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Chapter 1

Introduction

1.1 Development of Science and Technology

1.1.1 Ancient Greek and Middle Ages in Europe

Since the dawn of history, science and technology have been developed by wisdom

and techniques of human beings. A lot of philosophers in ancient Greek tried to

find the root of the universe in order to figure out the principle which subjects the

universe. Thales thought ”Water” is a first principle and everything comes from

water. Heraclitus of Ephesus regarded ”Fire” as the basic element, and he thought

all things move and nothing remains still. Pythagoras believed ”Number” as an

alche.

Aristotle, who was the greatest philosopher in ancient Greek and is known as

the father of all study, proposed four basic elements in the world, ”Fire”, ”Water”,

”Air” and ”Earth”. This thought was derived from Empedocles’s four-element-

hypothesis. However, for Aristotle, these four elements were the matters which

assume the four fundamental qualities, ”hot”, ”cold”, ”dry” and ”wet”, which

cannot be reduced any more. In this mean, Aristotle thought that the qualities are

the principal elements composing nature.

On the other hand, Leukippos and Dēmokritos thought the universe is com-

posed of atom which cannot be divided any more. This atomic hypothesis is

similar to the modern atomic theory in part. Although Epicurus further developed
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CHAPTER 1. INTRODUCTION

the hypothesis, it ended for the denial by people of the Academia.

Aristotle studied about nature in the actual world, differently from his teacher,

Plato. He wrote many books in various fields such as art, ethics, physics, astron-

omy, aerology, zoology, botany and so on. His thoughts and studies have signif-

icantly influenced the progress of science, and the diminish of it unexpectedly as

follows.

As a consequence of the anabasis of Alexander the Great, who was a student

of Aristotle, Hellenistic was born over the east coast of the Mediterranean Sea

and the oriental region. Subsequently, the Roman Empire flourished in Europe

over 300 years, and Christianity became the established religion of the Roman

Empire. After the Roman age, Christianity had a strong power in medieval Eu-

rope. Augustine established theology, which studies about Christianity. He gave a

strong authority to it, and he thought unknown phenomena should be understood

as unknown. In addition, he considered it good attitude to be unconcerned about

the principle of nature, because interrogation beyond the Bible was contrary to

the Christian beliefs. At the late middle ages, Islam came to contact with Chris-

tendom of Europe. From Islam, Greek culture which had been missed in Europe

after Roman era was reimported. Especially, books of Aristotle received a lot of

attention from European in these days. Albertus Magnus and Thomas Aquinas

integrated their theology with Aristotelian physics, and then they accomplished

Scholasticism. Scholasticism completely dominated the academism in Europe

during the middle ages, so it contributed to the progress but mainly diminish of

science. In this way, the influence of Aristotle was authorized by Scholasticism

of Christianity, and this authority reminded strong for a long time. Aristotelian

physics dominated perspectives of natural science of European over 1,000 years.

This is not only because of cozy relations with Christianity, but also of the great

and comprehensive Aristotelian ethics and metaphysical philosophy.

2



CHAPTER 1. INTRODUCTION

1.1.2 The Renaissance and Dawn of Modern Natural Science

These situations for scientific study began to change in the Renaissance at last. In

the Renaissance, a lot of knowledge was introduced into European through Chris-

tian Crusade, and many European intellectuals were interested in the knowledge.

Additionally, the thoughts that it had been regarded as heresy in a society of me-

dieval Christianity such as Hermeticism, and a possibility of utilizing forces of

nature by understanding the law of it without relying on wired had began to be

discussed openly in the Renaissance.

Furthermore, it is enormously noticeable that some intellectuals who recog-

nized the advantage of knowledge developed by craftspeople and magicians ap-

peared. In this age, almost intellectuals usually regarded handwork as unimpor-

tant and only studied about interpretation of ancient books. Before the days of the

Renaissance, of course, there were both demonstrative knowledge and technical

knowledge in many civilizations, however, they had kept away from each other. It

was only the European civilization at this time to achieve an integration of these

two knowledge.

