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Chapter 1

Introduction

1.1 Combustion technology

Combustion of fossil fuels such as oil, natural gas and coal, is a main energy

source and accounts for around 80% of world primary energy supply. As civ-

ilizations advance, dependency on fossil fuels to produce energy will increase.

However, the negative effects of fossil fuels on environment is a major concern

and the global warming issue is one of the top priorities of many governments’

agendas. Our planet is warming because of the greenhouse effect which is a re-

sult of increasing greenhouse gases such as carbon dioxide in the atmosphere. A

recent research shows that more than 85% of carbon dioxide emissions of hu-

man source is the result of combustion of fossil fuels [1]. Due to the increasing

pollution, governments and non-governmental organizations started searching al-

ternative energy resources. The alternative energy resources are mainly solar en-

ergy, wind energy, hydro energy, nuclear energy and bio-fuels. Although many

advancement have been made, aforementioned alternative energy sources such as

solar and wind energy are not able to provide even a fraction of energy as that of

fossil fuels which are widely used by the majority of the population on earth for

many purposes such as transportation, electricity production and so on. Nuclear

energy is also a promising energy source, although its security and negative en-

vironment impact in the long run is still under serious debate, particularly after
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CHAPTER 1. INTRODUCTION

the Chernobyl disaster in 1986 and a recent accident known as Fukushima Daiichi

incident, which is the result of a huge tsunami, triggered by Tohoku earthquake

on 11 March 2011. As a result of inconsistency in renewable energy and security

issues in nuclear energy, demand for fossil fuels will continue to rise. By 2040,

78% of the total energy consumption will be supplied by fossil fuels [2]. A re-

cent report by U.S. Energy Information Administration [3] shows that the total

petroleum production in the world in 2011 is 75 millions barrels per day, and is

projected to increase to 99.1 millions barrels per day by 2040. Figure 1.1 shows

the electricity production in percentage by burning fossil fuels for G8 (The group

of 8 leading advanced economies) countries [4]. As can be seen, most of the G8

countries except France and Canada produce the majority of their electricity from

burning of fossil fuels. Due to the increasing demand of fossil fuels, prices are

also expected to increase. U.S. Energy Information Administration reported the

North Sea Brent crude oil prices in three different cases: The reference case, high

oil price and low oil price cases (in 2012 dollars) as shown in Fig. 1.2 [3]. The

increasing prices of fossil fuels is a huge burden to economy, especially for fossil

fuel dependent countries such as Japan. After the nuclear accident in March 2011,

Japan became the second largest net fossil fuel importer in the world [5], and es-

timated cost of import of fossil fuels reached 5.3% of her nominal GDP [6]. As

fossil fuels usage continue to be dominant in the future, it is crucial to improve

the efficiency of combustion systems to make energy more affordable and achieve

a cleaner combustion.

2



CHAPTER 1. INTRODUCTION

Germany

60%

Italy

70.4%

Japan

73.7%

Russia

67%

USA

68%

United Kingdom

71.4%

Canada

By fossil fuels
Others

21.9%

France

8.4%

Figure 1.1: Electricity production percentage by burning fossil fuels for G8 coun-
tries [4].

3



CHAPTER 1. INTRODUCTION

50

100

150

200

1990 2000 2010 2020 2030 2040 2050

High price

Low price

Reference case

D
ol

la
rs

 p
er

 b
ar

re
l

Year

Figure 1.2: North Sea Brent crude oil prices in three different scenarios (in 2012
dollars) [3].
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CHAPTER 1. INTRODUCTION

1.2 Background

Turbulent combustion can be classified as premixed and non-premixed combus-

tion. In Diesel engines, gas turbines or industrial furnaces, combustion takes place

under non-premixed condition. In this condition, local equilibrium chemistry as-

sumption is used as chemical time scales are much smaller than the convective

and diffusion time scales [7, 8]. In spark ignition (SI) engines, fuel and oxidizer

is mixed before combustion is started by a spark, this phenomena is referred as

premixed combustion. Modeling this type of combustion is more difficult than

non-premixed flames, as premixed flames’ location does not depend on the mixing

field but on the flow field itself [7–9]. The length and the time scales of the flow

therefore would have significant effects on the characteristics of the flame, such

as flame displacement speed, flame thickness and chemical kinetics [7–9]. The

relationship between the characteristics of premixed flame such as flame speed

and flame thickness and length scale of flow field can be used to define different

flame regimes of turbulent premixed combustion. These regimes are the wrinkled

flamelets, the corrugated flamelets, the thin reaction zones and the broken reaction

zones [10].

In practical applications, premixed combustion occurs in turbulent flow con-

ditions. Understanding the turbulence–flame interaction of premixed flames is of

great importance for designing low emission and high efficiency combustors. The

conservation equations of mass, momentum, energy and chemical species mass

concentrations can be used to describe the interactions of turbulence and flame.

Analytical solutions of these nonlinear differential equations are almost impos-

sible, consequently, investigation on characteristics of turbulent premixed flames

had been conducted by experiments only before the introduction of high speed

parallel computing. With the improvement in technology, measurements of flame

front, flame speed, local flame thickness and time-resolved flow field can be done

by laser based diagnostics [11–17]. Although these studies have provided insight-

ful information on the premixed flames, flame characteristics have not been well
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CHAPTER 1. INTRODUCTION

understood due to the difficulties in measurements of local flame structures.

As computational technology develops, numerical simulation has become a

promising tool for investigations on turbulent combustion. In the next section, nu-

merical simulation techniques for turbulent combustion will be discussed briefly

as the present thesis utilizes numerical simulation for investigations on premixed

combustion.

1.3 Simulation techniques

1.3.1 Reynolds averaged Navier–Stokes simulation

Reynolds averaged Navier–Stokes simulation (RANS) is a simulation technique

that is widely used in practice. In this numerical approach, the Reynolds averaged

or Favre averaged equations are obtained by decomposing the conservation equa-

tions into mean and fluctuating quantities. With this averaging operation, more

unknowns will be obtained than the equations, therefore, additional models are

needed to close the averaged equations. In computational fluids dynamics (CFD)

applications, thek − ε model [18, 19] is used to close Reynolds stress by solving

the turbulent kinetic energyk and the dissipation rateε. In reacting flow, turbulent

combustion model is also required for chemical reaction and several models have

been proposed for RANS [7, 20, 21]. This numerical approach is widely used in

industrial applications such as boilers, gas turbines and furnaces. Thanks to short

computational time and low memory requirement in RANS, research and devel-

opment cost have been reduced. However, the turbulence and its effects on flame

elements are not solved explicitly, as the accuracy of this approach depends on the

models.

1.3.2 Large eddy simulation

Large eddy simulation (LES) is a simulation technique that solves the large scale

motion of turbulence explicitly, while a subgrid scale (SGS) model is employed

6



CHAPTER 1. INTRODUCTION

to deal with small scale of turbulence. With this operation, the computational

resources can be reduced because LES does not solve the smallest scale of tur-

bulence explicitly. This technique is considered to be more accurate than RANS.

Since the small scales of turbulence have great impact on flame wrinkling and

heat release, the accuracy of SGS models is very important to account the flame

characteristics. LES is not used for practical purposes since it requires more com-

putational resources compared to RANS. In the near future, with the improvement

in computational technology, LES is considered to be an important simulation

technique for industrial CFD [22].

1.3.3 Direct numerical simulation

Direct numerical simulation (DNS) solves the Navier–Stokes equations without

using any model and DNS is considered to be the highest level of numerical simu-

lation technique for turbulent and turbulent reacting flows. In DNS, all turbulence

scales are solved explicitly, therefore the effects of the smallest scale of turbu-

lence on the flame elements can be captured. To capture the chemical reactions

correctly, about 10 grid points should be contained to resolve flame thickness, and

temporal resolutions should be of the order of nanosecond. With DNS, detailed

information on the characteristics of flame elements can be provided [23–26], and

the results can be used to validate and develop turbulent combustion models for

RANS and LES [27, 28]. To resolve all length and time scales in a flow field,

huge computational resources are necessary, therefore, DNS is only limited to

small domain sizes and simple flow and flame configurations.

1.4 Review of previous studies

DNS is a valuable tool for enhancing our understanding of fundamentals of turbu-

lent premixed combustion. Due to the limited computational resources in the past,

DNS of turbulent premixed flame was conducted only in one-dimensional config-

uration with a complex chemical mechanism [29]. With the developments in com-

7



CHAPTER 1. INTRODUCTION

putational technology, two-dimensional DNS of premixed flames with a simplified

chemistry model [30] and a complex kinetics mechanism [31] were conducted.

Although these studies provided valuable information on premixed flames such

as flame–vortex interaction and flame characteristics over a range of equivalence

ratios, the true nature of turbulence could not be captured in two-dimensional flow

configuration. Three-dimensional DNS of turbulent premixed flame in isotropic

turbulent flow was conducted with a single-step chemistry [32] to investigate the

flame–flow coupling. Tanahashi et al. [23] conducted three-dimensional turbu-

lent premixed planar flame with a detailed kinetic mechanism. It was shown that

fine scale eddies in turbulence have a great contribution to flame wrinkling and

increase in heat release rate. Nada et al. [33] investigated the effects of turbulence

on the local flame structures of hydrogen–air premixed planar flames with three-

dimensional DNS, they showed that three-dimensional local flame structures such

as handgrip and spire structures are formed by the invasion of coherent fine scale

eddies, which is a universal fine scale structures of turbulence [34–36]. Shim

et al. [37] investigated local flame structures of high Reynold number flame by

three-dimensional DNS, they showed that complicated structures such as multiply

folded structures, flame peninsulas and multi-layer structures are formed due to

strong turbulence of unburned gas. Shim et al. [37] and Chatakonda et al. [38] con-

ducted three-dimensional DNS to investigate global flame structures of premixed

flame such as flame wrinkling and inner cutoff. Clarifying these flame structures

is crucial for determining turbulent burning speed, as increased wrinkled flame

surface area accounts for most of the enhanced burning [39]. Recently, DNS in

different flow configurations such as V-flames [40–42], swirl flames [43, 44] and

jet flames [45–47] have become possible for investigations on turbulence–flame

interactions.

These studies enabled researchers to have a better and deeper understanding

on the local and global flame structures of premixed combustion. Clarifying these

flame structures of turbulent premixed flame is essential for developments of tur-

bulent combustion model for industrial applications.

8



CHAPTER 1. INTRODUCTION

1.5 Objectives of this study

To achieve cleaner and more affordable combustion, it is necessary to develop

high accuracy of turbulent combustion models. As was discussed in the previous

section, detailed investigations on the turbulence–flame interactions of hydrogen–

air premixed flames with different flow configurations have been made by three-

dimensional DNS [23, 39, 41, 46], promising results have been obtained for hy-

drogen premixed flames. Hydrogen is an important fuel which has unique char-

acteristics and can be produced from fossil fuels such as coal and natural gas.

Although there are some limitations on hydrogen technology in terms of produc-

tion, transportation and storage, its faster burning rate, lower lean operational limit

in SI engines compared to gasoline, and more importantly no carbon monoxide

and carbon dioxide emissions show that hydrogen can play a prominent role in

clean combustion technology [48]. Further understanding of the characteristics of

hydrogen–air premixed flames in a SI engine condition, where temperature and

pressure increase with flame propagation is required. Due to the requirement of

enormous computational resources, three-dimensional DNS of premixed combus-

tion was limited to atmospheric-constant pressure conditions. Because the spatial

resolution should be about of the order of one tenth of laminar flame thickness

to capture the chemical reactions correctly. If the pressure is doubled, the flame

thickness will be reduced, therefore the spatial resolution should be at least of

the order of one twentieth of laminar flame thickness, which leads to even higher

computing time and memory. The first objective of this study is to investigate

the local flame characteristics of turbulent hydrogen–air premixed flames under

pressure rising conditions with detailed kinetic mechanism by employing DNS

approach.

The computational cost of three-dimensional DNS of hydrocarbon flames is

much higher compared to hydrogen flames. 12 chemical reactive species and 27

elementary reactions are sufficient to represent hydrogen–air premixed flames.

On the other hand, in methane flames, at least 50 reactive species and more than

9



CHAPTER 1. INTRODUCTION

300 elementary reaction are required. Several three-dimensional DNS studies of

methane–air premixed flames have been conducted with a kinetic mechanism in-

cluding not more than 20 reactive species due to enormous computational cost

[40, 47, 49–51]. However, to have a better understanding on the local flame struc-

tures such as local heat release rate, local flame thickness, flame front curvature

and tangential strain rate, the detailed description of the kinetic mechanism is re-

quired. Therefore, three-dimensional DNS of methane–air premixed flame with

at least 50 chemical species and 300 elementary reactions are necessary for de-

tailed investigation on the local flame structures. To design high thermal effi-

ciency and low emission combustors such as gas turbines, high inlet temperature

and lean premixed combustion is of great interest. Turbulent premixed flames

under such conditions are considered to be formed in the thin or broken reaction

zones. However, due to difficulties in measurement of turbulent flames in experi-

ments, flame structures even in the thin reaction zones have not been clarified yet.

Therefore, the second objective of this study is to conduct three-dimensional DNS

of turbulent premixed planar flames propagating in homogeneous isotropic turbu-

lence with GRI-Mech 3.0 chemical mechanism [52] which includes 53 reactive

species and 325 elementary reactions to investigate local flame characteristics of

methane–air premixed flames classified into the thin reaction zones.

The third objective of this study is to clarify the effects of pressure increase on

the global characteristics of flame structures of hydrogen–air premixed flame, and

the global flame structures of methane–air premixed flames in the thin reaction

zones.

1.6 Outline of this thesis

In chapter 2, three-dimensional DNS of hydrogen–air turbulent premixed flames

at relatively high Reynolds number in a constant volume vessel configuration are

conducted considering the detailed kinetic mechanism to investigate the turbulence–

flame interaction under pressure rising conditions.

10



CHAPTER 1. INTRODUCTION

In chapter 3, three-dimensional DNS of methane–air turbulent premixed pla-

nar flames propagating in homogeneous isotropic turbulence are conducted using

GRI-Mech 3.0 kinetic mechanism to investigate the local flame structures in the

thin reaction zones regime.

In chapter 4, fractal characteristics of hydrogen–air premixed flames in a con-

stant volume vessel and methane–air turbulent premixed planar flames in the thin

reaction zones are investigated using the DNS database from chapter 2 and 3.

In chapter 5, the main conclusions from each chapter are summarized.

11



Chapter 2

Direct numerical simulation of
hydrogen–air premixed flames in a
constant volume vessel

2.1 Preface

To develop proper combustion models for engineering applications such as a com-

bustion chamber where temperature and pressure increase with flame propagation,

characteristics of turbulent premixed flame under pressure rising conditions need

to be clarified. However, due to the difficulties in measurement of flame structure

in experiments, flame characteristics have not been well understood yet. DNS is

a technique that provides an access to the details of turbulent combustion thanks

to impressive developments in computational technology in recent years. Ow-

ston et al. [53] have conducted one-dimensional DNS to investigate interactions

of premixed hydrogen laminar flames with walls. They have measured heat flux at

constant pressure condition and have shown that the maximum heat flux increases

substantially when the pressure is doubled.

Three-dimensional DNSs have been conducted to investigate local flame char-

acteristics in the thin reaction zones, the corrugated flamelets and the wrinkled

flamelets for hydrogen–air premixed flames in our previous studies [23, 24, 33,

37, 54]. Shim et al. [54] have shown that fluctuations of the heat release rate at

12
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PREMIXED FLAMES IN A CONSTANT VOLUME VESSEL

the flame front in the thin reaction zones is relatively larger than that in the cor-

rugated flamelets and the heat release rate of most of the flame elements are in

the range of0.9 − 1.1 times that of the laminar flame, while those in the corru-

gated flamelets and the wrinkled flamelets [23, 24, 33] have a value around that of

the corresponding laminar flame. It should be noted that these previous studies

have been carried out under a constant pressure condition. In a combustion cham-

ber, however, temperature and pressure increase. Such changes have a crucial

impact on fluid dynamics and characteristics of flame elements due to changes in

transport and thermo-chemical properties. Therefore, a deeper understanding of

turbulence–flame interactions under pressure rising conditions is necessary.

In this chapter, three-dimensional DNS of hydrogen–air turbulent premixed

flames at relatively high Reynolds number in a constant volume vessel configura-

tion has been conducted considering the detailed kinetic mechanism to investigate

the turbulence–flame interaction under pressure rising conditions.

2.2 Direct numerical simulation

2.2.1 Governing equations

The governing equations for fully-compressible reacting flows are the conserva-

tion equations of mass, momentum, energy and chemical species mass concentra-

tions and can be written, respectively as

∂ρ

∂t
+∇ · (ρu) = 0, (2.1)

ρ
∂u

∂t
+ ρu · (∇u) = −∇ · P + ρ

N∑
i=1

Yif i, (2.2)

ρ
∂et

∂t
+ ρu · (∇et) = −∇ · q − P : (∇u) + ρ

N∑
i=1

Yif i · V i, (2.3)

∂Yi

∂t
+ u · ∇Yi = −1

ρ
∇ · (ρYiV i) +

wi

ρ
, (2.4)

13
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whereρ, u, et andN denote the density, the fluid velocity vector, the internal

energy and the number of chemical species, respectively.Yi, f i, V i andwi are

mass fraction, external force, diffusion velocity and reaction rate of theith species.

The heat fluxq can be written as follows:

q = −λ∇T + ρ

N∑
i=1

hiYiVi + R0T

N∑
i=1

N∑
j=1

(
XjDT,i

WiDij

)
(
Vi − Vj

)
+ qR, (2.5)

In the above equationλ, R0, T denote the thermal conductivity, the universal gas

constant and the temperature, respectively.DT,i is the thermal diffusion coeffi-

cient,Dij is the binary diffusion coefficient.hi, Xi andWi denote the enthalpy,

the mole fraction and the molecular weight of theith species, respectively.

