvature is same as the original reaction rate profile case. The magnitude 

of dilatation at zero curvature is approximately 2.3 times less than CRt flame. The slope 

of the correlation is also reduced by about 2.3. This is mainly due to the increased flame 

thickness reducing the c gradients. That the location of peak reaction rate does not 

change the dilatation-curvature correlation suggests that focusing of heat and reactants in 
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front of the flame i;; the main mechanism, not simply the total area of the peak reaction 

rate region changing with curvature. The joint PDF of tangential strain rate versus 

curvature shows same negative correlation as CR. flames (including the kink in curve 

where slope of negative curvatures is greater than slope for positive curvatures), with a 

reduction in magni1ude by approximately two. Very little negative at seen on the flame. 

Normal strain rate is essentially uniform (an-35) regardless of curvature. Perhaps it is 

slightly reduced for maximum positive curvatures, unlike CR. flames where an reduced 

for negative curvature. 

In conclusion, the behaviour of dilatation, at and an versus curvature is same 

whether the peak n:action rate is toward the front (reactant side) or back (product side) of 

the flame. This is somewhat expected as these are still considered thin flames and will 

always be thin with respect to their curvatures. The actual values of dilatation, at and an 

are though, ofcourse, influenced by the flame thickness (!Vel). 
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ChapterS 

Conclusions and Recommendations for Future Work 

The objective of this investigation was to gain a better understanding of the 

interrelationship between dilatation, tangential and normal strains and displacement speed 

in turbulent premixed flames. This was done by using three-dimensional compressible 

direct numerical si mutations of turbulent and laminar premixed flames using one-step 

Arrhenius chemistty. One-step chemistry can be used since the flames are located in the 

corrugated and wrinkled flamelet regimes and the validity of this assumption shown. A 

main case of a fully turbulent flame was carried out and the results analyzed at two time 

steps, correspondir,g to different u' and 11 levels. To isolate the effect ofturbulence and 

flame heat release, two additional cases have been run: a case with the same turbulent 

properties as the original case but with zero heat release ( t=O), and a sinusoidally 

wrinkled flame with heat release in a laminar flow. To compare the effect of reaction 

rate profile and it~~ peak on the flame dilatation and strain, a similar simulation on the 

sinusoidal laminar flame was performed using a different reaction rate profile where the 

peak reaction rate is closer to reactant side ofthe flame. 

5.1 Conclusions 

For a turbulent premixed flame, a strong linear correlation between dilatation and 

flame curvature i1; seen over the full range of curvatures experienced. Dilatation is 

related to flame di,placement speed and IVcl. For these thin wrinkled flames, IVcl varies 

little with curvature and it is almost constant. The linear correlation between dilatation 

and curvature is then mainly due to a similar dependence ofthe flame displacement speed 
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on the curvature; however, at the cusps (where the curvature is essentially the same size 

as the flame thicknc::ss) this direct relationship does not totally hold. The flame thickness 

increases right at the cusps, with an overall effect on the dilatation that retains its linear 

behaviour. 

A similar eflect is also seen in the flame tangential strain; a linear dependence on 

curvature but with a breakdown associated with the curvature reaching the scale of the 

flame thickness at 1he cusps. The linear correlation between tangential strain rate and 

curvature was explained to be due mainly to the dilatation and not the turbulence. 

Dilatation across a positively (negatively) curved flame surface produces negative or 

compressive (positive or expansive) values of a,. There is a slight shift to the flame 

aligning most with fOsitive tangential strain rates and a scatter is seen on tangential strain 

rate at zero curvatures presumably due to turbulence as this was seen in the case with no 

heat release. The flame normal strain is just the difference between the essentially linear 

dilatation and the tangential strain rate. The nonnal strain rate does not have a strong 

correlation with curvature. However like a1, shows a scatter mostly on zero curvatures 

due to the turbulenct:. 