Modern natural science started in this movement. Its essence was physical and

mathematical understanding of natural phenomena which had been represented in

occult element before. Here, one big problem occurred. Modern natural science

was inconsistent with Aristotelian physics, which had influenced all studies for

more than 1,000 years because of authority given by middle age Scholasticism. As

mentioned above, Aristotelian physics is not suitable for quantification, because

the qualities are the principal element in it. On the other hand, the object of

modern natural science is to find out the mathematical law of natural phenomena

based upon an accurate measurement and a precise observation. The experiment

of Galilei is a good representation of it. Galilei established a method of modern

science which consists of hypothesis, argument and experiment. He conducted the

precise experiments with the use of sophisticated experimental instrument, and
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CHAPTER 1. INTRODUCTION

found out the concept of acceleration. His manners for experiment have affected

the development of science and technology.

In the field of astronomy, revolution of the perspective of the universe started

in suggestion of the heliocentric theory by Copernicus against the geocentric the-

ory believed from ancient Greek. The perspective on the universe based on the

heliocentric theory finally came to Newton by the hands of Kepler, Galilei and

Hook. Newton found out a gravity described in mathematical function through

the detailed observation data by Kepler, and he clarified a dynamics of the solar

system based on a gravity. This means motion of a planet in the universe and

an object in the world follows the same physical law. Here, the new perspective

on the universe was eventually born alternative to the system of planetary mo-

tion from ancient Greek. The clarification of the laws which dominates the world

became a main driving force of the development of modern natural science.

In addition, it is also noted that the new technology which was invented and

developed from twelve century, such as compass, black gunpowder, cast iron,

paper, typography, lens and so on, significantly influenced on the formation of

these natural science. Then, further development was achieved in the field of

industrial technology in accordance with an advance of natural science as follows.

Science and technology became complementary with each other from this time.

1.1.3 Industrial Revolution and Thermodynamics

Industrial Revolution in England at eighteenth century dramatically changed the

life of people by drastic improvement of productivity, and has significantly in-

fluenced a global situation after age. Realization of Industrial Revolution was

triggered by an invention and improvement of a steam engine. The origin of a

steam engine was Huygens invention of the model of piston driving by gunpow-

der. Denis Papin replaced the working material of the engine from gunpowder,

which was difficult to control, to steam of water. The steam engine, literal mean-

ing of the word, was made, however, it was only laboratory scale and far from
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CHAPTER 1. INTRODUCTION

practical use. Thomas Newcomen improved the idea and made the Newcomen

engine in early eighteenth century, which was the first steam engine as product.

After fifty years, James Watt attended to the Newcomen engine. The improve-

ment by Watt was different from other improvements which was ad hoc, depend-

ing on experience and guess. He did improvement the steam engine with through-

out theoretical considering, so Watt engine brought out the essential feature of the

thermal engine and can be verified in principle discussion. It is said that about

75% of fuel was reduced by improvement of Watt. Here, practical realization and

improvement of a steam engine had the strong impact to the European society by

showing an application of ”fire” to power, because they had known only the water,

wind, animal and human as a source of power. Fire had been used for air heating

and cooking at most.

In addition, a steam engine made a huge contribute to the development of

”thermology”. There were some main theories in thermology discipline in this

time, such as caloric theory. From the study of efficiency of a steam engine, Sadi

Carnot gave the answer about the problem whether there was principal limitation

to a generation of a power from heat, or not. Carnot showed that it needs differ-

ence of temperature to generate a power, and a maximum efficiency is determined

by only temperature. On the other hand, Myer and Joule insisted the heat-work

equivalence and the conservation of them in entire system. The insistence seemed

to be inconsistent with the Carnot’s theory that it needs the particular condition

to generate a power from heat. Through the Carnot’s theory and Meyer and Joule

insists, Clasius and Thomson established the ”thermodynamics”. It was based on

the conservation of energy and entropy enhancement, which means irreversible

process exists in nature. From a steam engine, thermodynamics was established

and the concept of energy was spread over the world. Then, based on the thermo-

dynamics, many industrial machines have been produced.