The mass diffusion velocityVi of the chemical speciesi is defined in the

following equation:

∇Xi =
N∑

j=1

(
XiXj

Dij

)
(
V j − V i

)

+ (Yi −Xi)
∇p

p
+

ρ

p

N∑
j=1

YiYj

(
f i − f j

)

+
N∑

j=1




(
XiXj

ρDij

)(
DT,j

Yj

− DT,i

Yi

)
 ∇T

T
. (2.6)

In the present DNS, following assumptions are made:

No external forces

f i = 0, (2.7)

Negligible Soret effect

N∑
j=1




(
XiXj

ρDij

)(
DT,j

Yj

− DT,i

Yi

)
 ∇T

T
= 0, (2.8)

Negligible Dufour effect

R0T

N∑
i=1

N∑
j=1

(
XjDT,i

WiDij

)
(
Vi − Vj

)
= 0, (2.9)

14
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Negligible pressure gradient diffusion

(Yi −Xi)
∇p

p
= 0, (2.10)

Negligible bulk viscosity

κ = 0, (2.11)

Negligible radiative heat transfer

qR = 0, (2.12)

With the above assumptions, the governing equations can be written as follows.

∂ρ

∂t
+∇ · (ρu) = 0, (2.13)

∂ρu

∂t
+ (∇ρuu) = −∇ · P , (2.14)

∂ρT

∂t
+∇ · (ρuT ) =

1

c̄v

∇ · (λ∇T )− 1

c̄v

N∑
i=1

(
ρYiV icp,i∇T

)

−T

c̄v

N∑
i=1

[
Ri∇ · (ρYiV i)

]− 1

c̄v

P : (∇u)

− 1

c̄v

N∑
i=1

(hiwi) +
T

c̄v

N∑
i=1

(Riwi) , (2.15)

∂Yi

∂t
+ u · ∇Yi = −1

ρ
∇ · (ρYiV i) +

wi

ρ
. (2.16)

Ri, cv,i andcp,i denote, respectively, characteristic gas constant, specific heat ca-

pacities at constant volume and pressure for chemical speciesi. The mixture

averaged specific heat capacity at constant volume,c̄v, is given by

c̄v =
N∑

i=1

cv,iYi (2.17)

the stress tensor,P is given by

P =

[
p +

2

3
µ (∇ · u)

]
I − µ

[
(∇u) + (∇u)T

]
, (2.18)
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wherep, µ and I denote pressure, dynamic viscosity and the identity matrix,

respectively. The pressure is obtained by the equation of state for ideal gas of

multicomponent and can be written as

p = ρR0T

N∑
i=1

(
Yi

Wi

)
, (2.19)

the diffusion velocity is given by

Vi = − 1

Xi

Dim∇Xi, (2.20)

whereDim denote mixture diffusion coefficient for speciesi. The mixture diffu-

sion coefficient is obtained by using binary diffusion coefficients,Dij, as follows,

Dim =
1− Yi∑N

i6=j Xi/Dij

. (2.21)

2.2.2 Chemical reaction

The forward and backward reactions of a generalk set of reactions can be written

as follows:
I∑

i=1

ν ′i,kXi ⇐⇒
I∑

i=1

ν ′′i,kXi (2.22)

Here,ν ′i,k andν ′′i,k are the reactant and product of the stoichiometric coefficient for

the speciesi in thekth elementary reactions, respectively.I is the number of the

elementary reactions. The reaction ratewi is determined by the total of the rate of

progress variableqk.

wi =
K∑

k=1

(ν ′′i,k − ν ′i,k)qk (2.23)

qk can be written as:

qk = kfk

I∏
i=1

[Xi]
ν′i,k − krk

I∏
i=1

[Xi]
ν′′i,k (2.24)

In the above equation,kfk
andkrk

denote the forward and reverse rate constants.

kfk
is generally assumed to have Arrhenius temperature dependence.

kfk
= AkT

βk exp

(−Ek

R0T

)
(2.25)
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Here,Ak, βk andEk denote the pre-exponential factor, the temperature exponent

and the activation energy for each elementary reactions, respectively.krk
can be

obtained by

krk
=

kfk

Kck

(2.26)

andKck
the equilibrium constant is given by

Kck
= Kpk

(
Patm

RT

)PI
i=1(ν

′′
i,k−ν′i,k)

(2.27)

whereKpk
is obtained by using the entropy and the enthalpy of elementary reac-

tion.

Kpk
= exp

(
∆Sk

R0
− ∆Hk

R0T

)
(2.28)

In the above equation,∆Sk and∆Hk can be calculated as follows.

∆Sk

R0
=

I∑
i=1

(ν ′′i,k − ν ′i,k)
Si

R0
(2.29)

∆Hk

R0T
=

I∑
i=1

(ν ′′i,k − ν ′i,k)
Hi

R0T
(2.30)

Three body reactions

In some chemical reactions, a third body element may be required to advance the

reaction as the following equation,

H + O2+M ⇐⇒ HO2+M

when a third body element is needed, Eq. (2.25) becomes

qk =




I∑
i=1

αi,k[Xi]





kfk

I∏
i=1

[Xi]
ν′i,k − krk

∏
i=1

I[Xi]
ν′′i,k


 (2.31)

In the above equation,αi,k is the contribution of a third body element of theith

species in thekth reaction.αi,k becomes 1 in the case of all species contribute the

reaction equally as a third body, and the first term becomes

[M ] =
I∑

i=1

[Xi] (2.32)
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Fall-off reaction

On certain conditions, some reaction rate expressions can depend on both pressure

and temperature. The fall-off reaction can be given as an example for this condi-

tion. One may consider methyl recombination. The description of this reaction

is CH3 + CH3 ⇐⇒ C2H6 for the high-pressure limit. In the low-pressure limit,

however, a third-body element is needed for the reaction to proceed. Therefore,

the appropriate description for low-pressure limit is CH3 + CH3 + (M) ⇐⇒ C2H6

+ (M).

In this fall-of region, the parameters are given in Arrhenius form, for the high-

pressure limit (k∞) and the low-pressure limit (k0), which can be written as:

k0 = A0T
β0 exp

(−E0

RcT

)
(2.33)

k∞ = A∞T β∞ exp

(−E∞
RcT

)
. (2.34)

The rate constant at any pressure is given by

k = k∞

(
Pr

1 + Pr

)
F, (2.35)

where the reduced pressurePr can be given as,

Pr =
k0[M ]

k∞
(2.36)

where [M ] is the mixture’s concentration, whenF=1, it becomes Lindemann

form. In this DNS study,F is given by

log F =

{
1 +

[
log Pr + c

n− d(log Pr + c)

]2
}−1

log Fcent (2.37)

The constants in the above equation are

c = −0.4− 0.67 log Fcent (2.38)

n = 0.75− 1.27 log Fcent (2.39)

d = 0.14 (2.40)
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Fcent can be expressed as a function of temperature:

Fcent = (1− α) exp

( −T

T ∗∗∗

)
+ α exp

(−T

T ∗

)
+ exp

(−T ∗∗

T

)
. (2.41)

2.2.3 Thermodynamic properties

In the present DNS, temperature dependence of the viscosity, the thermal conduc-

tivity and the diffusion coefficients are taken into account by linking the CHEMKIN-

II packages [55, 56] with modifications for vector/parallel computations. This

package assumes that the thermodynamic properties are only functions of tem-

perature and given in terms of polynomial fits to the molar heat capacities at a

constant pressure condition:

Cp,i

R0
=

N∑
n=1

an,iT
(n−1) (2.42)

The standard-state molar enthalpy is given by

Hi =

∫ T

0

Cp,idT (2.43)

by substituting the Eq. (2.42) into Eq. (2.43), the following equation can be ob-

tained:
Hi

R0T
=

N∑
i=1

an,iT
(n−1)

n
+

aN+1,i

T
(2.44)

In the above equation, the integrated constantaN+1,i is the standard enthalpy of

formation at 0 K. However, since this polynomial representation near 0 K is not

valid, this integrated constant is evaluated from the standard heat of formation at

298 K. Therefore, the enthalpy of each species can be written as:

Hi =

∫ T

298

Cp,idT + Hi(298). (2.45)

The entropy of each species can be obtained by integrating the specific heat and

can be written as

Si =

∫ T

0

Cp,i

T
dT (2.46)
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and
Si

R0
= a1,i ln T +

N∑
n=2

an,iT
(n−1)

n− 1
+ aN+2,i (2.47)

where the constant of integrationaN+2,i is at 298 K.cp,i and c̄v are correlated to

Cp,i and are given as follows.

cp,i = Cp,i/Wi (2.48)

Cv,i = Cp,i −R0 (2.49)

cv,i = Cv,i/Wi (2.50)

c̄v =
I∑

i=1

cvYi (2.51)

2.2.4 Transport coefficients

The viscosityηi, thermal conductivityλi and the binary diffusion coefficientDij

for ith species are calculated by applying fitting procedure.

ln ηi =
N∑

n=1

an,i(ln T )n−1 (2.52)

ln λi =
N∑

n=1

bn,i(ln T )n−1 (2.53)

ln Dij =
N∑

n=1

cn,i(ln T )n−1 (2.54)

Here, the constantan,i, bn,i and cn,i are calculated by using TRANSPORT of

CHEMKIN PACKAGE [56] for until N = 4. By using the calculated values

of ηi, λi, the following equations can be given as:

ν =
I∑

i=1

Xiηi∑I
j 6=i XjΦij

(2.55)

λ =
1

2




I∑
i=1

Xiλi +
1∑I

i=1 Xi/λi


 . (2.56)
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where,

Φij =
1√
8

(
1 +

Wi

Wj

)− 1
2





1 +

(
ηi

ηj

) 1
2 (

Wj

Wi

) 1
4





2

(2.57)

2.2.5 Numerical methods

Figure 2.1 shows the schematic of numerical configuration with a high tempera-

ture ignition kernel. In order to form ignition kernel in the center of the domain,

initial temperature distributionTini is given as Gaussian distribution.Tini can be

written as:

Tini = Tpre +
(
Tmax − Tpre

)
exp

(
− r2

2σ2
T

)
(2.58)

r2
c

2σ2
T

= ln

(
Tmax − Tpre

Tig − Tpre

)
(2.59)

Here,Tmax, Tpre, Tig, r andσT denote the maximum temperature of the ignition

kernel, preheat temperature, ignition temperature, radius of the ignition kernel

and the standard deviation of the temperature distribution, respectively. DNS of

hydrogen–air turbulent premixed flames have been conducted in two constant vol-

ume vessel configurations. Fully-developed homogeneous isotropic turbulence is

used for initial velocity field. The initial flow field is obtained through preliminary

DNS of decaying homogeneous isotropic turbulence by the spectral method with

periodic boundary conditions. The initial Reynolds number is defined as

Reλ =
u′rmsλ

ν
(2.60)

Rel =
u′rmsl

ν
(2.61)

whereu′rms, l, λ andν denote the root-mean-square of turbulent velocity, the inte-

gral length scale, the Taylor micro scale and the kinematic viscosity, respectively.

The closed vessel is assumed to have a rectangular configuration, which is a sim-

ple idealized model for a real combustion chamber in engineering applications

such as an automobile engine. The size of the vessels areLx × Ly × Lz = 20.0
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mm × 5.0 mm × 20.0 mm and40.0 mm × 5.0 mm × 40.0 mm; they will

be referred to as the small vessel and the large vessel, respectively hereafter.

Nx × Ny × Nz = 1025 × 257 × 1025 and2049 × 257 × 2049 grid points are

used in the small and large vessels, respectively. Each wall is named as follows:

left wall (x = 0), right wall (x = Lx), lower wall (y = 0), upper wall (y = Ly),

front wall (z = 0) and back wall (z = Lz), respectively. In reactive flow, spatial

resolution is determined from laminar flame thickness which is the smallest scale.

About 10 grid points should be contained to resolve the laminar flame thickness

to calculate chemical reactions correctly. To determine spatial resolutions for the

present three-dimensional DNS, preliminary two-dimensional DNSs have been

conducted. Spatial resolutions of both cases are determined based on the lam-

inar flame thickness and characteristics of turbulence in addition to the care of

near wall phenomena. 24 grid points are within the laminar flame thickness and

decreasing flame thickness due to pressure increase was taken into account. The

detailed kinetic mechanism [57] including12 reactive species (H2, O2, H2O, O, H,

OH, HO2, H2O2, N2, N, NO2 and NO) and27 elementary reactions is used for the

hydrogen-air reaction. The DNS code developed in our previous studies [23, 24] is

modified for wall-bounded flows. The governing equations are discretized using

fourth-order central finite difference scheme in all directions, and can be written

as follows:
(

∂f

∂x

)

i

=
−fi+2 + 8fi+1 − 8fi−1 + fi−2

12∆x
(2.62)

(
∂f

∂y

)

j

=
−fj+2 + 8fj+1 − 8fj−1 + fj−2

12∆y
(2.63)

(
∂f

∂z

)

k

=
−fk+2 + 8fk+1 − 8fk−1 + fk−2

12∆z
(2.64)
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The following equations are given for the domain boundaries.
(

∂f

∂x

)

1

=
−25f1 + 48f2 − 36f3 + 16f4 − 3f5

12∆x
(2.65)

(
∂f

∂x

)

2

=
−3f1 − 10f2 + 18f3 − 6f4 + f5

12∆x
(2.66)

(
∂f

∂x

)

Nx−1

=
3fNx + 10fNx−1 − 18fNx−2 + 6fNx−3 − fNx−4

12∆x
(2.67)

(
∂f

∂x

)

Nx

=
25fNx − 48fNx−1 + 36fNx−2 − 16fNx−3 + 3fNx−4

12∆x
(2.68)

(
∂f

∂y

)

1

=
−25f1 + 48f2 − 36f3 + 16f4 − 3f5

12∆y
(2.69)

(
∂f

∂y

)

2

=
−3f1 − 10f2 + 18f3 − 6f4 + f5

12∆y
(2.70)

(
∂f

∂y

)

Ny−1

=
3fNy + 10fNy−1 − 18fNy−2 + 6fNy−3 − fNy−4

12∆y
(2.71)

(
∂f

∂y

)

Ny

=
25fNy − 48fNy−1 + 36fNy−2 − 16fNy−3 + 3fNy−4

12∆y
(2.72)

(
∂f

∂z

)

1

=
−25f1 + 48f2 − 36f3 + 16f4 − 3f5

12∆z
(2.73)

(
∂f

∂z

)

2

=
−3f1 − 10f2 + 18f3 − 6f4 + f5

12∆z
(2.74)

(
∂f

∂z

)

Nz−1

=
3fNz + 10fNz−1 − 18fNz−2 + 6fNz−3 − fNz−4

12∆z
(2.75)

(
∂f

∂z

)

Nz

=
25fNz − 48fNz−1 + 36fNz−2 − 16fNz−3 + 3fNz−4

12∆z
(2.76)

The fourth order compact finite difference filter [58] is applied to eliminate un-

physical oscillations with higher spatial frequencies than the spatial resolution.

βf̂i−2 + αf̂i−1 + f̂i + αf̂i+1 + βf̂i+2

= afi +
d

2
(fi+3 + fi−3) +

c

2
(fi+2 + fi−2) +

b

2
(fi+1 + fi−1) (2.77)
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In the above equation,̂fi denote the spatial derivative of filterfi, in which transfer

functionT (w) should satisfy whereT (π) = 0. The transfer function is given in

the following:

T (w) =
a + b cos (w) + c cos (2w) + d cos (3w)

1 + 2α cos (w) + 2β cos (2w)
(2.78)

Wherew represents the frequency. the coefficientsα, β, a, b, c, d are obtained

matching the Taylor series expansion coefficients. the coefficientsa, b, c can be

obtained by

a =
1

8
(5 + 6α− 6β + 16d) (2.79)

b =
1

2
(1 + 2α + 2β − 2d) (2.80)

c = −1

8
(1− 2α− 14β + 16d) (2.81)

whereα, β andd are

α = 0.475, β = 0, d = 0 (2.82)

and the following is given for the domain boundaries.

f̂1 =
15

16
f1 +

1

16
(4f2 − 6f3 + 4f4 − f5) (2.83)

f̂2 =
3

4
f2 +

1

16
(f1 + 6f3 − 4f4 + f5) (2.84)

f̂N−1 =
3

4
fN−1 +

1

16
(fN + 6fN−2 − 4fN−3 + fN−4) (2.85)

f̂N =
15

16
fN +

1

16
(4fN−1 − 6fN−2 + 4fN−3 − fN−4) (2.86)
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The time integration is implemented by the third order Runge-Kutta scheme and

can be written as follows:

∆uk =

(
∂uk

∂t

)
× 1

3
∆t (2.87)

uk′ = uk + ∆uk (2.88)

∆uk′ =

{
−5

9
∆uk +

(
∂u′k
∂t

)}
× 15

16
∆t (2.89)

uk′′ = uk′ + ∆uk′ (2.90)

∆uk′′ =

{
−153

128
∆uk′ +

(
∂u′′k
∂t

)}
× 8

15
∆t (2.91)

uk+1 = uk′′ + ∆uk′′ (2.92)

The reaction source terms in species conservation equations are advanced by the

implicit method [59]. Both DNS are advanced at a constant 12 ns time step. For

the boundary condition, isothermal and no-slip conditions given by the Navier-

Stokes characteristic boundary condition (NSCBC) [60, 61] are imposed on the

walls and the wall surfaces are supposed to be chemically inert (Boundary condi-

tions for all species mass fractions are Neumann, i.e. zero gradients). As shown in

Table 2.1, the preheating temperature, the wall temperature, the equivalence ratio

and the initial pressure are set to700 K, 450 K, 1.0 and0.1 MPa, respectively. The

initial distribution of species is assumed to be uniform. Other important numeri-

cal parameters areu′rms/SL = 1.80 andl/δF = 281, whereSL andδF denote the

laminar burning velocity and the laminar flame thickness. Both cases are classi-

fied inside the corrugated flamelets in the turbulent combustion diagram as shown

in Fig. 2.2
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Table 2.1: Numerical parameters for initial turbulence and combustion field

Small Vessel Large Vessel

Reλ 97.1

Rel 516.2

u′rms 18.98 m/s

l 2.465 mm

λ 0.464 mm

η 0.0243 mm

u′rms/SL 1.84

l/δF 281.2

l/δL 5.42

Pini 0.1 MPa

Tini 700 K

Twall 450 K

φ 1.0

SL 10.34 m/s

δF 8.77µm

δL 0.470 mm

Lx × Ly × Lz 20mm× 5mm× 20mm 40mm× 5mm× 40mm

Nx ×Ny ×Nz 1025×257×1025 2049×257×2049
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Figure 2.1: Schematic of computational domain.
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Figure 2.2: Turbulent combustion diagram.
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2.3 Flame and flow behavior in a constant volume
vessel

Figure 2.3 and Figure 2.4 show temporal developments of the heat release rate for

the small vessel and the large vessel case by the volume rendering method. In the

small vessel, at first, the flame ignites and propagates from the ignition kernel in

a spherical shape on average. Att = 96µs, the flame front is already beginning

to be stretched and distorted by turbulence and this almost spherical flame is go-

ing to impinge on the upper and the lower walls. In the following moments at

t = 150µs andt = 240µs, the flame propagates in an almost circular-disc shape

on average. However, asymmetrical propagation can be observed because of in-

homogeneous distribution of turbulent vortices in the initial field. In this phase,

flame displacement speed parallel to the wall becomes higher than that of freely

propagating flames due to expansion effect induced by the wall bounded field. At

t = 300µs, the flame can only be found near the four corners of the vessel.