For an initially sinusoidally wrinkled flame in a laminar flow, the similar results 

were seen for dilatation, displacement speed and strains correlations with curvature. The 

flame forms cusps and the cusps get sharper by time. Very linear negative correlation 

between dilatation and curvature were observed. This linear relationship is due to the 

similar linear correlation between displacement speed and curvature combined with an 

almost constant flame thickness (!Vel). A negative correlation between tangential strain 

rate and curvature has been seen. This negative correlation in a laminar wrinkled flame 

contradicts some previous hypotheses on the a,-curvature relationship in turbulent flames. 

Chakraborty and Cant (2004) and Haworth and Poinsot (1992) explained this correlation 

based on the different levels ofturbulence in front and behind the flame. However, in the 

present case the wrinlded flame is not turbulent and still the same correlation can be seen. 

The correlation betw~n a, and curvature is not as linear as the dilatation correlation with 
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curvature. The tangential strain rate increases at cusps, and as the flame propagates 

further and the cusp,, get sharper, this nonlinearity increases. 

For the cold turbulent flame with zero heat release, both positively and negatively 

curved regions of the flame aligned mostly with positive tangential strain rates. There 

was not an obvious ~~rrelation between a1 and curvature in this case. The zero curvature 

regions seemed to It tve the highest tangential strain rate and the scatter was maximum in 

these points. It was reasoned that the scatter in the joint PDFs ofa1and an with curvature 

for the turbulent heat releasing case was due to turbulence and strain alignment as it was 

similar to that seen in the t=O case. 

By changing the peak reaction location of laminar sinusoidal flame towards the 

reactants side of the flame, the flame thickens due to the low reaction rate at the product 

side of the flame. 1 he trends for correlations between dilatation, tangential and normal 

strain rates with curvature on the peak reaction rate isosurface are similar to the 

sinusoidal laminar flame with an original peak reaction rate location. However, since the 

flame was thicker in this case, the amounts of dilatation, tangential and normal strain 

rates decreased. 

5.2 Recommendatirmsfor Future Work 

A number ofDNS studies have been done on turbulent premixed flames with the 

correlations between different flame properties plotted. However, little work has focused 

on understanding the displacement speed correlation with curvature and its subsequent 

relationship to dilatation. The dependency of these correlations on Lewis number and 

effects ofheat and diftUsion focusing at the cusps could also be studied. 

Future work would include a broader range of turbulent velocities especially 

relative to the heat n:·lease (so a larger range of Nn=u'!r S£). In order to alleviate the 

outlet boundary prob '.ems larger u '/SL values would introduce, a turbulence damping 

mesh at the outlet boundaries (Wasistho, 1997) could be used. More complex chemistry 

including two-step or even the classic four -step methane mechanisms could also be 
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considered. Unless one is considering flames approaching or in the thin reaction zone 

regime, the use of more detailed chemistry is probably unwarranted. 

LES subgrid scale (SGS) models for the filtered reaction rate and the SGS scalar 

fluxes often include terms for the velocity gradient which is related to an. A model for an 

would then be based on the dilatation and a1. In an LES context, the model for the 

dilatation would be based directly on its curvature dependence or on its relationship with 

Sd. The model for the sub grid scale a1 would include the two contributions found in this 

thesis: a turbulent portion that could be related to the resolved tangential strain rate and a 

portion due to the dilatation and SGS curvature. 
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Appendix A 

Preliminary Analysis 

Before running the main simulations, some validations on the boundary 

conditions, initial conditions and turbulence properties have been performed. 

A.l Testing the l>if.ferentiators 

In order to test the differentiators, the following velocity profiles were set as 

differentiators input: 

U =sin( 
2 

Jr (ic -1)l (A. I)
128 ) 

V =sin( 
2 

Jr (ic -t)l (A.2)
128 ) 

W =sin( 
2 

Jr (kc- t)l (A.J)
128 ) 

where U, V and W are velocities in x, y and z directions respectively and ic, jc and kc 

represent the nodes in each direction in 1283 grid. 