5



CHAPTER 1. INTRODUCTION

1.2 Energy and Environmental Problems

1.2.1 Consumption of Fossil Fuels andCO2 Emission

After the Industrial Revolution, the human desire for improvement of life has

been no limitation, and science and technology have continued to be developed

in response to it. Various industries made it possible to supply a large number of

products and service, and social structures of the world have been changed. As a

result, high civilized societies have been constructed in many regions, nowadays.

However, fossil fuels, which had been stockpiled for long time, have been rapidly

consumed by human beings from the Industrial Revolution to the present. The

problem for exhaustion of fossil fuels by further consumption is deeply serious

because of the limitation of its availability. Figure 1.1 shows the development

and prediction of energy consumption for fossil fuels in the world [1]. The total

consumption is predicted to be doubled in 2030 compared with that in 1990.

Additionally, increase of use of fossil fuels has large influence on the global

environment, for example, air pollution has gone from bad to worse year after

year all over the world. Among many environmental problems, global warming

is considered to be most serious. The main cause of global warming is thought

as the increase of the Green house gas. In particular, suppression of emission

of CO2, which is main matter in Green house gas, has been desired globally.

Figure 1.2 shows the development of CO2 emission from consumption of fossil

fuels [2]. CO2 emission has rapidly increased year by year. The Kyoto Protocol,

whose object is the prevention of global warming, was concluded at the COP 3,

on December 11th, 1997. Under the Kyoto Protocol, Japan has pledged to reduce

its 1990 emissions by 6% by 2012.

The large part of CO2 emission is from many combustors such as automobile

engines and gas turbine engine. In particular, rate of contribution from automobile

to entire CO2 emission in Japan is about 20%. From these points, the development

of high efficiency and low environment load combustors has large contribute to

solve the energy and environmental problems.
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1.2.2 Fire and Combustor

The combustor generates a power by using fire. Before the dawn of history, fire

was forceful tool and mystery for human beings. There have been the rites and

worship of fire from primitive age to nowadays. In about sixth century B.C.,

Zoroastrianism, which worships a fire as an arcanum, had been founded by Zoroas-

tar, and it became the established religion in the Persia. In ancient Greek, Hera-

clitus regarded a fire as a basic element. The story about ”Prometheus’s fire” in

Greek myths has been well known as good suggestion of the risk for using fire by

human beings. In Japan, many Fire Festivals, which enshrine God by making a

fire, have been held for a long time.

Investigations of a fire in natural science were activated from the Renaissance.

In the end of seventeenth century, the phlogiston theory was proposed by some

scientists. This theory insisted that burning of matter was caused by the phlogis-

ton, and combustible materials had a lot of the phlogiston. Then, the clarification

of the phenomenon of oxidization ended the phlogiston theory at eighteenth cen-

tury. From this sense, the modern study of combustion started. Then, the use of

a fire in industry has explosively expanded all over the world, being coupled with

the Industrial Revolution.

At the present days, it has becomes more important to make combustors ef-

ficient, such as internal-combustion engine and industrial burner reactor, so the

improvement of conversion efficiency from heat energy by combustion to me-

chanical work has been needed. In addition, because the problems of toxic emis-

sions from combustors are very serious, it needs to clarify the detailed mecha-

nism of toxic emissions. For achieve these, the establish of low emission and

high efficiency combustion control technology based on accurate understanding

of combustion phenomena is essential.