Figure 2.6 and Figure 2.7 show temporal developments of heat release rate

in the center plane (a red-line plane in Fig. 2.5) with the second invariant of the

velocity gradient tensor (Aij) near the center plane (a blue-line box in Fig. 2.5) for

the small and large vessel case, respectively. The velocity gradient tensor is given

by

Aij =
∂ui

∂xj

(2.93)

the characteristic equation for the eigenvaluesλ are

λ3 + Pλ2 + Qλ + R = 0 (2.94)

whereP , Q and R denote the first, second and third invariant of the velocity
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gradient tensor, respectively. They can be written as follows.

P = −(A11 + A22 + A33) (2.95)

Q =

∣∣∣∣∣
A11 A12

A21 A22

∣∣∣∣∣ +

∣∣∣∣∣
A11 A13

A31 A33

∣∣∣∣∣ +

∣∣∣∣∣
A22 A23

A32 A33

∣∣∣∣∣

=
1

2
(P 2 − trace[A2]) =

1

2
(WijWij − SijSij)

(2.96)

R =

∣∣∣∣∣∣∣

A11 A12 A13

A21 A22 A23

A31 A32 A33

∣∣∣∣∣∣∣

=
1

3
(−P 3 + 3PQ− trace[A3]) =

1

3
(−3WijWjkSki − SijSjkSki)

(2.97)

Sij andWij represent the symmetric and antisymmetric parts ofAij, which can

be written as

Sij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
(2.98)

Wij =
1

2

(
∂ui

∂xj

− ∂uj

∂xi

)
(2.99)

The asterisk denotes normalization byu′rms and the Kolmogorov length scale (η)

in the unburned side at each instant. The contour level isQ∗ = 0.01. Due to

dilatation and local pressure increase, fine scale vortices are found just outside

the flame front. Tanahashi et al. [23] showed that fine scale eddies in turbulence

have a great contribution to flame wrinkling and increase in heat release rate. As

shown in Fig. 2.6-2.7, fine vortices make the flame front more complicated and

increase the flame surface area. It should be noted thatReλ does not decrease so

far because of the high temperature and pressure induced by the flame propagation

in a constant volume.

Temporal developments of mean pressure in the small and large vessels are

shown in Fig. 2.8. The mean temperature is determined by the balance of a total

heat quantity generated by the chemical reactions and a total heat loss from the

wall. Here, mean pressure is defined as pressure averaged in the whole vessel

whereas the mean temperature is defined as temperature averaged in the unburned
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side of the vessel. For both cases, the temporal development of the mean pressure

has a similar tendency. In the early stage, the total heat loss from the wall due to

the difference between the preheating and wall temperature is slightly larger than

the total heat quantity generated by chemical reactions. Therefore, the mean pres-

sure values in both cases slightly decrease with decrease in the mean temperature.

Then, the mean pressure starts to increase and rise quickly with rapid increase in

total heat quantity generated by chemical reactions during the rapid combustion.

In the large vessel case, the increasing rate of the mean pressure is slower than

that in the small vessel case because the volume of the vessel is 4 times larger. For

both cases, since the preheating temperature is set to700 K, the pressure increase

is expected to be a factor of 3.

In Fig. 2.9, temporal developments of the Reynolds number based on Taylor

micro scaleReλ = u′rms λ / ν is shown. Here,u′rms, λ andν are averaged in the

unburned side. At first,Reλ drastically decreases from the initial condition for

both vessels. This is because the homogeneous isotropic turbulence is filled in the

vessel at the initial condition, and the turbulence decays especially near the wall.

After that,Reλ fluctuates with time but shows almost a constant value until the

mean pressure begins to increase att = 120µs andt = 200µs for the small and

large vessels, respectively. In the small vessel, after the flame ignition, the turbu-

lent intensity in the unburned side is determined by the balance between enhance-

ment of turbulence due to local pressure increase by the dilatation and decay of

turbulence especially near the walls. The turbulent intensity in the unburned side

decreases almost linearly with fluctuation as shown in Fig. 2.10 while the Taylor

micro scale in the unburned side increases, which can be seen in Fig. 2.11 with al-

most a constant averaged kinematic viscosity which can be seen in Fig. 2.12. The

product ofu′rms andλ is almost constant untilt = 120µs. After t = 120µs, the

turbulent intensity in unburned side continues to decrease, but the rate of decrease

becomes slower with the mean pressure increase. The Taylor micro scale averaged

in the unburned side starts to decrease, while the kinematic viscosity drastically

decreases with a rapid increase in the mean pressure in the unburned side. In the
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large vessel case,Reλ shows similar tendency to the small vessel case.Reλ starts

to increase as the mean pressure increases, and then shows a quick decrease as

the flame reaches the side walls. In Fig. 2.10, in the large vessel, the turbulent

intensity in the unburned side is almost constant duringt = 200− 360µs and the

Taylor micro scale averaged in the unburned side increases almost linearly after

the mean pressure increases. Consequently, the maximum value ofReλ for the

large vessel case is much higher than that in the small vessel case.
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Figure 2.3: Temporal development of the heat release rate for the small vessel.
Volume rendering method is used for visualization.
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Figure 2.4: Temporal development of the heat release rate for the large vessel.
Volume rendering method is used for visualization.

33



CHAPTER 2. DIRECT NUMERICAL SIMULATION OF HYDROGEN–AIR
PREMIXED FLAMES IN A CONSTANT VOLUME VESSEL

Figure 2.5: A red-line center plane and a blue-line box near the center plane.
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Figure 2.6: Temporal development of the heat release rate in the center plane and
turbulent vortices near the center plane in the small vessel (Q∗ = 0.01).
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Figure 2.7: Temporal development of the heat release rate in the center plane and
turbulent vortices near the center plane in the large vessel (Q∗ = 0.01).
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Figure 2.8: Temporal developments of mean pressure in the small and large ves-
sels.
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Figure 2.9: Temporal developments of Reynolds number based on Taylor micro
scale in the small and large vessels.
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Figure 2.10: Temporal developments of mean turbulent intensity in the small and
large vessels.
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Figure 2.11: Temporal developments of Taylor micro scale in the small and large
vessels.
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Figure 2.12: Temporal developments of mean kinematic viscosity in the small and
large vessels.
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2.4 Heat flux and total heat loss in a constant vol-
ume vessel

2.4.1 Effects of pressure on wall heat flux

Figure 2.13 shows temporal developments of heat flux distribution on the lower

wall for the large vessel case. Heat flux is defined as the product of thermal

conductivity and temperature gradient on the wall. The wall heat flux can be

written as follows:

φ = −λ∇T (2.100)

As the wall temperature is much lower than the preheating temperature of the

mixture, a thermal boundary layer develops at first. During this period of time,

low temperature regions near the wall are stretched and disturbed by turbulent

eddies. While the thermal boundary layer develops, heat flux on the wall facing

unburned mixture increases gradually, which is reflected by heat flux fluctuations

in no flame region. When the flame impinges on a wall, wall heat flux induced

by the flame front increases much more drastically than that induced by a thermal

boundary layer. As the flame propagates, it can be understood from the maximum

values of the heat flux that the shape of the flame front becomes complicated and

the maximum value becomes higher due to increase in mean pressure in the vessel.

Figure 2.14 and Figure 2.15 show temporal developments of the maximum heat

flux on each wall for the both cases. It can be found that heat flux on the upper and

lower walls increases earlier than on the other walls because of the rectangular

vessel configuration. For the large vessel case, the rapid rises can be observed

at aroundt = 73.2 µs and120 µs on the upper and the lower wall, at around

t = 336 µs, 384 µs, 408 µs and432 µs on the right, front, back and left wall,

when the flame impingement occurs, respectively. By comparison with the small

vessel case, it is found that the sequence of flame impingement differs greatly from

that in the large vessel. This results from the distinct inhomogeneous distribution

of turbulent vortices in the initial field. The maximum heat flux on each wall
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demonstrates similar tendency after the flame impingement occurs. Owston et

al. [53] showed that the maximum wall heat flux increases significantly (168%

for H2-O2 flames in laminar cases.) when pressure increases by a factor of 2.

Figure 2.16 shows temporal developments of the maximum wall heat flux on the

lower wall in the both vessels. After the flame impingement, the maximum heat

flux on the lower wall increases almost linearly with the mean pressure and has

nearly same values for the same mean pressure for both cases. This is due to

the decrease in flame thickness, which results in higher heat release rather than

change in thermal boundary layer. These suggest a possibility that wall heat flux

may be described as a function of mean pressure. However, it was shown that heat

flux increases with pressure in nonlinear fashion in methane flame case [62].
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Figure 2.13: Temporal developments of heat flux distribution on the lower wall
for the large vessel case.
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Figure 2.14: Temporal developments of the maximum heat flux on each wall for
the small vessel case.
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Figure 2.15: Temporal developments of the maximum heat flux on each wall for
the large vessel case.
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Figure 2.16: The maximum wall heat flux on the lower wall as a function of mean
pressure for the small and large vessels.
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2.4.2 Total heat loss in a constant volume vessel

In order to investigate the effects of the vessel size on the total heat loss and total

fuel consumption, the results of large and small vessel cases are compared. A

normalized total heat quantity generated by chemical reactionsRreac and a nor-

malized total heat lossRloss can be given by

Rreac =
Qreac

Q298

(2.101)

Rloss =
Qloss

Q298

(2.102)

whereQreac andQloss denote the total amount of heat emitted by fuel which has

already been consumed and transfered to all the wall surfaces, respectively.Q298

denotes the total internal energy of the initial input fuel at 298 K. Figure 2.17

denote the temporal developments of normalized total heat quantity generated by

chemical reaction (Rreac). The rapid increase inRreac is due to quick rise in the

mean pressure and the flame surface area. About 90% of the initial fuel has been

consumed for both cases although the vessel sizes are different. It takes almost

two times longer to consume the same rate of fuel in the case the flame propagates

in the larger vessel. The remainder of the fuel will be consumed slowly by the

burned gas after the combustion is finished. Figure 2.18 shows temporal develop-

ments ofRloss for the two vessels. Since the combustion in the large vessel takes

almost 2 times longer than that in the small vessel, the total heat loss is higher for

large vessel and reaches about 17% of the total heat quantity generated by chem-

ical reactions when the combustion is almost finished (Rreac = 0.9). Figure 2.19

demonstratesRreac versusRloss. In the early period, before the flame impinging

the wall surfaces, heat loss is the result of difference between the wall temper-

ature and the preheating temperature of the fuel. As the flame impinges to the

upper and lower walls, heat loss increases quickly therefore the ratio ofRloss to

Rreac increases for the both vessels. By the end of the rapid combustion,Rreac

versusRloss is higher for the large vessel case andRloss reaches about 17%. In

Fig. 2.20, the normalized total heat loss as a function of mean pressure for the
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both cases is shown. The total heat loss is higher for the large vessel case at the

same pressure, this is due to the 4 times larger volume in the large vessel in which

combustion takes longer time to reach the same pressure values.
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Figure 2.17: Temporal developments ofRreac for the small and large vessels.
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Figure 2.18: Temporal developments ofRloss for the small and large vessels.
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Figure 2.19: Temporal developments ofRreac versusRloss for the small and large
vessels.
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Figure 2.20:Rloss versus mean pressure for the both cases.
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2.5 Statistical characteristics of local flame structure

To clarify effects of pressure increase on the local flame structure in a closed ves-

sel, the statistical characteristics of flame elements are investigated. The flame

front is defined as surfaces with local maximum temperature gradient, as in our

previous studies [23, 24]. The local heat release rate (∆H) increases and the local

flame thickness (δ) decreases with time due to the mean pressure (pm) and tem-

perature increase in the vessel. It should be noted that, for corresponding laminar

flame, maximum heat release rate (∆HL) increases and the flame thickness (δL)

decreases with the pressure increase. Therefore, one-dimensional DNS of laminar

flame propagation is conducted by adopting pressure and temperature averaged in

the unburned side of the vessel as the inlet condition, to obtain the corresponding

∆HL andδL at each time.

In order to show the pressure rising effect on the local flame elements more

clearly, analyses are conducted atpm = 1, 2 and 3 atm. Figure 2.21-2.22 show

probability density functions (pdfs) of the local heat release rate normalized by

corresponding∆HL for the small and large vessels, respectively. For the both

cases, the pdfs of the heat release rate show peaks values around 1.0∆HL. These

results are consistent with our previous researches on freely-propagating flame in

homogeneous turbulence [23, 24] in which the pdfs of the heat release rate in the

wrinkled flamelets and the corrugated flamelets show sharp peaks near 1.0∆HL.

The maximum heat release reaches about 1.3∆HL for the both cases.

Figure 2.23-2.24 show the pdfs of local flame thickness for the small and large

vessels, respectively. Local flame thickness is defined by

δ =
Tb − Tu

(∂T/∂n)max

(2.103)

wheren denotes a unit vector normal to the flame front, and the subscriptsu

andb denote the unburned and burned sides, respectively. The flame thickness

is normalized by the correspondingδL. With the flame propagation, sinceu′rms

decreases with increase of pressure, which was shown in Fig. 2.10,u′rms/SL de-
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creases. In the turbulent combustion diagram [10], the flame conditions shift to the

wrinkled flamelets region from the corrugated flamelets with the pressure increase

as shown in Fig. 2.25. These results explain why the peak values of the pdfs of the

local flame thickness approachδL at higher pressures for the both cases. Similarly,

the probability of thicker flame elements decreases for high pressure.

It was observed by Kobayashi [63] that the Kolmogorov length scale (η) de-

creases with increasing pressure. In the present DNS, since the pressure changes

as the flame propagates in the vessel,η values averaged in the unburned side are

obtained as a function of mean pressure and are shown in Fig. 2.26. It can be seen

that for the both cases,η decreases in a similar manner with increasing pressure.

Soika et al. [64] and Majid et al. [65] have conducted experiments and they

have shown that the flame front curvature distribution broadens at elevated pres-

sure conditions. In Fig. 2.27-2.28, the pdfs of the local mean curvature (k) on the

flame front which is normalized byη for the both cases are shown at each pressure

condition. The mean curvature is defined by

k =
1

R1

+
1

R2

(2.104)

whereR1 andR2 denote two curvature radiuses on the flame surface. The flame

elements convex toward the unburned side have negative values. For the both

cases, the most expected curvature for all pressure conditions show negative val-

ues. This indicates that flame elements tend to be convex toward the unburned

side. This results from the almost spherical or circular-disc flame on average after

the flame ignition at the center of the vessel. As shown in our previous DNS and

experimental results [14, 23, 24, 33], the minimum curvature radius of the flame

front is about of the order of the Kolmogorov scale, which also agrees with the

present DNS.

Figure 2.29-2.30 show the pdfs of the tangential strain rate (at) to the flame

front. at is defined by

at = t1t1 : Ou + t2t2 : Ou (2.105)
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wheret1 andt2 denote unit vectors tangential to the flame front and satisfy a re-

lation t1 · t2 = 0. The tangential strain rate is normalized by Taylor time scale

(u′rms/λ) in the unburned side at each pressure condition. The positive and the

negative strains represent stretch and compression, respectively. For the both

cases, It can be observed that all pdfs skew to the positive side and the most ex-

pected tangential strain for all pressure conditions are about of the order ofu′rms/λ

which was also the case in our previous study [23]. This means most of the flame

elements tend to be stretched in the tangential direction and tangential strain can

be scaled byu′rms/λ.

These statistics of local flame elements suggest that the pressure change in

the vessel is quickly reflected in characteristics of the local flame structure. This

fact will be important for turbulent combustion models especially for large eddy

simulation (LES).
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Figure 2.21: Probability density functions of the local heat release rate for the
small vessel.
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Figure 2.22: Probability density functions of the local heat release rate for the
large vessel.

52



CHAPTER 2. DIRECT NUMERICAL SIMULATION OF HYDROGEN–AIR
PREMIXED FLAMES IN A CONSTANT VOLUME VESSEL

10-4

10-3

10-2

10-1

100

101

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

pm = 1 atm

pm = 2 atm

pm = 3 atm
p

δ/δL

Figure 2.23: Probability density functions of the local flame thickness for the
small vessel.
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Figure 2.24: Probability density functions of the local flame thickness for the large
vessel.
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Figure 2.26: Kolmogorov length scale versus mean pressure for the both cases.
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Figure 2.27: Probability density functions of the mean curvature for the small
vessel.
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Figure 2.28: Probability density functions of the mean curvature for the large
vessel.
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Figure 2.29: Probability density functions of the tangential strain rate for the small
vessel.
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Figure 2.30: Probability density functions of the tangential strain rate for the large
vessel.
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2.6 Conclusions of this chapter

In this chapter, three-dimensional DNS of hydrogen–air turbulent premixed flames

at relatively high Reynolds number in a constant volume vessel configuration

has been conducted considering the detailed kinetic mechanism to investigate the

turbulence–flame interaction under pressure rising conditions. The following con-

clusions are obtained:

(1) The pressure increase in the vessel reduces the flame thickness and enhances

the heat release rate at the flame front. The local pressure increase due to

dilatation also enhances turbulence and finer scale vortices which results in

a more complicated flame surface and an increase in the flame surface area.

(2) The Reynolds number based on Taylor micro scale increases with the mean

pressure in the vessel, as turbulent intensity decreases.

(3) The increase in the mean pressure enhances the wall heat flux. The maxi-

mum wall heat flux is approximately proportional to the mean pressure after

the flame impinges on the wall, which suggests a possibility that the wall

heat flux may be described as a function of pressure.

(4) Although the vessel sizes are different, 90% of the initial fuel has been

consumed. However, when the combustion is almost over (Rreac = 0.9),

heat loss is a little higher for the large vessel and reaches about 17%, this

could be attributed to the different aspect ratio of 2 vessels and 2 times

longer combustion in the large vessel.