The output of differentiators for dU and d
2

~ were plotted versus x. The plot 
dx dx 

matched the analytical expression for the differentiators. The output was smooth for 

periodic and outflow boundaries. In the case of periodic boundary condition, the results 

wrapped around on the boundaries. The same observations apply to differential operators 

when used on V and W velocities. 
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2 

For testing the cross differentiators, for example d U, the U velocity is defined 
dxy 

as follows: 

U =sin( 
2

Jr (ic -I))*sin( 
4

Jr (;c -1)) (A.4)
128 128 

The validation pro;edure is same as before. 

A.2 Testing the J'nitiol Energy Function Spectra 

From a large number of identical experiments, the velocity ensemble average can 

be given by: (George, 2002) 

(- ),\ _ - (- ) _ lim 1 .f (n)(- )(ui x,t 1 - ui x,t = -L..Jui x,t (A.5) 
N--¥0 N n=l 

For the honogenous turbulence, the two point correlation is defined as: (Pope, 

2000) 

Rir,t)= (u,(x +r,t)tix,t)) (A.6) 

which is independt:nt of x. 


The one-dimensional spectra Eif (K1) are defined to be twice the one-dimensional Fourier 


transform of ~j(et'i) where el is the unit vector in the Xt-coordinate direction (Pope, 


2000). 


(A.7) 


2
K = {K1, K 2 , K3 } is the wavenumber vector and Iii = K = K where I is the wave-length. 

I 
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For isotropic turbulence, the three-dimensional energy function spectrum can be 

calculated as: (Pope, 2000) 

(A.8) 


In a turbulent flow, kinetic energy is extracted from the mean flow by the large 

eddies. This energy is then transferred by smaller eddied to the smaller ones. At the 

smallest scales, the kinetic energy is transferred into internal energy which is called 

dissipation. The scale of the smallest eddies is determined by viscosity and increase of 

internal energy or dissipation (Davidson, 2005). The length scale of the smallest eddies 

is called the Kolmogorov length scale (Kolmogorov, 1941). 

Reynolds tumber for the energy containing eddied is defined as following while 

1 
t is the integral length scale and u' is the fluctuating velocity ofturbulent flow. 

Re 
t 

= u'lt (A.9) 
v 

The spectr;J.l method ofRogallo (1981) was tested. We compared the specified 

initial energy spectrum with the initial velocity field calculated by DNS. Then the one

dimensional energy function spectrum was calculated from both the initial velocity 

correlations and the specified three-dimensional energy spectrum. The energy spectra 

compared quite well. So the initial velocity field generated from the specified three

dimensional energy spectrum was acceptable. 

For the ccld turbulent case, the one-dimensional and three-dimensional initial 

energy spectra are plotted in figure A.1. The calculations were performed for a case of 

2563 with: 

Kmin =1X2Jr, Kpedc =4X2JT, Kmax =128X2Jr and YE =1.41x10-3 
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Initial Energy Spectra for 258' Grid 

1 0 r---------------------------------------~====~ 

1 :~~=1 

0.1 

g 
w 

O.o1 

0.001 

0.0001 
1 10 100 1000 

Figure A. I : Initial one-dimensional and three-dimensional energy spectra. 

To test the isotropy of the initial velocity field, the one-dimensional energy 

spectra as defined in equation A. 7 were calculated from nine different velocity 

correlations. 
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Figure A.2: One-dimensional energy spectra. 
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From figure A.2, it is observed that all six transverse correlations coincide as well 

as all three longitudinal correlations. As a result, the velocity field is isotropic. 