In many industrial combustors, spray combustion has been applied, such as gas

turbine engine, diesel and direct injection engines, because of its controllability

and applicability to various flame configurations. However, the phenomena in
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spray combustion are very complex, since it consists of several processes such as

atomization, dispersion of fuel droplet, their evaporation, vapor mixing, ignition,

and they proceed simultaneously with interaction between each other. Therefore,

it is necessary to clarify the phenomena in spray combustion in detail to make

combustors more efficient. The recent researches about each process are shown in

later chapters.

In particular, since the influence of flow field in a combustor on these pro-

cesses is very significant, to clarify the relationship between them is important.

However, flow field in a combustor is commonly turbulent, so the clarification is

quite difficult for complexity of the flow structure. From this reason, understand-

ing of turbulent phenomena is needed.
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1.3 Turbulence

1.3.1 Study on Turbulence

Turbulence, which is essentially complicated phenomenon, is observed in almost

all flows in both the natural environments and many practical engineering pro-

cesses. The basic understanding of turbulence phenomenon or its physics is very

important for controls and prediction of many industrial applications. Thus, tur-

bulence has been unceasingly investigated for several decades to understand its

essential physics and to develop turbulence models.

The studies on equations of viscous fluid motion started by Navier in nine-

teenth century, and Stokes had finally accomplished it. In the late of nineteenth

century, Reynolds conducted the visualization experiments on circular tube flow,

and he clarified that disturbed flows are observed over the critical point with

increase of flow rate. From some parameters of the flow and tube conditions,

Reynolds derived non-dimensional number, Reynolds number, and he found out

that disturbed flow, turbulence, is observed at high Reynolds number. In addi-

tion, he showed the dynamical effect of disturbance in turbulence as turbulent

stress. This stress has been used by many theories and experiments in turbulence

research.

As mentioned above, technologies have been developed after Industrial Rev-

olution. In particular, the developments of a motor vehicle and an aircraft were

significant, so the studies on turbulence were activated in accordance with these.

Many researchers, Prandtl, Karman, Pohlhausen and so on, suggested a lot of

theories of fluid mechanics, and these theories derived some turbulence models.

In the fields of turbulence theory, isotropic turbulence theory by Taylor, local

isotropic turbulence theory and prediction of inertial sub-range by Kolmogorov

were suggested around the same time.

From the 1960’, computational technology has rapidly progressed, and com-

putational simulation of turbulence and turbulent heat transfer has started. In these

simulations, direct numerical simulation (DNS) is an important tool in turbulence

10
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research because DNS can provide exact three-dimensional velocity field which

is available to investigate three-dimensional structures of turbulence in detail. In

DNS, the governing equations are solved numerically on a fine calculation grid

without any turbulence models. Recently, DNSs of high-Reynolds turbulent flows

have been conducted using vector/parallel super computers with a high-speed op-

erating system and huge memory.

1.3.2 Coherent Fine Scale Structure in Turbulence

Theoretical description of intermittent character in small-scale motions has been

studied one of the most important subjects in turbulence research. Theorists have

made efforts to establish theories of fine scale structure in turbulence by assuming

various types of vortices as fine scale structure [4][5][6][7][8]. Most of them are

based on an assumption that many tube-like vortices are embedded in turbulence

randomly. Each vortex is considered to be an analytical solution of Navier-Stokes

equations; for example a Burger’s vortex.

Recent DNS studies of turbulent flows have clarified that turbulence is com-

posed of many fine scale tube-like vortices [9][10][11][12][13][15][16]. Tana-

hashi et al. [10][11][12][13][14] have shown that the diameter and the maximum

azimuthal velocity of these fine scale vortices can be scaled by the Kolmogorov

length (η) and the Kolmogorov velocity (uk), respectively. The most expected di-

ameter is about 8 timesη and the most expected maximum azimuthal velocity is

about 1.2 timesuk except for the fine scale vortices near the wall [13]. Here, it

should be noted that variance of the diameter and the maximum azimuthal velocity

are relatively large. The maximum azimuthal velocity of intense fine scale vortices