(5) Local heat release rate, flame curvature and tangential strain rate could be

scaled by∆HL of the corresponding pressure,η andu′rms/λ in the unburned

side, respectively, even for the pressure rising condition.
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Chapter 3

Direct numerical simulation of
methane–air premixed flames in thin
reaction zones

3.1 Preface

The characteristics of premixed flames are affected significantly by the length and

the time scales of the flow field [7–9]. Therefore, to characterize premixed flames,

the ratio of turbulent intensity (u′rms) to laminar burning velocity (SL) and the ra-

tio of length scale of turbulence (l) to nominal laminar flame thickness (δF ) are

often used. With these two parameters, classification of particular flame regimes

such as the wrinkled flamelets, the corrugated flamelets, the thin reaction zones

and the broken reaction zones [10] can be made. In practical combustors, such

as gas turbine and spark ignition engines, it is considered that turbulent flame

is formed in the thin or broken reaction zones. Researchers are trying to attain

a deeper understanding on local flame structure of turbulent premixed flames in

these particular regimes in order to develop and validate proper combustion mod-

els for engineering applications. However, due to difficulties in measurement of

turbulent flames in experiments, flame structures even in the thin reaction zones

have not been clarified yet.

Remarkable progress in computational technologies in recent years enabled
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researchers to conduct three-dimensional DNS of turbulent combustion with de-

tailed chemistry. Three-dimensional DNS of hydrogen–air turbulent premixed

flames with detailed chemistry have been conducted first in the world by Tana-

hashi et al. [23, 24] to investigate the local flame structure and the turbulence–

flame interaction. Three-dimensional DNS of hydrocarbon flames with a detailed

chemistry remains a challenge despite improvement in computational technology.

Due to the high computational cost, several DNS have been done with a reduced

kinetic mechanism adopting a low-Mach number approach. A complex chemistry

which includes 20 species derived from GRI-Mech 1.2 mechanism and an adap-

tive time-dependent low-Mach number model was adopted and used by Bell et

al. [40, 47, 49]. They have conducted three-dimensional DNS of lean methane–

air premixed planar flames [49], a laboratory scale stoichiometric Bunsen flame

[47] and a laboratory scale lean V-flame [40]. Carlsson et al. [66] recently con-

ducted three-dimensional DNS of methane–air planar flames, a low-Mach num-

ber approximation with a reduced kinetic mechanism that includes 16 species and

25 reactions. Another low-Mach number approach, three-dimensional DNS of

methane–air expanding turbulent flame with a reduced kinetic mechanism was

conducted by Thevenin [50]. In order to develop higher accuracy of combustion

models for industrial applications, it is necessary to have a better understanding

of characteristics of flame elements with a more complex and detailed chemical

mechanism. With this in mind, three-dimensional DNSs of turbulent premixed

planar flames propagating in homogeneous isotropic turbulence is conducted with

GRI-Mech 3.0 chemical mechanism [52] which includes 53 reactive species and

325 elementary reactions to investigate local flame characteristics of methane–air

premixed flames classified into the thin reaction zones.
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3.2 Direct numerical simulation

3.2.1 Numerical methods and initial conditions

In this chapter, three-dimensional DNSs of methane–air turbulent premixed flame

have been conducted using GRI-Mech 3.0 kinetic mechanism [52], which includes

53 reactive species and 325 elementary reactions. The DNS code developed in

our previous studies [23, 24] is used. The Soret effect, the Dufour effect, pressure

gradient diffusion, bulk viscosity and radiative heat transfer are assumed to be

negligible. Temperature dependence of the viscosity, the thermal conductivity and

the diffusion coefficients is taken into account by linking the CHEMKIN packages

[55, 56] with modifications for vector/parallel computations. Figure 3.1 shows a

schematic of the computational domain. Navier–Stokes characteristic boundary

condition (NSCBC) [60, 61] is used in thex direction and the periodic boundary

conditions are applied in they−z directions. For the present compressible reacting

flow cases, the governing equations, which have been discussed in section 2.2.1,

are discretized by a fourth-order finite difference scheme in thex direction and a

Fourier spectral method in they − z directions. Time integration is implemented

by the third-order Runge–Kutta scheme. The reaction source terms in species

conservation equations are advanced by the point implicit method [59]. The inflow

boundary condition for the velocity field is given asuin(y, z, t) = (αSL, 0, 0) +

u′(y, z, t), where,SL is determined by preliminary one-dimensional calculations

and can be written as follows.

SL =
1

ρuYCH4,u

∫
ωCH4dx (3.1)

Here,ρu, YCH4,u, ωCH4 denote the density in the unburned side, the mass frac-

tion of CH4 in the unburned side and the reaction rate of CH4, respectively. The

turbulenceu′(y, z, t) at the inflow boundary is given through a preliminary three-

dimensional DNS of homogeneous isotropic turbulence with the spectral method

and the periodic boundary conditions.α is a parameter which is determined from

the ratio of the turbulent burning velocity (ST ) to SL and is set to a constant value
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which is determined to ensure the flame stays in the computation domain for a

long time. In this regard,αSL is nearly equal toST . ST can be written as:

ST =
1

ρuYCH4,uLyLz

∫∫∫
ωCH4dxdydz (3.2)

Numerical parameters for DNSs of methane–air turbulent premixed flames are

presented in Table 3.1. Two flames are considered; a stoichiometric flame (Case 1)

and a lean flame (Case 2). About 10 grid points should be contained to resolve the

laminar flame thickness to calculate chemical reactions correctly, in this study, 22

grid points are within the laminar thermal flame thickness (δL) for both cases.δL

is calculated by the maximum temperature gradient and can be written as follows:

δL =
Tb − Tu

(∂T/∂x)max

(3.3)

Here, the subscriptsu andb denote the unburned and burned sides of the domain,

respectively. The initial Reynolds number isRel = 144 andReλ = 37.4. With the

given initial parameters, the present methane–air premixed flames are classified

into the thin reaction zones in the turbulent combustion diagram [10], as can be

seen in Fig. 3.2.

For the present two cases, initial one-dimensional flames are calculated by

Premix code package from Chemkin [67]. Since the grid sizes are non-uniform

in Premix calculations, these results are used in one-dimensional DNS to obtain

uniform grid size for the present three-dimensional DNSs. Distributions of mass

fractions of major species CH4, O2, CO2 and H2O are shown in Fig. 3.3 (a-b) for

the case 1 and the case 2, respectively. It can be seen that the results from one-

dimensional DNS and Chemkin show good agreement along the flow direction.

Both DNSs are advanced at a constant 1.9 ns time step and conducted for long

enough to construct statistically meaningful data. Temporal developments ofST

normalized bySL for the both cases are shown in Fig. 3.4.τl is the turbulent

mixing time or eddy turnover time, andτF is the flame time , time required for

flame to pass its own thickness, can be written, respectively as:
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τl = l/u′rms (3.4)

τF = δL/SL (3.5)

In Fig. 3.4 (a), the time is normalized byτF , in Fig. 3.4 (b), the time is normalized

by τl. As can be seen, the turbulent burning velocity increases with time for the

both cases, and it has a higher value in the case 2 as the normalized turbulent

intensity is relatively higher (u′rms/SL = 9.78). At the end of the computation, The

ST reaches about 2.55SL and 2.59SL for the case 1 and the case 2, respectively.
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Unburned Burned
( )tzyuSL ,,′+⋅α

Flame
Figure 3.1: Schematic of computational domain.
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Table 3.1: Numerical parameters for initial turbulence and combustion field

Case 1 Case 2

Reλ 37.4

Rel 144

Pini 0.1 MPa

Tini 950 K

l 0.6559 mm

λ 0.2299 mm

η 0.0189 mm

φ 1.0 0.6

u′rms 25.28 m/s 25.04 m/s

u′rms/SL 7.14 9.78

l/δF 20.13 14.70

l/δL 2.62 2.14

SL 3.54 m/s 2.56 m/s

δF 32.59µm 44.63µm

δL 0.25 mm 0.31 mm

Lx × Ly × Lz 11 mm× 4.4 mm× 4.4 mm 8.8 mm× 4.4 mm× 4.4 mm

Nx ×Ny ×Nz 961×192×192 641×160×160
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Figure 3.2: Turbulent combustion diagram. The cross symbols represent the pre-
vious DNS studies of H2–air planar premixed flames [23, 24, 33, 37]
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Figure 3.3: Distribution of mass fractions of major species for case 1 (a) and case
2 (b).
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Figure 3.4: Turbulent burning velocity developments as a function of flame time
(a) and eddy turnover time (b).
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3.3 Local flame structures

Contour surface of temperature (T ) with the second invariant (Q∗) of the velocity

gradient tensor (Aij) are shown in Fig. 3.5 for the case 1 and the case 2. Asterisk

means normalization byu′rms and the Kolmogorov length scale (η) in the unburned

side. The contour levels areQ∗ = 0.01 andT is set to 1944 K for the case 1 and

1675 K for the case 2, where the heat release rate shows the maximum value in the

corresponding laminar flame. As shown here, fine vortices make the flame front

more complicated and increase the flame surface area. The fine vortices cannot

survive behind the flame front for the both cases due to the increase of viscosity

and temperature rise in the burned region.

Figure 3.6-3.7 show the contour surface of the heat release rate (∆H/∆HL)

with the second invariant of the velocity gradient tensor for the case 1 and the

case 2, respectively.∆H is normalized by the maximum heat release rate of

the corresponding laminar premixed flame (∆HL). Different contour levels are

drawn for the both cases. As shown in Fig. 3.6-3.7 (a), in the both cases, large

region of heat release rate lower than the corresponding laminar flame can be

seen. These regions of low heat release rate do not indicate global extinction, as

can be seen in Fig. 3.6-3.7 (b)-(c), their distributions show three-dimensionally

connected structures, for the both cases.

For understanding the local flame characteristics of premixed methane–air

flame in the thin reaction zones regime, the distribution of temperature (T ), nor-

malized heat release rate∆H/∆HL and mass fractions of OH and CH radicals on

a typical plane for the case 1 are shown in Fig. 3.8. The typical plane means an

x−y or x−z cross sectional plane which can represent the characteristics of each

flame structure well. The corresponding laminar profile is shown in the bottom of

each image. In the circled region in Fig. 3.8 , the concentration of OH is relatively

low. However, heat release rate around 0.50-0.60∆HL and temperature around

1960 K can be found in the same region, which is indicated by arrows. In Fig. 3.9,

the distributions of normalized heat release rate∆H/∆HL and mass fractions of
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OH, CH and CH2O radicals on a typical plane are shown for the case 2. In the

circled region, heat release rate shows around 30%-50% that of laminar flame,

while almost no OH and CH concentration can be observed and relatively high

concentration of CH2O can be found in the same region. It is difficult to measure

this kind of flame structure if only OH is used to identify flame front in planar

laser induced fluorescence (PLIF) measurements. These results actually reveal

the limitations and drawbacks of OH, which is a commonly used flame marker

in experiments. These sorts of flame structures in thin reaction zones could have

significant effects on fractal analysis of the flame surface, which is one of the

useful techniques to investigate characteristics of global flame structures and is

often used for developments of turbulent combustion model for large eddy sim-

ulation (LES). Figure 3.10 shows scatter plots of normalized mass fractions of

HCO versus normalized heat release rate (∆H/∆HL). Values of the correspond-

ing laminar flame are also plotted. HCO is known to be a good flame marker for

methane–air premixed flames [68]. It can be observed that the mass fractions of

HCO correlates well with heat release rate, which shows that HCO is a good flame

marker as well, for the present stoichiometric and lean CH4-air premixed flames

in the thin reaction zones. Due to low signal to noise ratio of PLIF of HCO, it was

proposed that simultaneous CH2O-OH PLIF measurement is a good flame indi-

cator [69] as pixel by pixel multiplication of CH2O and OH correlates well with

local heat release rate. Figure 3.11 shows pixel by pixel multiplication of mass

fractions of CH2O and OH versus local heat release rate. It can be seen that pixel

by pixel multiplication of mass fractions of CH2O and OH correlates well with

local heat release rate for the both stoichiometric and lean methane–air premixed

flames. Several studies on turbulent methane–air flames have used simultaneous

CH-OH PLIF [14, 70] and CH2O-OH PLIF [69, 71–76] measurements to identify

local heat release rate and flame front. Therefore, simultaneous CH-OH or CH2O-

OH PLIF measurements may give more accurate results than single OH PLIF on

the flame front measurement in thin reaction zones.

For methane–air flames, many chemical species have different time scales.
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In order to clarify how turbulence influences each chemical species, the ratio of

turbulence time scale to chemical time scale [77] of each chemical species are

drawn in Fig. 3.12-3.13 for the case 1 and the case 2, respectively. The turbulence

time scale (τη) can be written as

τη =
D

1.2uk

(3.6)

whereD anduk denote 8 times ofη and the Kolmogorov velocity, respectively.

τc denotes the chemical time scale of the reactive speciesi and is derived from

the ratio of the maximum value of molar concentration and the maximum value

of reaction rates of the chemical speciesi in the laminar flame.τc can be written

as

τci
=

[Xi]max

|ωi|max

(3.7)

The life time of reactive species are longer than the turbulence time scale (τη/τci
<

1) means the mass distributions of that species are strongly affected by turbulence.

In Figs. 3.12-3.13, it is shown that most of the flame radicals chemical life times

are longer than the turbulence time scale, such as NO2, HO2, CH2O. Figures 3.14-

3.15 for the case 1 and Figures 3.16-3.17 for the case 2 show the distributions

of mass fractions of each chemical species on a typical plane. The correspond-

ing laminar profile is shown in the bottom of each image. As can be seen, the

mass distributions of NO2, NO, CH2O for the both cases are strongly affected by

turbulence and have relatively complicated distributions compared to its laminar

flame, whereas CH, CH2 and CN show relatively smooth distributions. It should

be noted that several intermediate species show relatively smooth distributions al-

though theτη/τci
< 1, such as HCCOH and NCO in the case 1. Saito et al. [78]

conducted two-dimensional (2D) DNS and showed that for almost all the species

that are strongly affected by turbulence (τη/τci
< 1), their distributions are much

broadened and complicated compared to their laminar profiles. The difference

between the results from Saito et al. [78] and present methane–air flames might

be attributed to several reasons. Compared with the 2D DNS of Saito et al. [78],
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an updated chemical mechanism, a lower Reynolds number and a more realistic

three-dimensional turbulent field are considered in the present case.
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(a) Case 1 (T=1944 K)

(b) Case 2 (T=1675 K)

Figure 3.5: Contour surfaces of temperature (T ) and second invariant (Q∗) of the
velocity gradient tensor (white) for case 1 (a) and case 2 (b). (Q∗ = 0.01)
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(a)∆H/∆HL = 1.0

(b) ∆H/∆HL = 0.8

(c) ∆H/∆HL = 0.6

Figure 3.6: Contour surfaces of heat release rate (∆H/∆HL) and second invariant
(Q∗) of the velocity gradient tensor (white) for case 1. (Q∗ = 0.01)
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(a)∆H/∆HL = 1.0

(b) ∆H/∆HL = 0.8

(c) ∆H/∆HL = 0.6

Figure 3.7: Contour surfaces of heat release rate (∆H/∆HL) and second invariant
(Q∗) of the velocity gradient tensor (white) for case 2. (Q∗ = 0.01)
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T

∆H/∆HL

YOH

YCH

Figure 3.8: Distributions of Temperature (T ), normalized heat release rate
(∆H/∆HL) and mass fractions of OH and CH on a typical plane for case 1.
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∆H/∆HL

YOH

YCH

YCH2O

Figure 3.9: Distributions of normalized heat release rate (∆H/∆HL) and mass
fractions of OH, CH and CH2O on a typical plane for case 2.
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Figure 3.10: Scatter plots of mass fractions of HCO and local heat release rate.
(Red symbols correspond to laminar flame.)
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Figure 3.11: Scatter plots of mass fractions of CH2O-OH and local heat release
rate. (Red symbols correspond to laminar flame.)
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Figure 3.12: Ratios of turbulence time scale to chemical time scale in case 1.
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Figure 3.13: Ratios of turbulence time scale to chemical time scale in case 2.
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YCH2CO YO2

YH2O YCO2
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YCO YCH2O

YCH3O YCH3OH

Figure 3.14: Mass fraction distributions of chemical species on a typical plane for
case 1. Strong effect of turbulence to the mass distributions.
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YHCNO YHOCN

Figure 3.14: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 1. Strong effect of turbulence to the mass distributions.
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YC3H7 YNCO

YC3H7 YC3H8

YCH3CHO

Figure 3.14: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 1. Strong effect of turbulence to the mass distributions.
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Figure 3.15: Mass fraction distributions of chemical species on a typical plane for
case 1. Weak effect of turbulence to the mass distributions.
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YNH3 YCN

Figure 3.15: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 1. Weak effect of turbulence to the mass distributions.
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YC2H4 YC2H6

YCH4 YHCNN

YH2CN YHCCO

Figure 3.15: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 1. Weak effect of turbulence to the mass distributions.

86



CHAPTER 3. DIRECT NUMERICAL SIMULATION OF METHANE–AIR
PREMIXED FLAMES IN THIN REACTION ZONES

YCH4 YO2
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YCO YCH2OH

Figure 3.16: Mass fraction distributions of chemical species on a typical plane for
case 2. Strong effect of turbulence to the mass distributions.
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Figure 3.16: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 2. Strong effect of turbulence to the mass distributions.
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Figure 3.16: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 2. Strong effect of turbulence to the mass distributions.
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YC3H7 YC3H8

YCH2CHO YCH3CHO

Figure 3.16: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 2. Strong effect of turbulence to the mass distributions.
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Figure 3.17: Mass fraction distributions of chemical species on a typical plane for
case 2. Weak effect of turbulence to the mass distributions.
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Figure 3.17: (continued) Mass fraction distributions of chemical species on a typ-
ical plane for case 2. Weak effect of turbulence to the mass distributions.
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3.4 Statistical characteristics of local flame structures

In this section, the statistical characteristics of flame elements are investigated to

understand the effects of turbulence on local flame structures in the thin reaction

zones. The two cases are compared with hydrogen–air flame from the previous

DNS study by Shim et al. [54]. In the turbulent combustion diagram proposed by

Peters [10], as shown in Fig. 3.18, all three cases are located in the thin reaction

zones regime, and the locations of H2–air flame and the stoichiometric CH4–air

flame are almost identical. The initial numerical parameters for these flames can

be found in Table 3.2. Although the normalized turbulent intensity (u′rms/SL) is

the lowest in hydrogen–air flame,u′rms is around 3 times larger than that in both

methane cases, as the laminar burning velocity of H2–air flame is much faster (SL

= 10.3 m/s).