A.3 Skewness 

The skewness factor of the velocity derivatives 	Ou; is a measurement for energy 
Ox; 

transport by inerti !I terms from low to high wavenumbers (Schumann and Patterson, 

1978) (Bennett an~ Corrsin, 1978) and for isotropic turbulence it is defined as: 

(A.10) 


When the sl,ewness ofvelocity derivative reaches a constant value, turbulence can 

be considered as d1~veloped or free of unphysical characteristics of the initial conditions 

(Tavoularis et al., 1978). Figure A.3 shows the time development of the velocity 

derivative in x dirc::ction for the turbulent flow in 2563 grid previously mentioned. The 

value ofskewness !:tays relatively constant on slightly below 0.5 after t=0.006. 
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Figure A. 3: Time development of skewness ofvelocity derivative in the x direction. 

A.4 Grid Independency 

As mentioned earlier, turbulent flow wrinkles the flame and as a result, flame may 

get thinner locally. To ensure that the thinner parts of flame are resolvable by the grid 

and the result is grid independent, a planar laminar flame is simulated in both 1283 and 

2563 grids. The progress variable along the box is shown in figure A.4 for these two 

grids at different time steps. The similar results are observed for two different grids 

which indicate the grid independence of the simulations. 
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Figure A.4: Reaction progress variable along the box for two different grid sizes 
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For the 128 grid, there are 7 grid points in the flame thickness while for 256 grid, there 
are 14 points. 
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AppendixB 

Two-dimensJional Laminar Back to Back Flames 

The purpose ofthis simulation is to consider the long term evolution ofa wrinkled 

laminar flame. Two back to back flames are inserted in a laminar flow field (the flow 

velocity is initially set to zero). The flames are sinusoidal in the y direction with 

amplitude of0.04 and wavenumber of2. The size of the box in this case is extended to 

10 in x-direction aiJ d remained 1 for two other directions. The number of grid points of 

768x128x12 is used for this simulation which indicates that the domain is only resolved 

in two dimensions. By adjusting n*, Prandtl and Schmidt numbers, a laminar flame 

speed&=1.16 and a flame thickness of0.089 are obtained. The number ofgrid points in 

the x-direction is set in order to have about 7 grid points inside the flame. The parameters 

used for this simula1 ion are shown in table B. I. 

Heat release factor, ~' 3 
a='lf(l+z) 0.75 
Zeldovich number, p 8 
Pre-exponential factcr, B* 2450 
Ratio of specific heats, r 1.4 
Reynolds number, Ro=1/v 25 
Mach number, Ma 0.014159 
Prandtl number, Pr 0.7 
Schmidt number, Sc 0.7 
Lewis number, Le 1 
Grid spacing, Ax 0.013 
Grid spacing, Ay 0.0078 

Time step, M 5x10~ 

Laminar flame speed, SL 1.16 

Laminar flame thickness,~ 0.089 
Table B.1: Parameters used for the lamtnar sinusoidal flame case. 
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t=0.475 

Figure B. I: Contours of progress variable in x-y plane at ·z=0.5 for the laminar sinusoidal 
flame in different time steps. 

As it is clear from the figures, cusps are formed when the flames propagate 

towards the reactants. The cusp formation is mainly due to the flame front propagation 

normal to itself with a constant velocity relative to the flow field (Huygen's propagation). 

Since the box is longer in the x-direction (and r-=3) compared to the other cases in this 

study, the flames have a longer time to evolve before they reach the edge of the domain. 

It can be seen that after developing cusps, the initially wrinkled flames flatten with time 

until they exit the domain while almost planar. This is also a feature of Huygen' s 

propagation. For negative curvature regions, the effect of curvature makes the cusps 

move faster as seen from the figure B.2. So the flame speed enhances while the positive 

curvature regions tend to the planar laminar flame speed (Law and Sung, 2000). 

Therefore, an initially wrinkled flame flattens out with time (Mayo and Kerstein, 2007). 

This effect can only be seen in this case study due to the high length of the box in the 

flame propagation direction. 

Figure B.2: Smoothing effects of curvature on wrinkled flames (Law and Sung, 2000). 
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