whose diameter are about 8η reaches about3 ∼ 4 times r. m. s. of velocity fluc-

tuation (urms). These intense vortices are closely related with the intermittency

of turbulent energy dissipation rate. On the other hand, there are vortex structure

which has large diameter, and their maximum azimuthal velocity approachesurms

with the increase of diameter.
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These fine scale vortices have been found in various turbulent flow fields; ho-

mogeneous isotropic turbulence [10][11], turbulent mixing layers [12][16], turbu-

lent channel flows [13][15], turbulent Taylor-Couette flow [17] and so on, shown

in Fig. 1.3. Since these fine scale tube-like vortices show similar characteristics

and weak Reynolds number dependence, these vortices are called as a ”coherent

fine scale eddy”, and regarded as a universal structure of turbulence.

Furthermore, Tanahashi et al.[11], who investigated three-dimensional struc-

ture of the coherent fine scale eddy, have suggested that the axis of the coherent

fine scale eddy has several nodes which are identified as the minima of the second

invariant of the velocity gradient tensor on the axis as shown in Fig. 1.4.

Even for complicated turbulent flows in a engineering combustor, the coherent

fine scale eddies exist and may play important roles on the droplet dispersion,

evaporation and mixing because they show strong swirling motion around them.

Therefore, it is considered that spray combustion can be more efficient by adopting

the droplet whose time scale is suitable for dispersion, evaporation, vapor mixing

and ignition, based on the time scale of the coherent fine scale eddy in turbulence

of combustor.
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Homogeneousisotropic turbulence

Mixing layer

Channelflow

Figure 1.3: Isosurfaces of the second invariant of the velocity gradient tensor for
various flow fields.
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2.4uk

Figure 1.4: The axis of a typical coherent fine scale eddy in homogeneous
isotropic turbulence.
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1.4 Future Perspective

On 11 March 2011, many precious lives were lost in the Great East Japan Earth-

quake. In addition, the serious accident at the Fukushima No.1 nuclear power

plant has given a strong impact on not just Japan but all over the world. Then, it

makes the prediction and the policy for energy supply overturned, completely.

From the theory of relativity derived by Einstein in 1905, the concept of en-

ergy, which had been based on the thermodynamics, was further extended. It is

noted that ”nuclear power” was created only through the physical theory. It is

different from the natural powers such as, water, wind and fire, which began with

experience and practical use. Nuclear bomb was purely derived from the brains

of the physicians. Nuclear power plant is a byproduct of it. Here, the technology

which was perfectly leaded by the science theory was born in this way, so the use

of nuclear power is one of the goals of science and technology, developed from

the dawn of the history.

However, the nuclear power plant of Fukushima No.1 made by the essence of

the developed technologies was broken by natural threats, and many people were

forced out of the place they lived. In addition, even more people have been scared

of the radioactive materials.

The discussion about energy problems has been accelerated, and a great deal

of attention has focused on a natural energy, in particular, renewable energy. In an-

cient Greek, Alistotle proposed four basic elements in the world, ”Fire”, ”Water”,

”Air” and ”Earth”. At the present, we have to make a better use of the natural

material and phenomena, ”Fire”, ”Water”, ”Air”, to keep the ”Earth” be clean

for future generation. For achieving that, it is necessary not only to develop the

science and technology further and further, but also to advance the wisdom and

techniques of human beings.
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CHAPTER 1. INTRODUCTION

1.5 Objectives

The main objective of the present study is to clarify the relationships between the

coherent fine scale structure regarded as a universal structure in turbulence and

each process in spray combustion by direct numerical simulations. The objectives

in each chapters are as follows.

In chapter 2, to clarify the relationship between particle dispersion and the

coherent fine scale eddies, DNSs of homogeneous isotropic turbulence with parti-

cles which have different Stokes number are conducted for three Reynolds number

cases.