3.4.1 Effects of turbulence on local flame thickness and local
mean curvature

It should be noted that the flame front is defined as surfaces with local maximum

temperature gradient, as in section 2.5. Figure 3.19 shows the pdfs of the local

heat release rate on the flame front. The local heat release rate of all cases are nor-

malized by the maximum heat release rate of their corresponding laminar flame.

The most expected heat release rate in the both methane flames are lower than

their corresponding laminar flame, as the peaks of the pdf shows value around

0.90∆HL and 0.95∆HL for the case 1 and the case 2, respectively. For H2–air

flame, however, the most expected heat release rates are in the range from 1.0 to

1.1 times that of laminar flame. The maximum heat release rate reaches up to

1.4∆HL and 1.2∆HL for the case 1 and the case 2, respectively, while the maxi-

mum local heat release rate shows values around 1.3∆HL in the hydrogen case.

Figure 3.20 shows the pdfs of the local flame thickness (δ) for all cases, and

the local flame thickness are normalized by their corresponding laminar flame

thicknessδL. The definition ofδ can be found in section 2.5. It can be clearly
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seen that, although very thick flames can be found locally, the most expected local

flame thickness for all cases are thinner than their corresponding laminar flame.

On average, however, the mean flame thickness,δm, increases 10% that of lam-

inar flame in the case 1. For the lean methane flame, the case 2,δm decreases

3% that of laminar flame. Sankaran et al. [51] have conducted three-dimensional

DNS of lean methane–air Bunsen flame (φ = 0.7), which is classified into the thin

reaction zones. They have found a thickening flame on average. Thinner flames

results, however, were obtained for lean methane–air premixed flames from sev-

eral experimental studies [79–81]. Recently, Tamadonfar and Gülder [82] have

conducted experiment on premixed turbulent CH4–air flames in the thin reaction

zones, they have shown that the preheat zone and the reaction zone thicknesses

are thinner than the corresponding laminar flame for equivalence ratios ranging

from 0.6 to 0.7, and thicker than the corresponding laminar flame for equivalence

ratios ranging from 0.8 to 1.0. However, they have discussed that the creation of

the thicker flame front is not due to the turbulence but may be due to the overes-

timation of flame front thickness when using 2D image processing [83]. In Fig.

3.20, for hydrogen case, the mean flame thickness decreases about 26% that of

laminar flame.

The pdfs of the local mean curvature (k) on the flame front are shown in Fig.

3.21.k is normalized by the correspondingη in the unburned side. The flame ele-

ments convex toward the unburned side have negative values. The most expectedk

shows0 for all cases, and the probability of positive curvature is relatively higher.

This result is more pronounced in the methane cases than that in the hydrogen

case. For all cases, the minimum curvature radius of the flame front is about twice

of the Kolmogorov length scale.

Figure 3.22 demonstrates the pdfs of tangential strain rate (at) which is nor-

malized byu′rms/λ in the unburned side. The positive and the negative strains

represent stretch and compression, respectively. It can be seen that, all pdfs skew

to the positive side and the meanat is positive for all cases. This means that

for methane flames and hydrogen flame, most of the flame elements tend to be
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stretched in the tangential direction.

It is known that stretched flames tend to get thinner, therefore the relationship

between local flame thickness, tangential strain rate and local mean curvature is

studied next. Figure 3.23 shows the joint probability density function (jpdf) of

tangential strain rate and local flame thickness for the case 1. The jpdf of mean

curvature and local flame thickness for the case 1 is shown in Fig. 3.24. These two

jpdfs are also drawn for the case 2 and the hydrogen flame in Figs. 3.25-3.26 and

Figs. 3.27-3.28, respectively. As expected, for all cases, flame tends to get thinner

at high positive strain region, as can be seen in Figs. 3.23, 3.25 and 3.27. It can be

observed that this tendency is the strongest in the case of hydrogen flame, and the

most of the flame elements thinner than the corresponding laminar flame (δ/δL <

1.0) are in the positive strain region. In the cases of methane flames, it can be seen

that the probability of thicker flame elements (δ/δL > 1.0) in the positive strain

region is substantially higher than that in hydrogen flame. This result reveals that

why the present methane flames thickness do not decrease as much, on average,

as in hydrogen flames. The flame thickening on average in the case 1 could be

attributed to the stretch effects.

In Figs. 3.24 and 3.26, for the both methane cases, an asymmetrical depen-

dence of flame elements on the flame front curvature can be observed. The ma-

jority of the thin flames (δ/δL < 1.0) are found in the positive curvature region.

The thinnest flame can be found between 0-2/δL curvature region. Similar ten-

dency has been reported in the previous three-dimensional DNS study of lean

CH4–air Bunsen flame [51]. A recent experimental study [82] on methane–air

Bunsen flame in the thin reaction zones has shown that the amount of flame front

thickening however, is equally distributed in the positive and the negative curva-

ture regions while the thinnest flame is found to be located in the zero curvature

region. In hydrogen case, as shown in Fig. 3.28, similar tendency can be seen com-

pared to the methane cases. However, the probability of flame elements thinner

than the corresponding laminar flame in the negative curvature region is relatively

higher compared with those in the cases of methane flames. The asymmetrical
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dependence of flame elements to the flame front is also much less pronounced.
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Table 3.2: Numerical parameters for DNS of turbulent premixed flames.
φ Tini [K] Reλ Rel u′rms/SL l/δF D/δF η [mm]

Case 1 1.0 950 37.4 144 7.14 20.1 4.64 0.0189
Case 2 0.6 950 37.4 144 9.78 14.7 3.39 0.0189

H2–air flame [54] 1.0 700 37.4 144 6.81 21.1 4.85 0.0054
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Figure 3.18: Turbulent combustion diagram. H2–air planar premixed flame is
from the previous DNS study by Shim et al. [54].
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Figure 3.19: Probability density functions of the local heat release rate on the
flame front.
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Figure 3.20: Probability density functions of the local flame thickness.
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Figure 3.21: Probability density functions of the local mean curvature on the flame
front.
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Figure 3.22: Probability density functions of the tangetial strain rate.
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Figure 3.23: Joint probability density function of tangential strain rate and local
flame thickness for case 1.
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Figure 3.24: Joint probability density function of mean curvature and local flame
thickness for case 1.
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Figure 3.25: Joint probability density function of tangential strain rate and local
flame thickness for case 2.
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Figure 3.26: Joint probability density function of mean curvature and local flame
thickness for case 2.
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Figure 3.27: Joint probability density function of tangential strain rate and local
flame thickness for H2–air flame.
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Figure 3.28: Joint probability density function of mean curvature and local flame
thickness for H2–air flame.
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3.4.2 Effects of turbulence to the reaction and preheat zones

The effects of turbulence are investigated to clarify whether there is a significant

disturbance on the reaction zones layer. Positive means production and negative

means consumption. Figure 3.29 shows the conditional means of reaction rates

(ω) of CH4 and O2 on the progress variable (c). Here,c is based on temperature

and defined as follows:

c =
T − Tu

Tb − Tu

(3.8)

Other key species’ reaction rates in the reaction zones; CH, CO and OH are shown

in Fig. 3.30 for the case 1. Reaction rates of the same chemical species for the

case 2 are shown in Fig. 3.32 and 3.33. The reaction rates are normalized by the

maximum reaction rate in their corresponding laminar flame, and their laminar

reaction rates are also plotted. It can be clearly seen that the reaction rates of

these species have similar profiles to that of laminar flames. However, the mean

reaction rate values of the case 1 and the case 2 decreases around 20% and 15%

that of laminar flame, respectively.

To investigate the reaction rate profiles of species that are formed in front of

the flame front, the conditional means of reaction rates of species C2H4, C2H6,

CH2O and HO2 are plotted along with their laminar flame values in Fig. 3.31 and

3.34 for the case 1 and the case 2, respectively. Similar reaction rate profiles to

that of laminar flames can be observed while their mean values decrease. It can

be seen that the reaction rate profiles in the reaction zone and preheat zone skew

to the higher temperature region due to turbulence. These result show that, for

the conditions considered in the present methane–air flames, turbulence signifi-

cantly affect the reaction layers although the reaction rates have similar profiles

compared with those in the laminar flame.

Figure 3.35 shows the conditional means of reaction rates of H2 and HO2 for

hydrogen case. In the reaction zone, it can be seen that the profile of H2 is close to

its laminar flame. In the preheat zone, in Fig. 3.35 (b), the reaction rates of HO2

is disturbed significantly. The region represented by solid box in Fig. 3.35 (b) is
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magnified and drawn in Fig. 3.36.

Although the locations of these three flames in the turbulent combustion dia-

gram are very close to each other, it has been revealed that the effects of turbulence

to the preheat zones is much stronger in H2–air flame. This might be attributed to

a much smaller Kolmogorov length scale and higher turbulent intensity in H2–air

flame, which is shown in Table 3.2.
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Figure 3.29: Normalized conditional means of reaction rates on the progress vari-
able (c) for case 1 in reaction zone. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.30: Normalized conditional means of reaction rates of the key species on
the progress variable (c) for case 1. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.31: Normalized conditional means of reaction rates on the progress vari-
able (c) for case 1 in preheat zone. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.32: Normalized conditional means of reaction rates on the progress vari-
able (c) for case 2 in reaction zone. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.33: Normalized conditional means of reaction rates of the key species on
the progress variable (c) for case 2. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.34: Normalized conditional means of reaction rates on the progress vari-
able (c) for case 2 in preheat zone. (Red dashed line correspond to laminar flame.
Full black symbols represent the conditional means of reaction rates for turbulent
flame. Error bars represent the standard deviation of each reaction rate.)
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Figure 3.35: Normalized conditional means of reaction rates on the progress vari-
able (c) for H2–air flame. (Red dashed line correspond to laminar flame. Full black
symbols represent the conditional means of reaction rates for turbulent flame. Er-
ror bars represent the standard deviation of each reaction rate.)
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Figure 3.36: Magnification of the region represented by solid box in Figure 3.35
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3.4.3 Correlations of heat release rate with flame curvature
and tangential strain rate in methane–air premixed flames

In our previous studies [23, 33, 37, 54], it was revealed that the heat release rate

has good correlation with flame front curvature in H2–air flames in the corrugated

flamelets and the thin reaction zones regime. This phenomena is also investigated

in the present methane–air premixed flames. Figure 3.37 shows the joint pdf of

principle curvatures (k1 andk2) with the conditional mean value of heat release

rate normalized by∆HL. Here, the principle curvature are normalized byη in

the unburned side. Probability difference between neighboring contour lines are

2.0. Tanahashi et al. [84] have shown that, withk1 andk2, the shape of flame

front can be classified into spherical surface convex toward the burned side (S-B),

cylindrical surface convex toward the burned side (C-B), hyperboloidal surface

(HB), cylindrical surface convex toward the unburned side (C-U) and spherical

surface convex toward the unburned side (S-U). For the case 1, as shown in Fig.

3.37 (a), the heat release rate higher than the corresponding laminar flame, around

40% and 30% higher, can be observed in the S-B and C-B region, respectively.

For the lean methane flame, the case 2, in Fig. 3.37 (b), heat release reaches up

to 1.2 times that of laminar flame in S-B and C-B regions. The heat release rate

correlates well with flame front curvature for the both flames, in other words,

the flame front convex towards the burned side tends to have higher heat release

rate than that convex towards the unburned side. Similar correlations were also

observed for the lean methane–air premixed flames [49] and the hydrogen–air

premixed flames [23, 37, 54].

Figure 3.38 shows the joint pdf of tangential strain rate with conditional mean

value of normalized heat release rate.αt1 andαt2 represent the minimum and

maximum tangential strain rates. Probability difference between neighboring con-

tour lines are 2.0. With these two values, it has been shown that [84] tangential

strain rate on the flame surface can be classified into stretching in two directions

(S-S), stretching and compression in each direction (S-C) and compression in two
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directions (C-C). The tangential strain rate is normalized byu′rms/λ in the un-

burned side. As shown in Fig. 3.38 (a) and (b), for the both cases, most of the

flame elements are stretched at least in one direction, and the maximum heat re-

lease can be found in S-S region. Although the heat release in S-S regime is

relatively higher than that in S-C regime, the correlation between heat release and

tangential strain rate is much weaker than that of heat release and principal curva-

ture.
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Figure 3.37: Joint pdfs of principal curvatures of flame front with conditional
mean value of heat release rate. (Arrows show the burned side.)
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Figure 3.38: Joint pdfs of the minimum and maximum tangential strain rate with
conditional mean value of heat release rate.
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3.5 Conclusions of this chapter

In this chapter, three-dimensional DNS of methane–air turbulent premixed flames

have been conducted using GRI-Mech 3.0 kinetic mechanism to investigate the

local flame structures in the thin reaction zones regime. The following conclusions

are obtained:

(1) The fine vortices make the flame front more complicated and increase the

flame surface area. The fine vortices cannot survive behind the flame front

due to the increase of viscosity and temperature rise in the burned region.

Large region of heat release rate lower than the corresponding laminar flame

was observed while heat release rate distributions show continuous struc-

tures at contour levels of∆H/∆HL = 0.8 and 0.6

(2) At relatively high temperature region where heat release rate is around 0.50-

0,60∆HL, very low concentrations of OH radicals are observed which could

result in difficulties in OH PLIF measurement to identify flame front in

experiments. These sorts of flame structures could have significant effects

on fractal analysis of the flame surface, therefore, for methane–air premixed

flames, simultaneous CH-OH or CH2O-OH PLIF measurements may give

more accurate results on the flame front measurement in the thin reaction

zones.

(3) The statistical characteristics of local flame elements have been investigated

and compared with hydrogen–air premixed flame in the thin reaction zones.

The most expected heat release rate in methane–air premixed flames are

lower than their corresponding laminar flame, as the peaks of the pdfs show

value around 90% that of laminar flame. For H2–air flame, however, the

most expected heat release rates are in the range from 1.0 to 1.1 times that

of laminar flame.

(4) The most expected local flame thickness for all flames are thinner than
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their corresponding laminar flame. On average, however, the mean flame

thickness,δm, increases 10% that of laminar flame in the stoichiometric

methane–air premixed flame despite the existence of mean positive strain

rate. For the lean methane–air premixed flame,δm decreases 3% that of

laminar flame. For H2–air premixed flame,δm decreases around 26%. In

the methane–air premixed flames, it has been found that the probability of

thicker flame elements (δ/δL > 1.0) in the positive strain region is sub-

stantially higher than that in hydrogen–air flame. The flame thickening on

average in the stoichiometric methane–air combustion could be attributed

to the stretch effects.

(5) It is revealed that in the thin reaction zones, the minimum curvature radius

of the flame front is about twice of the Kolmogorov scale. The peak of

the pdf of the tangential strain rate is less than 1 Taylor time scale. The

maximum strain rate tangential to the flame front in the thin reaction zones

is about half of the value that is observed in the flamelet regime such as the

corrugated flamelet and the wrinkled flamelet. These results show that in

the thin reaction zones, the effect of turbulence motion on the flame front is

not as strong.

(6) In methane flames, an asymmetrical dependence of flame elements on the

flame front curvature can be observed. The majority of the thin flames (δ/δL

< 1.0) are found in the positive curvature region. The thinnest flame can be

found around 0-2/δL curvature region. In hydrogen flame, the probability of

flame elements thinner than the corresponding laminar flame in the negative

curvature region is relatively higher compared with those in methane flames.

The asymmetrical dependence of flame elements to the flame front is also

much less noticeable.

(7) In methane flames, the reaction rate profiles in the reaction zone and preheat

zone skew to the higher temperature region and the mean value of reaction
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rates decrease about 20% that of laminar flame due to turbulence. These

results show that turbulence significantly affect the reaction layers although

the reaction rates have similar profiles compared with those in the laminar

flame. For hydrogen flame, the reaction rate profile in the preheat zone is

significantly disturbed by turbulence. The stronger effects of turbulence on

the preheat zone in hydrogen flame could be attributed to a much smaller

Kolmogorov length scale and higher turbulent intensity.

(8) The correlation between heat release rate and three-dimensional geomet-

rical shapes of the flame elements have been investigated for methane–air

premixed flames. It has been revealed that the heat release rate tends to be

larger in the positive curvature region than that in the negative curvature re-

gion, and increases up to 20-40% that of laminar flame. Most of the flame

elements are stretched into one tangential direction at least, while a weaker

correlation can be found between the heat release and tangential strain than

that with curvature.
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Chapter 4

Fractal characteristics of turbulent
premixed flames

4.1 Preface

In turbulent premixed flames, wrinkling of flame surface area shows fractal char-

acteristics [12, 37, 38]. Fractal characteristic means a geometric shape that shows

similar pattern at different scale. It was first suggested by Mandelbrot [85] that the

scalar iso-surfaces in turbulent flows exhibit fractal characteristics. An example

for a fractal geometry is shown in Fig. 4.1. It can be seen that similar patterns can

be found at different levels of magnification.

In flamelet regimes, increase in flame surface area mainly accounts for the

increased turbulent burning velocity. Therefore, it is important to clarify global

flame structures such as fractal dimension (D3) and inner cutoff (εi) to develop a

turbulent combustion model for large eddy simulation (LES). The ratio of wrin-

kled turbulent flame surface area (AT ) to laminar flame surface area (AL) can be

written as follows.
AT

AL

=

(
εi

εo

)2−D3

, (4.1)

Here,εo denote the outer cutoff of the flame surface area. Yoshikawa et al. [28]

have proposed a fractal dynamic subgrid scale (FDSGS) combustion model which

dynamically calculates the fractal dimension of the flame surface and effectively

predicts the flame surface area.
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Several studies have been done for the fractal characteristics of turbulent pre-

mixed flames. Shim et al. [37] conducted DNSs of hydrogen–air flames and in-

vestigated fractal dimension by a three-dimensional box counting method [86].

They showed that the fractal dimensions of hydrogen flames were2.3 − 2.5 and

do not show systematic dependence on Reynolds number and equivalence ratio.

Chatakonda et al. [38] investigated fractal characteristics of low Damköhler num-

ber flames and showed that fractal dimensions of premixed flames vary in time in

the range of2.1 and2.7. Several researchers have proposed inner cutoff expres-

sion [7, 87]. On the other hand, Gülder and Smallwood [88] and G̈ulder et al. [12]

showed that the fractal dimension is about2.2 and inner cutoff expressions [7, 87]

do not agree with experimental results and explained that these differences might

be caused by the accuracy of the adopted different technique for fractal dimension

analysis. These experimental and DNS data on the fractal characteristics of flame

surface in literature show significant differences. Therefore, no general agreement

has yet been reached on fractal characteristics.