In chapter 3, to clarify the relationships between droplet dispersion, vapor

mixing and the coherent fine scale eddies, DNSs of homogeneous isotropic tur-

bulence with evaporating n-heptane droplets which have different initial Stokes

number are conducted for two Reynolds number cases.

In chapter 4, to clarify the effects of turbulence on the ignition and flame

propagation process, DNSs of ignition and propagation of n-heptane/air premixed

flame in two-dimensional homogeneous isotropic turbulence are conducted, in-

cluding reduced kinetic reaction of n-heptane/air mixture with temperature de-

pendence of the transport and thermal properties.

In chapter 5, to clarify the relationship between the ignition in spray combus-

tion and the coherent fine scale eddies, DNS of homogeneous isotropic turbulence

with evaporating n-heptane droplets under high temperature condition are con-

ducted, including reduced kinetic reaction of n-heptane/air mixture with tempera-

ture dependence of the transport and thermal properties.
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Chapter 2

Particle Dispersion in Fine Scales of
Homogeneous Isotropic Turbulence

2.1 Preface

Turbulent flows laden with particles can be observed in many engineering applica-

tions and natural phenomena. The controls of turbulence and enhancement of heat

transfer by particle injections are very important to improve efficiency of appli-

cations. Therefore, for effective controls, it is required to clarify the relationship

between turbulence structures and particle dispersion.

A number of studies on dispersion of particle in turbulence have been con-

ducted by numerical and experimental approaches. Squires and Eaton [18][19]

have shown that particles whose time scale are about Kolmogorov time scale con-

centrate in low vorticity and high strain rate regions in homogeneous isotropic

turbulence by DNS. This dispersion phenomenon is called as ”preferential con-

centration”, and same phenomenon has been observed in various turbulent fields

studied by numerical [20][21][22][23][24] and experimental [25][26] approaches.

In the recent studies [27][28][32], the length scale of particle clusters and their

dependence on the particle Stokes number has been investigated. Aliseda et al.

[27] have studied the behavior of particles in decaying homogeneous isotropic

turbulence experimentally, and shown that the length scale where the particle con-

centration is most correlated is the order of 10 times Kolmogorov length scale by
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adapting the methods proposed by Fessler et al. [25] and Wang and Maxey [20].

However, they have not mentioned what kind of turbulence structures creates

these small scale clusters. Yoshimoto and Goto [28] have shown that distribution

of particles whose time scale are within the inertial scale of turbulence has a self-

similar multi-scale nature from their DNS results. They suggested that not only

small scale vortices but also large scale ones affect the clustering of particles.

These characteristics have also been shown by Bec et al. [32]. In these studies,

the definition of vortex structure is vague, and vortex structures which determine

the particle clustering have not been clarified.

The objective of this chapter is to clarify the relationship between particle

dispersion and coherent fine scale eddies by conducting DNS of homogeneous

isotropic turbulence with particles which have different Stokes number.

2.2 Numerical Method

Multiphase flow, which is composed of continuous phase and dispersed phase

such as particles and droplets, has been modeled in some mathematical presen-

tations. The continuum model is that both continuous phase and dispersed phase

are treated as an Eulerian frame. The Eulerian-Lagrangian model is that continu-

ous phase is calculated as an Eulerian frame, and dispersed phase are tracked in a

Lagrangian approach as mass point.

In the Eulerian-Lagrangian model, the equation and concept are relatively sim-

ple, so this model is more appropriate for numerical simulation. The disadvantage

of this model is that computational cost becomes so large with increase of number

of particle. In this study, fluid flow is treated in an Eulerian frame, and particles

are tracked in a Lagrangian frame.
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2.2.1 Governing Equations

The governing equations of flow field are following continuity equation and in-

compressible Navier-Stokes equations;

∂ui

∂xi

= 0 , (2.1)

∂ui

∂t
+ uj

∂ui

∂xj

= − ∂p

∂xj

δij +
1

Re

∂2ui

∂x2
i ,

(2.2)

wherep andδij are a pressure and the Kronecker delta.Re is the Reynolds number

based onL/2π and initialurms. L is a length of a computational box.