In this chapter, fractal characteristics of hydrogen–air premixed flames in a

constant volume vessel described in Chapter 2 and methane–air premixed flames

in the thin reaction zones described in Chapter 3 are investigated.

4.2 Fractal characteristics of hydrogen–air premixed
flames in a constant volume vessel

In this section, fractal characteristics of hydrogen–air premixed flames in a con-

stant volume vessel (CVV) is investigated using the DNS database presented in

chapter 2. A two-dimensional box counting method which gives fractal dimension

within 1% [86] is adopted to calculate flame surface area due to the geometrical

constraint. The flame front is defined by the contour surface of temperature as

in our previous study [23]. The fractal dimension (D2) is calculated in the center

x−z plane for both cases. A red-line plane represents the centerx−z plane in the

computational domain is drawn in Fig. 4.2. Temperature distribution on the center
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x − z plane with contour surface of temperature can be seen in Fig. 4.3. Figure

4.4 shows fractal plots for the small vessel. The slope of this fractal plot gives the

fractal dimension as1 − D2. As this is a two-dimensional analysis, the additive

rule [89] is applied. The additive rule states that the dimension of the measured

cross sectional area plus one equals to true dimension of that object. Therefore,

The slope of the fractal plot becomes2 − D2. Fractal characteristics were cal-

culated at different pressure (until flame impinging the side walls) to investigate

the pressure rising effect. Since temperature and pressure increase in the present

DNS, one-dimensional DNSs of laminar flame propagation were conducted to ob-

tain the corresponding threshold temperature in which the heat release has a peak

value in laminar flame, at each pressure. As shown in Fig. 4.5, pressure depen-

dence ofD2 cannot be observed for both cases. The averaged value of the fractal

dimension is 2.24 and 2.23 for the small and large vessels, respectively. Differ-

ent values of fractal dimension obtained from experiments [12, 90–93] could be

caused by several factors such as experimental and analysis methods [94]. The

inner cutoff is about10.9η and10.6η for the small and large vessels, respectively

as shown in Fig. 4.6. In our previous study [37], it has been shown that inner

cutoff is larger than that of nonreactive scalars in turbulence. Note that the most

expected diameter of coherent fine scale eddiesD = 8η is the inner cutoff for

non-reactive scalars [34–36].

Gülder and Smallwood [88] expressed inner cutoff as a function of Karlovitz

number (Ka = (u′rms/SL)3/2(l/δF )−1/2). Inner cutoff with respect toKa is

shown in Fig. 4.7 for both vessels as well as for the whole range of pressure.

Ka number values are0.0781 to 0.0491 for small vessel, and0.0650 to 0.0372

for large vessel case in the increasing order of pressure ranging from 1.1 to 1.5

atm. Ka number decreases with increasing mean pressure for the both cases.

Several experimental and DNS results [12, 37, 90, 95–97] and inner cutoff expres-

sions [7, 87, 88, 98] listed in Table 4.1 are also plotted. Most of the expressions do

not predict inner cutoff accurately except Poinsot et al. [87] at lowerKa number

regime.
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Shim et al. [37] expressed inner cutoff as a function ofD/δF , whereD andδF

denote the most expected diameter of coherent fine scale eddy and laminar flame

thickness, respectively. Figure 4.8 shows inner cutoff as a function ofD/δF for

both cases. For comparison, several experimental and DNS data are also plotted

[12, 37, 90, 95–97]. Inner cutoff expressions of several researchers [7, 87, 88, 98]

from Table 4.1 are re-expressed by a function ofD/δF and listed in Table 4.2.

Here, in the formulae of Shim et al. [37],C was selected to be6.0 by the least-

squares method. Only the formulae of Poinsot et al. [87] and Shim et al. [37]

can predict the inner cutoff. However, the formula of Poinsot et al. [87] cannot

make accurate prediction of inner cutoff for smallD/δF . Inner cutoff calculated

from this study and all other sets of data show good agreement with the formula

of Shim et al. [37]. This result suggests that theD/δF based expression can be

applied for the pressure rising condition.

123



CHAPTER 4. FRACTAL CHARACTERISTICS OF TURBULENT
PREMIXED FLAMES

Table 4.1: Inner cutoff expression as a function ofKa in previous studies.
Reference εi/δF

Peters [7] Ka−2

Poinsot et al. [87] 0.74 + 16.4Ka−1/3

Roberts et al. [98] 7Ka−1/2

Gülder and Smallwood [88] 22Ka−1/2

Table 4.2: Inner cutoff expression as a function ofD/δF .
Reference εi/η
Peters [7] 1/83(D/δF )3

Poinsot et al. [87] 5.92(D/δF )−1 + 32.8(D/δF )−1/3

Roberts et al. [98] 7
Gülder and Smallwood [88] 22

Shim et al. [37] 8 exp[C(δF /D)]
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Figure 4.1: An example for the box fractal geometry [99].
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Figure 4.2: Schematic of computational domain.
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Figure 4.3: Temperature distribution with contour line (Black,T=1260 K.)on the
centerx− z plane (a red-line plane in Fig. 4.2) for the small vessel.
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Figure 4.4: An example of fractal plots of flame surface defined from temperature
for the small vessel.
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4.3 Fractal characteristics of methane–air premixed
flames in thin reaction zones

In this section, fractal characteristics of the stoichiometric (Case 1) and the lean

(Case 2) methane–air turbulent premixed planar flames in the thin reaction zones

are investigated using the DNS database presented in chapter 3. A three-dimensional

box counting method which gives fractal dimension within1% [86] is adopted to

calculate the flame surface area. The flame front is defined by the contour sur-

face of temperature as in our previous study [23]. Threshold temperatures are

calculated by one-dimensional DNS of laminar methane–air premixed flame. The

temperature contour surface which shows the peak value of heat release rate in the

corresponding laminar flame are 1944 K and 1675 K for the case 1 and the case

2, respectively. The temperature contour surfaces for both cases were drawn and

shown in Fig. 3.5. Distribution of temperature on a typical plane for both methane

flames with temperature contour surface can be seen in Fig. 4.9.

Figure 4.10 shows the fractal plots of flame surface defined from temperature

for both cases. From these plots, the fractal dimension (D3) and inner cutoff can

be calculated as the slope of the fractal plot equals to2 −D3. Figure 4.11 shows

temporal developments ofD3 for both cases. Here, the time is normalized by

eddy turn-over time. It can be seen thatD3 increases linearly as the flame surface

develops and has higher values for the case 1. After 3 eddy turnover time, the

increase rate ofD3 for the case 2 decreases.D3 reaches up to around2.5 for the

both cases. Temporal developments of the inner cutoff normalized byη are shown

in Fig. 4.12. For the both cases, the inner cutoff reaches up to higher values as

flame develops while showing somewhat different profiles. Between 2τl and 3τl,

the case 2 shows almost constantεi, while in the case 1,εi increases slowly. After

that period,εi starts to increase linearly in the case 2, whereas a decreasing profile

can be observed for the case 1. It can be seen thatεi reaches up to around 16η for

the both cases.

Inner cutoff as a function of Karlovitz number are drawn for the both cases in
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Fig. 4.13. It should be noted that the inner cutoff values obtained from hydrogen–

air flames in CVV in section 4.2 are also plotted along with DNS and experimental

data [12, 37, 90, 95–97]. As was discussed in section 4.2, the inner cutoff expres-

sions presented in Table 4.1 cannot predict the inner cutoff and the only relatively

good prediction was made at lowerKa number. The present methane flames have

relatively highKa number, as shown in Fig. 4.13.

Inner cutoff as a function ofD/δF can be seen in Fig. 4.14. For comparison,

the results from section 4.2, the DNS and experimental data [12, 37, 90, 95–97]

from literature are also plotted. From this figure, it can be clearly seen that the

correlation function based onD/δF from Shim et al. [37] which is listed in Table

4.2 can predict the inner cutoff of present methane–air premixed flames. Hiraoka

et al. [100] recently conducted fractal analysis and showed that the correlation

function from Shim et al. [37] successfully predicts the inner cutoff of hydrogen–

air premixed flames close to the boundary between the corrugated flamelet and

the thin reaction zones regimes. The present study shows that theD/δF based

expression can be used even in the thin reaction zones regime.

131



CHAPTER 4. FRACTAL CHARACTERISTICS OF TURBULENT
PREMIXED FLAMES

(a) Case 1 (Black,T=1944 K)

(b) Case 2 (Black,T=1675 K)

Figure 4.9: Distributions of Temperature on a typical plane with contour line for
case 1 (a) and case 2 (b).
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Figure 4.10: Fractal plots of flame surface defined from temperature contour sur-
face for case 1 (a) and case 2 (b).
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4.4 Conclusions of this chapter

In this chapter, fractal characteristics of hydrogen–air premixed flame in a con-

stant volume vessel and methane–air turbulent premixed planar flames in the thin

reaction zones have been investigated using the DNS database from chapter 2 and

3. The following conclusions are obtained:

(1) For the hydrogen–air turbulent premixed flame in a constant volume vessel,

it is clarified that the fractal dimension of the flame surface does not show

any dependence on pressure increase, the averaged fractal dimension is2.2.

The inner cutoff is about11η and larger than that of nonreactive scalars

in turbulence. The inner cutoff obtained in the pressure rising condition

is in good agreement with the expression proposed by Shim et al. [37].

This result suggests that theD/δF based expression can be applied for the

pressure rising condition.

(2) For the methane–air turbulent premixed planar flames in the thin reaction

zones, the fractal dimension increases as the flame develops and reaches

about2.5. The inner cutoff reaches about16η. It is revealed that a good

prediction of the inner cutoff of methane–air premixed flames in the thin

reaction zones can be made with theD/δF based expression [37]. This

result shows that theD/δF based expression can be used to predict inner

cutoff in the thin reaction zones.
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Conclusions

In this thesis, direct numerical simulations have been conducted to investigate

the turbulence–flame interactions and fractal characteristics of turbulent premixed

flames. The results from each chapter are summarized as follows:

In chapter 2, three-dimensional DNS of hydrogen–air turbulent premixed flames

at relatively high Reynolds number in a constant volume vessel configuration

has been conducted considering the detailed kinetic mechanism to investigate the

turbulence–flame interaction under pressure rising conditions. The following con-

clusions are obtained:

(1) The pressure increase in the vessel reduces the flame thickness and enhances

the heat release rate at the flame front. The local pressure increase due to

dilatation also enhances turbulence and finer scale vortices which results in

a more complicated flame surface and an increase in the flame surface area.

(2) The Reynolds number based on Taylor micro scale increases with the mean

pressure in the vessel, as turbulent intensity decreases.

(3) The increase in the mean pressure enhances the wall heat flux. The maxi-

mum wall heat flux is approximately proportional to the mean pressure after
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the flame impinges on the wall, which suggests a possibility that the wall

heat flux may be described as a function of pressure.

(4) Although the vessel sizes are different, 90% of the initial fuel has been

consumed. However, when the combustion is almost over (Rreac = 0.9),

heat loss is a little higher for the large vessel and reaches about 17%, this

could be attributed to the different aspect ratio of 2 vessels and 2 times

longer combustion in the large vessel.

(5) Local heat release rate, flame curvature and tangential strain rate could be

scaled by∆HL of the corresponding pressure,η andu′rms/λ in the unburned

side, respectively, even for the pressure rising condition.

In chapter 3, three-dimensional DNSs of methane–air turbulent premixed flame

have been conducted using GRI-Mech 3.0 kinetic mechanism to investigate the lo-

cal flame structures in the thin reaction zones regime. The following conclusions

are obtained:

(1) The fine vortices make the flame front more complicated and increase the

flame surface area. The fine vortices cannot survive behind the flame front

due to the increase of viscosity and temperature rise in the burned region.

Large region of heat release rate lower than the corresponding laminar flame

was observed while heat release rate distributions show continuous struc-

tures at contour levels of∆H/∆HL = 0.8 and 0.6

(2) At relatively high temperature region where heat release rate is around 0.50-

0,60∆HL, very low concentrations of OH radicals are observed which could

result in difficulties in OH PLIF measurement to identify flame front in

experiments. These sorts of flame structures could have significant effects

on fractal analysis of the flame surface, therefore, for methane–air premixed
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flames, simultaneous CH-OH or CH2O-OH PLIF measurements may give

more accurate results on the flame front measurement in the thin reaction

zones.

(3) The statistical characteristics of local flame elements have been investigated

and compared with hydrogen–air premixed flame in the thin reaction zones.

The most expected heat release rate in methane–air premixed flames are

lower than their corresponding laminar flame, as the peaks of the pdfs show

value around 90% that of laminar flame. For hydrogen–air flame, however,

the most expected heat release rates are in the range from 1.0 to 1.1 times

that of laminar flame.

(4) The most expected local flame thickness for all flames are thinner than

their corresponding laminar flame. On average, however, the mean flame

thickness,δm, increases 10% that of laminar flame in the stoichiometric

methane–air premixed flame despite the existence of mean positive strain

rate. For the lean methane–air premixed flame,δm decreases 3% that of lam-

inar flame. For hydrogen–air premixed flame,δm decreases around 26%. In

the methane–air premixed flames, it has been found that the probability of

thicker flame elements (δ/δL > 1.0) in the positive strain region is sub-

stantially higher than that in hydrogen–air flame. The flame thickening on

average in the stoichiometric methane–air combustion could be attributed

to the stretch effects.

(5) It is revealed that in the thin reaction zones, the minimum curvature radius

of the flame front is about twice of the Kolmogorov scale. The peak of

the pdf of the tangential strain rate is less than 1 Taylor time scale. The

maximum strain rate tangential to the flame front in the thin reaction zones

is about half of the value that is observed in the flamelet regime such as the

corrugated flamelet and the wrinkled flamelet. These results show that in

the thin reaction zones, the effect of turbulence motion on the flame front is
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not as strong.

(6) In methane flames, an asymmetrical dependence of flame elements on the

flame front curvature can be observed. The majority of the thin flames (δ/δL

< 1.0) are found in the positive curvature region. The thinnest flame can be

found around 0-2/δL curvature region. In hydrogen flame, the probability of

flame elements thinner than the corresponding laminar flame in the negative

curvature region is relatively higher compared with those in methane flames.

The asymmetrical dependence of flame elements to the flame front is also

much less noticeable.

(7) In methane flames, the reaction rate profiles in the reaction zone and preheat

zone skew to the higher temperature region and the mean value of reaction

rates decrease about 20% that of laminar flame due to turbulence. These

results show that turbulence significantly affect the reaction layers although

the reaction rates have similar profiles compared with those in the laminar

flame. For hydrogen flame, the reaction rate profile in the preheat zone is

significantly disturbed by turbulence. The stronger effects of turbulence on

the preheat zone in hydrogen flame could be attributed to a much smaller

Kolmogorov length scale and higher turbulent intensity.

(8) The correlation between heat release rate and three-dimensional geomet-

rical shapes of the flame elements have been investigated for methane–air

premixed flames. It has been revealed that the heat release rate tends to be

larger in the positive curvature region than that in the negative curvature re-

gion, and increases up to 20-40% that of laminar flame. Most of the flame

elements are stretched into one tangential direction at least, while a weaker

correlation can be found between the heat release and tangential strain than

that with curvature.
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In chapter 4, fractal characteristics of hydrogen–air premixed flame in a con-

stant volume vessel and methane–air turbulent premixed planar flames in the thin

reaction zones have been investigated using the DNS database from chapter 2 and

3. The following conclusions are obtained:

(1) For the hydrogen–air turbulent premixed flame in a constant volume ves-

sel, it is clarified that the fractal dimension of the flame surface does not

show any dependence on pressure increase, the averaged fractal dimension

is 2.24. The inner cutoff is about11η and larger than that of nonreactive

scalars in turbulence. The inner cutoff obtained in the pressure rising condi-

tion is in good agreement with the expression proposed by Shim et al. [37].

This result suggests that theD/δF based expression can be applied for the

pressure rising condition.

(2) For the methane–air turbulent premixed planar flames in the thin reaction

zones, the fractal dimension increases as the flame develops and reaches

about2.5. The inner cutoff reaches about16η. It is revealed that a good

prediction of the inner cutoff of methane–air premixed flames in the thin

reaction zones can be made with theD/δF based expression [37]. This

result shows that theD/δF based expression can be used to predict inner

cutoff in the thin reaction zones.
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Appendix A

The detailed kinetic mechanism for
hydrogen–air premixed flame

Table A.1: 12 reactive species [57].