2.2.2 Equations of Particle Motion

In this study, volume of particle is assumed to be zero and the particle is tracked in

a Lagrangian approach as mass point, because the scale of particle is far smaller

than Kolmogorov scale of turbulence. The Basset-Boussinesq-Ossen equation is

equation of motion of hard-sphere particle in flow field as follows [33];(
4

3
πr3

pρp

)
=6πrpµ(uf [xp(t), t] − up(t))

+

(
4

3
πr3

pρf

)
Duf

Dt
|xp(t)

+
1

2

(
4

3
πr3

pρf

)(
dup

dt
− Duf

Dt
|xp(t)

)
+6r2(πρf )

1/2

∫ t

t0

d
dτ

(uf [xp(τ), τ ] − up(τ))

(t − τ)1/2
dτ

+

(
4

3
πr3

p

)
(ρp − ρf )g,

(2.3)

where subscriptsp andf represent particle and fluid, respectively.r andµ are a ra-

dius of droplet and a fluid viscosity. The terms of right-hand side of this equation

represent drag force of flow based on Stokes’s law, the force by pressure gradient

and viscous stress of flow, inertia force of additional mass, viscous force by un-

steady relative acceleration (Basset history) and buoyancy force. It is noted that
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some other forces are ignored in the process of derivation of this equation for the

complexity of particle motion in turbulence. In general, drag and buoyancy force

of flow is dominant as compared with other terms. In addition, if the density of

dispersed phase is much larger than that of flow field, only drag force is dominant.

In the case of motion of particle in static fluid or at the moment of particle relative

motion to flow field, Basset history and inertia force of additional mass become

important. These effects can be ignored by enough computational time.

In this chapter, the equations of particle motions are given by follows based

on these assumptions;

dup

dt
=

1

τp

(uf [xp(t), t] − up(t)) , (2.4)

dxp

dt
= up . (2.5)

Here,τp is the particle response time defined by follows;

τp =
ρp

ρf

Dp
2

18ν ,
(2.6)

whereDp andν area diameter of particle and the kinematic viscosity of fluid. The

motions of particles are analyzed for several particle response times using instan-

taneous velocity field of fluid obtained by DNS, where fluid velocity at particle

position is estimated by a fourth-order Lagrange interpolation.

2.2.3 Numerical Procedure and Numerical Conditions

To solve the governing equations, the spectral methods are used in all directions.

The spatial derivatives are evaluated by Fourier spectral methods because bound-

ary conditions are assumed to be periodic. The spectral methods deal with peri-

odic functions specified by the values at a set of uniformly spaced points with the

aid of a discrete Fourier series as follows;

û(kx, ky, kz, t)

=
1

NxNyNz

Nx−1∑
j=0

Ny−1∑
k=0

Nz−1∑
l=0

u(xj, yk, zl, t) exp(−ikxxj − ikyyk − ikzzl),
(2.7)
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and Fourier coefficient̂u(kx, ky, kz, t) is transformed back to physical space by

u(xj, yk, zl, t)

=

Nx/2−1∑
kx=−Nx/2

Ny/2−1∑
ky=−Ny/2

Nz/2−1∑
kz=−Nz/2

û(kx, ky, kz, t) exp(ikxxj + ikyyk + ikzzl).
(2.8)

The aliasing errors, which are involved in the nonlinear terms, are fully removed

by the 3/2 rule. Time advancement is conducted by a low storage third-order

Runge-Kutta scheme as follows.