NO. Species
1 H2

2 H
3 O2

4 O
5 OH
6 HO2

7 H2O2

8 H2O
9 N
10 NO2

11 NO
12 N2
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Table A.2: The elementary reaction mechanism [57].

Reaction A β E
1f H+O2=⇒ OH+O 2.00E+14 0 16800
1b OH+O=⇒ H+O2 1.58E+09 0 690
2f H2+O=⇒ OH+H 1.80E+10 1 8826
2b OH+H=⇒ H2+O 8.00E+09 1 6760
3f H2+OH=⇒ H2O+H 1.17E+09 1.3 3626
3b H2O+H=⇒ H2+OH 5.09E+09 1.3 18588
4f OH+OH=⇒ O+H2O 6.00E+08 1.3 0
4b H2O+O=⇒ OH+OH 5.90E+09 1.3 17029
5 H2+O2⇐⇒ OH+OH 1.70E+14 0 47780
6 H+O2+M⇐⇒ HO2+M 3.61E+17 -0.72 0

H2O/18.6/@H2/2.9/@N2/1.3/
7 OH+HO2⇐⇒ H2O+O 7.50E+12 0 0
8 H+HO2⇐⇒ OH+OH 1.40E+14 0 1073
9 O+HO2⇐⇒ O2+OH 1.40E+13 0 1073
10 H+H+M⇐⇒ H2+M 1.00E+18 -1 0

H2O/0.0/@H2/0.0/
11 H+H+H2⇐⇒ H2+ H2 9.20E+16 -0.6 0
12 H+H+H2O⇐⇒ H2+H2O 6.00E+19 -1.25 0
13 H+OH+M⇐⇒ H2O+M 1.60E+22 -2 0

H2O/5.0/
14 H+O+M⇐⇒ OH+M 6.20E+16 -0.6 0

H2O/5.0/
15 O+O+M⇐⇒ O2+M 1.89E+13 0 -1788
16 H+HO2⇐⇒ H2+O2 1.25E+13 0 0
17 HO2+HO2⇐⇒ H2O2+O2 2.00E+12 0 0
18 H2O2+M⇐⇒ OH+OH+M 1.30E+17 0 45500
19 H2O2+H⇐⇒ HO2+H2 1.60E+12 0 3800
20 H2O2+OH⇐⇒ H2O+HO2 1.00E+13 0 1800
21 N+NO⇐⇒ N2+O 3.27E+12 0.3 0
22 N+O2⇐⇒ NO+O 6.40E+09 1 6280
23 N+OH⇐⇒ NO+H 3.08E+13 0 0
24 HO2+NO⇐⇒ NO2+OH 2.11E+12 0 -479
25 NO2+H⇐⇒ NO+OH 3.50E+14 0 1500
26 NO2+O⇐⇒ NO+O2 1.00E+13 0 600
27 NO2+M⇐⇒ NO+O+M 1.10E+16 0 66000

(A: frequency factor,β: pre-exponential temperature exponent,E: activation

energy)
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Table B.1: 53 reactive species from GRI-Mech 3.0 kinetic mechanism [52].
NO. Species NO. Species
1 H2 28 HCCO
2 H 29 CH2CO
3 O 30 HCCOH
4 O2 31 N
5 OH 32 NH
6 H2O 33 NH2

7 HO2 34 NH3

8 H2O2 35 NNH
9 C 36 NO
10 CH 37 NO2

11 CH2 38 N2O
12 CH2(S) 39 HNO
13 CH3 40 CN
14 CH4 41 HCN
15 CO 42 H2CN
16 CO2 43 HCNN
17 HCO 44 HCNO
20 CH3O 45 HOCN
18 CH2O 46 HNCO
19 CH2OH 47 NCO
21 CH3OH 48 AR
22 C2H 49 C3H7

23 C2H2 50 C3H8

24 C2H3 51 CH2CHO
25 C2H4 52 CH3CHO
26 C2H5 53 N2

27 C2H6
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Table B.2: 325 elementary reactions from GRI-Mech 3.0 ki-
netic mechanism [52].

Reaction A β E
1 2O+Ma ⇐⇒ O2+Ma 1.20E+17 -1 0
2 O+H+Mb ⇐⇒ OH+Mb 5.00E+17 -1 0
3 O+H2⇐⇒ H+OH 3.87E+04 2.7 6260
4 O+HO2⇐⇒ OH+O2 2.00E+13 0 0
5 O+H2O2⇐⇒ OH+HO2 9.63E+06 2 4000
6 O+CH⇐⇒ H+CO 5.70E+13 0 0
7 O+CH2⇐⇒ H+HCO 8.00E+13 0 0
8 O+CH2(S)⇐⇒ H2+CO 1.50E+13 0 0
9 O+CH2(S)⇐⇒ H+HCO 1.50E+13 0 0
10 O+CH3⇐⇒ H+CH2O 5.06E+13 0 0
11 O+CH4⇐⇒ OH+CH3 1.02E+09 1.5 8600
12 O+CO (+Mc) ⇐⇒ CO2(+Mc) 1.80E+10 0 2385

Low pressure limit: 6.02E+14 0.00 3000
13 O+HCO⇐⇒ OH+CO 3.00E+13 0 0
14 O+HCO⇐⇒ H+CO2 3.00E+13 0 0
15 O+CH2O⇐⇒ OH+HCO 3.90E+13 0 3540
16 O+CH2OH⇐⇒ OH+CH2O 1.00E+13 0 0
17 O+CH3O⇐⇒ OH+CH2O 1.00E+13 0 0
18 O+CH3OH⇐⇒ OH+CH2OH 3.88E+05 2.5 3100
19 O+CH3OH⇐⇒ OH+CH3O 1.30E+05 2.5 5000
20 O+C2H⇐⇒ CH+CO 5.00E+13 0 0
21 O+C2H2⇐⇒ H+HCCO 1.35E+07 2 1900
22 O+C2H2⇐⇒ OH+C2H 4.60E+19 -1.4 28950
23 O+C2H2⇐⇒ CO+CH2 6.94E+06 2 1900
24 O+C2H3⇐⇒ H+CH2CO 3.00E+13 0 0
25 O+C2H4⇐⇒ CH3+HCO 1.25E+07 1.8 220
26 O+C2H5⇐⇒ CH3+CH2O 2.24E+13 0 0
27 O+C2H6⇐⇒ OH+C2H5 8.98E+07 1.9 5690
28 O+HCCO⇐⇒ H+2CO 1.00E+14 0 0
29 O+CH2CO⇐⇒ OH+HCCO 1.00E+13 0 8000
30 O+CH2CO⇐⇒ CH2+CO2 1.75E+12 0 1350
31 O2+CO⇐⇒ O+CO2 2.50E+12 0 47800
32 O2+CH2O⇐⇒ HO2+HCO 1.00E+14 0 40000
33 H+O2+Md ⇐⇒ HO2+Md 2.80E+18 -0.9 0
34 H+2O2⇐⇒ HO2+O2 2.08E+19 -1.2 0
35 H+O2+H2O⇐⇒ HO2+H2O 1.13E+19 -0.8 0
36 H+O2+N2⇐⇒ HO2+N2 2.60E+19 -1.2 0
37 H+O2+AR⇐⇒ HO2+AR 7.00E+17 -0.8 0
38 H+O2⇐⇒ O+OH 2.65E+16 -0.7 17041
39 2H+Me ⇐⇒ H2+Me 1.00E+18 -1 0
40 2H+H2⇐⇒ 2H2 9.00E+16 -0.6 0
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Reaction A β E
41 2H+H2O⇐⇒ H2+H2O 6.00E+19 -1.3 0
42 2H+CO2⇐⇒ H2+CO2 5.50E+20 -2 0
43 H+OH+Mf ⇐⇒ H2O+Mf 2.20E+22 -2 0
44 H+HO2⇐⇒ O+H2O 3.97E+12 0 671
45 H+HO2⇐⇒ O2+H2 4.48E+13 0 1068
46 H+HO2⇐⇒ 2OH 8.40E+13 0 635
47 H+H2O2⇐⇒ HO2+H2 1.21E+07 2 5200
48 H+H2O2⇐⇒ OH+H2O 1.00E+13 0 3600
49 H+CH⇐⇒ C+H2 1.65E+14 0 0
50 H+CH2(+Mb) ⇐⇒ CH3(+Mb) 6.00E+14 0 0

Low pressure limit: 1.04E+26 -2.76 1600
Troe parameters:α= 5.62E-01T ∗∗∗= 91 T ∗= 5836 T ∗∗= 8552

51 H+CH2(S)⇐⇒ CH+H2 3.00E+13 0 0
52 H+CH3(+Mg) ⇐⇒ CH4(+Mg) 1.39E+16 -0.5 536

Low pressure limit: 2.62E+33 -4.76 2440
Troe parameters:α= 7.83E-01T ∗∗∗= 74 T ∗= 2941 T ∗∗= 6964

53 H+CH4⇐⇒ CH3+H2 6.60E+08 1.6 10840
54 H+HCO (+Mb) ⇐⇒ CH2O(+Mb) 1.09E+12 0.5 -260

Low pressure limit: 2.47E+24 -2.57 425
Troe parameters:α= 7.82E-01T ∗∗∗= 271 T ∗= 2755 T ∗∗= 6570
Troe parameters:α=7.824E-01T ∗∗∗=271 T ∗=2755 T ∗∗=6570

55 H+HCO⇐⇒ H2+CO 7.34E+13 0 0
56 H+CH2O(+Mh) ⇐⇒ CH2OH(+Mh) 5.40E+11 0.5 3600

Low pressure limit: 1.27E+32 -4.82 6530
Troe parameters:α= 7.19E-01T ∗∗∗= 103 T ∗= 1291 T ∗∗= 4160

57 H+CH2O(+Mh) ⇐⇒ CH3O(+Mh) 5.40E+11 0.5 2600
Low pressure limit: 2.20E+30 -4.80 5560
Troe parameters:α= 7.58E-01T ∗∗∗= 94 T ∗= 1555 T ∗∗= 4200

58 H+CH2O⇐⇒ HCO+H2 5.74E+07 1.9 2742
59 H+CH2OH(+Mh) ⇐⇒ CH3OH(+Mh) 1.06E+12 0.5 86

Low pressure limit: 4.36E+31 -4.65 5080
Troe parameters:α= 6.00E-01T ∗∗∗= 100 T ∗= 90000 T ∗∗= 10000

60 H+CH2OH⇐⇒ H2+CH2O 2.00E+13 0 0
61 H+CH2OH⇐⇒ OH+CH3 1.65E+11 0.7 -284
62 H+CH2OH⇐⇒ CH2(S)+H2O 3.28E+13 -0.1 610
63 H+CH3O(+Mh) ⇐⇒ CH3OH(+Mh) 2.43E+12 0.5 50

Low pressure limit: 4.66E+41 -7.44 14080
Troe parameters:α= 7.00E-01T ∗∗∗= 100 T ∗= 90000 T ∗∗= 10000

64 H+CH3O⇐⇒ H+CH2OH 4.15E+07 1.6 1924
65 H+CH3O⇐⇒ H2+CH2O 2.00E+13 0 0
66 H+CH3O⇐⇒ OH+CH3 1.50E+12 0.5 -110
67 H+CH3O⇐⇒ CH2(S)+H2O 2.62E+14 -0.2 1070
68 H+CH3OH⇐⇒ CH2OH+H2 1.70E+07 2.1 4870
69 H+CH3OH⇐⇒ CH3O+H2 4.20E+06 2.1 4870
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Reaction A β E
70 H+C2H(+Mb) ⇐⇒ C2H2(+Mb) 1.00E+17 -1 0

Low pressure limit: 3.75E+33 -4.80 1900
Troe parameters:α= 6.46E-01T ∗∗∗= 132 T ∗= 1315 T ∗∗= 5566

71 H+C2H2(+Mb) ⇐⇒ C2H3(+Mb) 5.60E+12 0 2400
Low pressure limit: 3.80E+40 -7.27 7220
Troe parameters:α= 7.51E-01T ∗∗∗= 99 T ∗= 1302 T ∗∗= 4167

72 H+C2H3(+Mb) ⇐⇒ C2H4(+Mb) 6.08E+12 0.3 280
Low pressure limit: 1.40E+30 -3.86 3320
Troe parameters:α= 7.82E-01T ∗∗∗= 208 T ∗= 2663 T ∗∗= 6095

73 H+C2H3⇐⇒ H2+C2H2 3.00E+13 0 0
74 H+C2H4(+Mb) ⇐⇒ C2H5(+Mb) 5.40E+11 0.5 1820

Low pressure limit: 6.00E+41 -7.62 6970
Troe parameters:α= 9.75E-01T ∗∗∗= 210 T ∗= 984 T ∗∗= 4374

75 H+C2H4⇐⇒ C2H3+H2 1.33E+06 2.5 12240
76 H+C2H5(+Mb) ⇐⇒ C2H6(+Mb) 5.21E+17 -1 1580

Low pressure limit: 1.99E+41 -7.08 6685
Troe parameters:α= 8.42E-01T ∗∗∗= 125 T ∗= 2219 T ∗∗= 6882

77 H+C2H5⇐⇒ H2+C2H4 2.00E+12 0 0
78 H+C2H6⇐⇒ C2H5+H2 1.15E+08 1.9 7530
79 H+HCCO⇐⇒ CH2(S)+CO 1.00E+14 0 0
80 H+CH2CO⇐⇒ HCCO+H2 5.00E+13 0 8000
81 H+CH2CO⇐⇒ CH3+CO 1.13E+13 0 3428
82 H+HCCOH⇐⇒ H+CH2CO 1.00E+13 0 0
83 H2+CO (+Mb) ⇐⇒ CH2O(+Mb) 4.30E+07 1.5 79600

Low pressure limit: 5.07E+27 -3.42 84350
Troe parameters:α= 9.32E-01T ∗∗∗= 197 T ∗= 1540 T ∗∗= 10300

84 OH+H2⇐⇒ H+H2O 2.16E+08 1.5 3430
85 2OH (+Mb) ⇐⇒ H2O2(+Mb) 7.40E+13 -0.4 0

Low pressure limit: 2.30E+18 -0.90 -1700
Troe parameters:α= 7.35E-01T ∗∗∗= 94 T ∗= 1756 T ∗∗= 5182

86 2OH⇐⇒ O+H2O 3.57E+04 2.4 -2110
87 OH+HO2⇐⇒ O2+H2O 1.45E+13 0 -500
88 OH+H2O2⇐⇒ HO2+H2O 2.00E+12 0 427
89 OH+H2O2⇐⇒ HO2+H2O 1.70E+18 0 29410
90 OH+C⇐⇒ H+CO 5.00E+13 0 0
91 OH+CH⇐⇒ H+HCO 3.00E+13 0 0
92 OH+CH2⇐⇒ H+CH2O 2.00E+13 0 0
93 OH+CH2⇐⇒ CH+H2O 1.13E+07 2 3000
94 OH+CH2(S)⇐⇒ H+CH2O 3.00E+13 0 0
95 OH+CH3(+Mh) ⇐⇒ CH3OH(+Mh) 2.79E+18 -1.4 1330

Low pressure limit: 4.00E+36 -5.92 3140
Troe parameters:α= 4.12E-01T ∗∗∗= 195 T ∗= 5900 T ∗∗= 6394

96 OH+CH3⇐⇒ CH2+H2O 5.60E+07 1.6 5420
97 OH+CH3⇐⇒ CH2(S)+H2O 6.44E+17 -1.3 1417
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Reaction A β E
98 OH+CH4⇐⇒ CH3+H2O 1.00E+08 1.6 3120
99 OH+CO⇐⇒ H+CO2 4.76E+07 1.2 70
100 OH+HCO⇐⇒ H2O+CO 5.00E+13 0 0
101 OH+CH2O⇐⇒ HCO+H2O 3.43E+09 1.2 -447
102 OH+CH2OH⇐⇒ H2O+CH2O 5.00E+12 0 0
103 OH+CH3O⇐⇒ H2O+CH2O 5.00E+12 0 0
104 OH+CH3OH⇐⇒ CH2OH+H2O 1.44E+06 2 -840
105 OH+CH3OH⇐⇒ CH3O+H2O 6.30E+06 2 1500
106 OH+C2H⇐⇒ H+HCCO 2.00E+13 0 0
107 OH+C2H2⇐⇒ H+CH2CO 2.18E-04 4.5 -1000
108 OH+C2H2⇐⇒ H+HCCOH 5.04E+05 2.3 13500
109 OH+C2H2⇐⇒ C2H+H2O 3.37E+07 2 14000
110 OH+C2H2⇐⇒ CH3+CO 4.83E-04 4 -2000
111 OH+C2H3⇐⇒ H2O+C2H2 5.00E+12 0 0
112 OH+C2H4⇐⇒ C2H3+H2O 3.60E+06 2 2500
113 OH+C2H6⇐⇒ C2H5+H2O 3.54E+06 2.1 870
114 OH+CH2CO⇐⇒ HCCO+H2O 7.50E+12 0 2000
115 2HO2⇐⇒ O2+H2O2 1.30E+11 0 -1630
116 2HO2⇐⇒ O2+H2O2 4.20E+14 0 12000
117 HO2+CH2⇐⇒ OH+CH2O 2.00E+13 0 0
118 HO2+CH3⇐⇒ O2+CH4 1.00E+12 0 0
119 HO2+CH3⇐⇒ OH+CH3O 3.78E+13 0 0
120 HO2+CO⇐⇒ OH+CO2 1.50E+14 0 23600
121 HO2+CH2O⇐⇒ HCO+H2O2 5.60E+06 2 12000
122 C+O2⇐⇒ O+CO 5.80E+13 0 576
123 C+CH2⇐⇒ H+C2H 5.00E+13 0 0
124 C+CH3⇐⇒ H+C2H2 5.00E+13 0 0
125 CH+O2⇐⇒ O+HCO 6.71E+13 0 0
126 CH+H2⇐⇒ H+CH2 1.08E+14 0 3110
127 CH+H2O⇐⇒ H+CH2O 5.71E+12 0 -755
128 CH+CH2⇐⇒ H+C2H2 4.00E+13 0 0
129 CH+CH3⇐⇒ H+C2H3 3.00E+13 0 0
130 CH+CH4⇐⇒ H+C2H4 6.00E+13 0 0
131 CH+CO (+Mb) ⇐⇒ HCCO@(+Mb) 5.00E+13 0 0

Low pressure limit: 2.69E+28 -3.74 1936
Troe parameters:α= 5.76E-01T ∗∗∗= 237 T ∗= 1652 T ∗∗= 5069

132 CH+CO2⇐⇒ HCO+CO 1.90E+14 0 15792
133 CH+CH2O⇐⇒ H+CH2CO 9.46E+13 0 -515
134 CH+HCCO⇐⇒ CO+C2H2 5.00E+13 0 0
135 CH2+O2⇐⇒ OH+H+CO 5.00E+12 0 1500
136 CH2+H2⇐⇒ H+CH3 5.00E+05 2 7230
137 2CH2⇐⇒ H2+C2H2 1.60E+15 0 11944
138 CH2+CH3⇐⇒ H+C2H4 4.00E+13 0 0
139 CH2+CH4⇐⇒ 2CH3 2.46E+06 2 8270
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Reaction A β E
140 CH2+CO (+Mb) ⇐⇒ CH2CO(+Mb) 8.10E+11 0.5 4510

Low pressure limit: 2.69E+33 -5.11 7095
Troe parameters:α= 5.91E-01T ∗∗∗= 275 T ∗= 1226 T ∗∗= 5185

141 CH2+HCCO⇐⇒ C2H3+CO 3.00E+13 0 0
142 CH2(S)+N2⇐⇒ CH2+N2 1.50E+13 0 600
143 CH2(S)+AR⇐⇒ CH2+AR 9.00E+12 0 600
144 CH2(S)+O2⇐⇒ H+OH+CO 2.80E+13 0 0
145 CH2(S)+O2⇐⇒ CO+H2O 1.20E+13 0 0
146 CH2(S)+H2⇐⇒ CH3+H 7.00E+13 0 0
147 CH2(S)+H2O(+Mh) ⇐⇒ CH3OH(+Mh) 4.82E+17 -1.2 1145

Low pressure limit: 1.88E+38 -6.36 5040
Troe parameters:α= 6.03E-01T ∗∗∗= 208 T ∗= 3922 T ∗∗= 10180

148 CH2(S)+H2O⇐⇒ CH2+H2O 3.00E+13 0 0
149 CH2(S)+CH3⇐⇒ H+C2H4 1.20E+13 0 -570
150 CH2(S)+CH4⇐⇒ 2CH3 1.60E+13 0 -570
151 CH2(S)+CO⇐⇒ CH2+CO 9.00E+12 0 0
152 CH2(S)+CO2⇐⇒ CH2+CO2 7.00E+12 0 0
153 CH2(S)+CO2⇐⇒ CO+CH2O 1.40E+13 0 0
154 CH2(S)+C2H6⇐⇒ CH3+C2H5 4.00E+13 0 -550
155 CH3+O2⇐⇒ O+CH3O 3.56E+13 0 30480
156 CH3+O2⇐⇒ OH+CH2O 2.31E+12 0 20315
157 CH3+H2O2⇐⇒ HO2+CH4 2.45E+04 2.5 5180
158 2CH3(+Mb) ⇐⇒ C2H6(+Mb) 6.77E+16 -1.2 654

Low pressure limit: 3.40E+41 -7.03 2762
Troe parameters:α= 6.19E-01T ∗∗∗= 73 T ∗= 1180 T ∗∗= 9999

159 2CH3⇐⇒ H+C2H5 6.84E+12 0.1 10600
160 CH3+HCO⇐⇒ CH4+CO 2.65E+13 0 0
161 CH3+CH2O⇐⇒ HCO+CH4 3.32E+03 2.8 5860
162 CH3+CH3OH⇐⇒ CH2OH+CH4 3.00E+07 1.5 9940
163 CH3+CH3OH⇐⇒ CH3O+CH4 1.00E+07 1.5 9940
164 CH3+C2H4⇐⇒ C2H3+CH4 2.27E+05 2 9200
165 CH3+C2H6⇐⇒ C2H5+CH4 6.14E+06 1.7 10450
166 HCO+H2O⇐⇒ H+CO+HtwoO 1.50E+18 -1 17000
167 HCO+Mi ⇐⇒ H+CO+Mi 1.87E+17 -1 17000
168 HCO+O2⇐⇒ HO2+CO 1.35E+13 0 400
169 CH2OH+O2⇐⇒ HO2+CH2O 1.80E+13 0 900
170 CH3O+O2⇐⇒ HO2+CH2O 4.28E-13 7.6 -3530
171 C2H+O2⇐⇒ HCO+CO 1.00E+13 0 -755
172 C2H+H2⇐⇒ H+C2H2 5.68E+10 0.9 1993
173 C2H3+O2⇐⇒ HCO+CH2O 4.58E+16 -1.4 1015
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Reaction A β E
174 C2H4(+Mb) ⇐⇒ H2+C2H2(+Mb) 8.00E+12 0.4 86770

Low pressure limit: 1.58E+51 -9.30 97800
Troe parameters:α= 7.35E-01T ∗∗∗= 180 T ∗= 1035 T ∗∗= 5417

175 C2H5+O2⇐⇒ HO2+C2H4 8.40E+11 0 3875
176 HCCO+O2⇐⇒ OH+2CO 3.20E+12 0 854
177 2HCCO⇐⇒ 2CO+C2H2 1.00E+13 0 0
178 N+NO⇐⇒ N2+O 2.70E+13 0 355
179 N+O2⇐⇒ NO+O 9.00E+09 1 6500
180 N+OH⇐⇒ NO+H 3.36E+13 0 385
181 N2O+O⇐⇒ N2+O2 1.40E+12 0 10810
182 N2O+O⇐⇒ 2NO 2.90E+13 0 23150
183 N2O+H⇐⇒ N2+OH 3.87E+14 0 18880
184 N2O+OH⇐⇒ N2+HO2 2.00E+12 0 21060
185 N2O(+Mj) ⇐⇒ N2+O (+Mj) 7.91E+10 0 56020

Low pressure limit: 6.37E+14 0.00 56640
186 HO2+NO⇐⇒ NO2+OH 2.11E+12 0 -480
187 NO+O+Mb ⇐⇒ NO2+Mb 1.06E+20 -1.4 0
188 NO2+O⇐⇒ NO+O2 3.90E+12 0 -240
189 NO2+H⇐⇒ NO+OH 1.32E+14 0 360
190 NH+O⇐⇒ NO+H 4.00E+13 0 0
191 NH+H⇐⇒ N+H2 3.20E+13 0 330
192 NH+OH⇐⇒ HNO+H 2.00E+13 0 0
193 NH+OH⇐⇒ N+H2O 2.00E+09 1.2 0
194 NH+O2⇐⇒ HNO+O 4.61E+05 2 6500
195 NH+O2⇐⇒ NO+OH 1.28E+06 1.5 100
196 NH+N⇐⇒ N2+H 1.50E+13 0 0
197 NH+H2O⇐⇒ HNO+H2 2.00E+13 0 13850
198 NH+NO⇐⇒ N2+OH 2.16E+13 -0.2 0
199 NH+NO⇐⇒ N2O+H 3.65E+14 -0.5 0
200 NH2+O⇐⇒ OH+NH 3.00E+12 0 0
201 NH2+O⇐⇒ H+HNO 3.90E+13 0 0
202 NH2+H⇐⇒ NH+H2 4.00E+13 0 3650
203 NH2+OH⇐⇒ NH+H2O 9.00E+07 1.5 -460
204 NNH⇐⇒ N2+H 3.30E+08 0 0
205 NNH+Mb ⇐⇒ N2+H+Mb 1.30E+14 -0.1 4980
206 NNH+O2⇐⇒ HO2+N2 5.00E+12 0 0
207 NNH+O⇐⇒ OH+N2 2.50E+13 0 0
208 NNH+O⇐⇒ NH+NO 7.00E+13 0 0
209 NNH+H⇐⇒ H2+N2 5.00E+13 0 0
210 NNH+OH⇐⇒ H2O+N2 2.00E+13 0 0
211 NNH+CH3⇐⇒ CH4+N2 2.50E+13 0 0
212 H+NO+Mb ⇐⇒ HNO+Mb 4.48E+19 -1.3 740
213 HNO+O⇐⇒ NO+OH 2.50E+13 0 0
214 HNO+H⇐⇒ H2+NO 9.00E+11 0.7 660
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Reaction A β E
215 HNO+OH⇐⇒ NO+H2O 1.30E+07 1.9 -950
216 HNO+O2⇐⇒ HO2+NO 1.00E+13 0 13000
217 CN+O⇐⇒ CO+N 7.70E+13 0 0
218 CN+OH⇐⇒ NCO+H 4.00E+13 0 0
219 CN+H2O⇐⇒ HCN+OH 8.00E+12 0 7460
220 CN+O2⇐⇒ NCO+O 6.14E+12 0 -440
221 CN+H2⇐⇒ HCN+H 2.95E+05 2.5 2240
222 NCO+O⇐⇒ NO+CO 2.35E+13 0 0
223 NCO+H⇐⇒ NH+CO 5.40E+13 0 0
224 NCO+OH⇐⇒ NO+H+CO 2.50E+12 0 0
225 NCO+N⇐⇒ N2+CO 2.00E+13 0 0
226 NCO+O2⇐⇒ NO+CO2 2.00E+12 0 20000
227 NCO+Mb ⇐⇒ N+CO+Mb 3.10E+14 0 54050
228 NCO+NO⇐⇒ N2O+CO 1.90E+17 -1.5 740
229 NCO+NO⇐⇒ N2+CO2 3.80E+18 -2 800
230 HCN+Mb ⇐⇒ H+CN+Mb 1.04E+29 -3.3 126600
231 HCN+O⇐⇒ NCO+H 2.03E+04 2.6 4980
232 HCN+O⇐⇒ NH+CO 5.07E+03 2.6 4980
233 HCN+O⇐⇒ CN+OH 3.91E+09 1.6 26600
234 HCN+OH⇐⇒ HOCN+H 1.10E+06 2 13370
235 HCN+OH⇐⇒ HNCO+H 4.40E+03 2.3 6400
236 HCN+OH⇐⇒ NH2+CO 1.60E+02 2.6 9000
237 H+HCN (+Mb) ⇐⇒ H2CN(+Mb) 3.30E+13 0 0

Low pressure limit: 1.40E+26 -3.40 1900
238 H2CN+N⇐⇒ N2+CH2 6.00E+13 0 400
239 C+N2⇐⇒ CN+N 6.30E+13 0 46020
240 CH+N2⇐⇒ HCN+N 3.12E+09 0.9 20130
241 CH+N2(+Mk) ⇐⇒ HCNN (+Mk) 3.10E+12 0.2 0

Low pressure limit: 1.30E+25 -3.16 740
Troe parameters:α= 6.67E-01T ∗∗∗= 235 T ∗= 2117 T ∗∗= 4536

242 CH2+N2⇐⇒ HCN+NH 1.00E+13 0 74000
243 CH2(S)+N2⇐⇒ NH+HCN 1.00E+11 0 65000
244 C+NO⇐⇒ CN+O 1.90E+13 0 0
245 C+NO⇐⇒ CO+N 2.90E+13 0 0
246 CH+NO⇐⇒ HCN+O 4.10E+13 0 0
247 CH+NO⇐⇒ H+NCO 1.62E+13 0 0
248 CH+NO⇐⇒ N+HCO 2.46E+13 0 0
249 CH2+NO⇐⇒ H+HNCO 3.10E+17 -1.4 1270
250 CH2+NO⇐⇒ OH+HCN 2.90E+14 -0.7 760
251 CH2+NO⇐⇒ H+HCNO 3.80E+13 -0.4 580
252 CH2(S)+NO⇐⇒ H+HNCO 3.10E+17 -1.4 1270
253 CH2(S)+NO⇐⇒ OH+HCN 2.90E+14 -0.7 760
254 CH2(S)+NO⇐⇒ H+HCNO 3.80E+13 -0.4 580
255 CH3+NO⇐⇒ HCN+H2O 9.60E+13 0 28800
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Reaction A β E
256 CH3+NO⇐⇒ H2CN+OH 1.00E+12 0 21750
257 HCNN+O⇐⇒ CO+H+N2 2.20E+13 0 0
258 HCNN+O⇐⇒ HCN+NO 2.00E+12 0 0
259 HCNN+O2⇐⇒ O+HCO+N2 1.20E+13 0 0
260 HCNN+OH⇐⇒ H+HCO+N2 1.20E+13 0 0
261 HCNN+H⇐⇒ CH2+N2 1.00E+14 0 0
262 HNCO+O⇐⇒ NH+CO2 9.80E+07 1.4 8500
263 HNCO+O⇐⇒ HNO+CO 1.50E+08 1.6 44000
264 HNCO+O⇐⇒ NCO+OH 2.20E+06 2.1 11400
265 HNCO+H⇐⇒ NH2+CO 2.25E+07 1.7 3800
266 HNCO+H⇐⇒ H2+NCO 1.05E+05 2.5 13300
267 HNCO+OH⇐⇒ NCO+H2O 3.30E+07 1.5 3600
268 HNCO+OH⇐⇒ NH2+CO2 3.30E+06 1.5 3600
269 HNCO+Mb ⇐⇒ NH+CO+Mb 1.18E+16 0 84720
270 HCNO+H⇐⇒ H+HNCO 2.10E+15 -0.7 2850
271 HCNO+H⇐⇒ OH+HCN 2.70E+11 0.2 2120
272 HCNO+H⇐⇒ NH2+CO 1.70E+14 -0.8 2890
273 HOCN+H⇐⇒ H+HNCO 2.00E+07 2 2000
274 HCCO+NO⇐⇒ HCNO+CO 9.00E+12 0 0
275 CH3+N⇐⇒ H2CN+H 6.10E+14 -0.3 290
276 CH3+N⇐⇒ HCN+H2 3.70E+12 0.2 -90
277 NH3+H⇐⇒ NH2+H2 5.40E+05 2.4 9915
278 NH3+OH⇐⇒ NH2+H2O 5.00E+07 1.6 955
279 NH3+O⇐⇒ NH2+OH 9.40E+06 1.9 6460
280 NH+CO2⇐⇒ HNO+CO 1.00E+13 0 14350
281 CN+NO2⇐⇒ NCO+NO 6.16E+15 -0.8 345
282 NCO+NO2⇐⇒ N2O+CO2 3.25E+12 0 -705
283 N+CO2⇐⇒ NO+CO 3.00E+12 0 11300
284 O+CH3=⇒ H+H2+CO 3.37E+13 0 0
285 O+C2H4⇐⇒ H+CH2CHO 6.70E+06 1.8 220
286 O+C2H5⇐⇒ H+CH3CHO 1.10E+14 0 0
287 OH+HO2⇐⇒ O2+H2O 5.00E+15 0 17330
288 OH+CH3=⇒ H2+CH2O 8.00E+09 0.5 -1755
289 CH+H2(+Mb) ⇐⇒ CH3(+Mb) 1.97E+12 0.4 -370

Low pressure limit: 4.82E+25 -2.80 590
Troe parameters:α= 5.78E-01T ∗∗∗= 122 T ∗= 2535 T ∗∗= 9365

290 CH2+O2=⇒ 2H+CO2 5.80E+12 0 1500
291 CH2+O2⇐⇒ O+CH2O 2.40E+12 0 1500
292 CH2+CH2=⇒ 2H+C2H2 2.00E+14 0 10989
293 CH2(S)+H2O=⇒ H2+CH2O 6.82E+10 0.3 -935
294 C2H3+O2⇐⇒ O+CH2CHO 3.03E+11 0.3 11
295 C2H3+O2⇐⇒ HO2+C2H2 1.34E+06 1.6 -384
296 O+CH3CHO⇐⇒ OH+CH2CHO 2.92E+12 0 1808
297 O+CH3CHO=⇒ OH+CH3+CO 2.92E+12 0 1808
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Reaction A β E
298 O2+CH3CHO=⇒ HO2+CH3+CO 3.01E+13 0 39150
299 H+CH3CHO⇐⇒ CH2CHO+H2 2.05E+09 1.2 2405
300 H+CH3CHO=⇒ CH3+H2+CO 2.05E+09 1.2 2405
301 OH+CH3CHO=⇒ CH3+H2O+CO 2.34E+10 0.7 -1113
302 HO2+CH3CHO=⇒ CH3+H2O2+CO 3.01E+12 0 11923
303 CH3+CH3CHO=⇒ CH3+CH4+CO 2.72E+06 1.8 5920
304 H+CH2CO(+Mb) ⇐⇒ CH2CHO(+Mb) 4.87E+11 0.4 -1755

Low pressure limit: 1.01E+42 -7.63 3854
Troe parameters:α= 4.65E-01T ∗∗∗= 201 T ∗= 1773 T ∗∗= 5333

305 O+CH2CHO=⇒ H+CH2+CO2 1.50E+14 0 0
306 O2+CH2CHO=⇒ OH+CO+CH2O 1.81E+10 0 0
307 O2+CH2CHO=⇒ OH+2HCO 2.35E+10 0 0
308 H+CH2CHO⇐⇒ CH3+HCO 2.20E+13 0 0
309 H+CH2CHO⇐⇒ CH2CO+H2 1.10E+13 0 0
310 OH+CH2CHO⇐⇒ H2O+CH2CO 1.20E+13 0 0
311 OH+CH2CHO⇐⇒ HCO+CH2OH 3.01E+13 0 0
312 CH3+C2H5(+Mb) ⇐⇒ C3H8(+Mb) 9.43E+12 0 0

Low pressure limit: 2.71E+74 -16.82 13065
Troe parameters:α= 1.53E-01T ∗∗∗= 291 T ∗= 2742 T ∗∗= 7748

313 O+C3H8⇐⇒ OH+C3H7 1.93E+05 2.7 3716
314 H+C3H8⇐⇒ C3H7+H2 1.32E+06 2.5 6756
315 OH+C3H8⇐⇒ C3H7+H2O 3.16E+07 1.8 934
316 C3H7+H2O2⇐⇒ HO2+C3H8 3.78E+02 2.7 1500
317 CH3+C3H8⇐⇒ C3H7+CH4 9.03E-01 3.7 7154
318 CH3+C2H4(+Mb) ⇐⇒ C3H7(+Mb) 2.55E+06 1.6 5700

Low pressure limit: 3.00E+63 -14.60 18170
Troe parameters:α= 1.89E-01T ∗∗∗= 277 T ∗= 8748 T ∗∗= 7891

319 O+C3H7⇐⇒ C2H5+CH2O 9.64E+13 0 0
320 H+C3H7(+Mb) ⇐⇒ C3H8(+Mb) 3.61E+13 0 0

Low pressure limit: 4.42E+61 -13.55 11357
Troe parameters:α= 3.15E-01T ∗∗∗= 369 T ∗= 3285 T ∗∗= 6667

321 H+C3H7⇐⇒ CH3+C2H5 4.06E+06 2.2 890
322 OH+C3H7⇐⇒ C2H5+CH2OH 2.41E+13 0 0
323 HO2+C3H7⇐⇒ O2+C3H8 2.55E+10 0.3 -943
324 HO2+C3H7=⇒ OH+C2H5+CH2O 2.41E+13 0 0
325 CH3+C3H7⇐⇒ 2C2H5 1.93E+13 -0.3 0

(A: frequency factor,β: pre-exponential temperature exponent,E: activation

energy)
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Fall off reaction in the Troe form:Fcent = (1−α) exp(−T/T ∗∗∗)+α exp(−T/T ∗)+

exp(−T ∗∗/T )

Ma : H2/2.40/ H2O/15.40/ CH4/2.00/ CO/1.75/ CO2/3.60/ C2H6/3.00/ AR/0.83/

Mb : H2/2.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/0.70/

Mc : H2/2.00/ O2/6.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/3.50/ C2H6/3.00/

AR/0.50/

Md : O2/0.00/ H2O/0.00/ CO/0.75/ CO2/1.50/ C2H6/1.50/ N2/0.00/ AR/0.00/

Me : H2/0.00/ H2O/0.00/ CH4/2.00/ CO2/0.00/ C2H6/3.00/ AR/0.63/

Mf : H2/0.73/ H2O/3.65/ CH4/2.00/ C2H6/3.00/ AR/0.38/

Mg : H2/2.00/ H2O/6.00/ CH4/3.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/0.70/

Mh : H2/2.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

Mi : H2/2.00/ H2O/0.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

Mj : H2/2.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/0.625/

Mk : H2/2.00/ H2O/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/1.0/
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