∆uk =

(
∂uk

∂t

)
× 1

3
∆t

uk′ =uk + ∆uk

∆uk′ =

{
5

9
∆uk +

(
∂uk′

∂t

)}
× 15

16
∆t

uk′′ =uk′ + ∆uk′

∆uk′′ =

{
153

128
∆uk′ +

(
∂uk′′

∂t

)}
× 8

15
∆t

uk+1 =uk′′ + ∆uk′′

(2.9)

A second-order Adams-Bashforth scheme is used for time advancement of equa-

tions of particle motions as follows;

un+1
k = un

k + ∆t

(
3

2
Sn

k − 1

2
Sn−1

k

)
. (2.10)

For the first time step, a first-order Euler scheme is used.

un+1
k = un

k + ∆tSn
k (2.11)

In this study, decaying homogeneous isotropic turbulence is used for the flow

field. Homogeneous isotropic turbulence is generally used in fundamental study

of turbulence, because there is no influence of boundary condition, and an analysis

is comparatively easier than other flow fields.

Fully-developed homogeneous isotropic turbulence which was obtained from

preliminary DNS is used for the initial velocity field. DNS are conducted for

Reλ = 60.1 with 128×128×128 grid points,Reλ = 97.1 with 256×256×256 grid

21



CHAPTER 2. PARTICLE DISPERSION IN FINE SCALES OF
HOMOGENEOUS ISOTROPIC TURBULENCE

points andReλ = 175.4 with 512×512×512 grid points. Here,Reλ represents the

Reynolds number based on the Taylor micro scale. The statistics of each initial

flow field are shown in Table 2.1. The computational domain is selected to be

(2π)3. The number of particles is 1 million, and their initial positions are assumed

to be random. Their initial velocities are supposed to be equal to the fluid velocity

at their positions. Figure 2.1 shows isosurface of the second invariant of velocity

gradient tensor and particles.

The Stokes numbers of the particles, which is defined as follows, are shown in

Tables 2.2, 2.3 and 2.4 for each Reynolds number case.

Stf =
τp

τf

(2.12)

In Tables 2.2, 2.3 and 2.4,Stη, Stλ, Stl andStc denote the Stokes numbers based

on Kolmogorov time scale (τη), Taylor time scale (τλ), integral time scale (τl) and

time scale of the coherent fine scale eddy (τc) which is calculated from their most

expected diameter8η and most expected maximum azimuthal velocity1.2uk.

In this chapter, it is assumed that particles do not affect the fluid flow, and the

interactions between particles are neglected. Elghobashi [34] has classified the

interaction between particle and fluid or particles based on the response time and

volume fraction of particle. In the present simulation, since particles are assumed

to be solid particles or droplets and fluid is gas, the ratio of density is nearly 1000.

From this assumption, one-way coupling or two-way coupling can be assumed for

the numerical condition listed in Table 2.2, 2.3 and 2.4 except for PL1 case. Here,

to estimate the effect of particles on fluid motion, additional DNS which considers

the interaction between particle and fluid were conducted for the same turbulence

and the same Stokes numbers of PL1-PL6. The obtained results showed that vor-

tex structures are almost same with those of one-way coupling except for PL1

case. In PL1 case, vortex structure was changed by the particle compared with

one-way coupling case. However, whether effect of particles on fluid is consid-

ered or not, particle distribution in the case is nearly uniform in space because of

the large inertia, and the result shown in following sections is not changed.
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Table 2.1: Statistics of the initial flow filed.

Reλ l λ η urms

60.1 0.997 0.299 0.0196 0.664
97.1 0.918 0.173 0.00907 0.731
175.4 0.918 0.114 0.000434 0.797

Table 2.2: Numerical conditions forReλ = 60.1.

Case τp Stη Stλ Stl Stc

PL1 1.20 10.2 2.65 0.811 1.53
PL2 0.359 3.07 0.794 0.243 0.460
PL3 0.245 2.09 0.542 0.166 0.314
PL4 0.124 1.06 0.274 0.0838 0.158
PL5 0.0587 0.501 0.130 0.0398 0.0751
PL6 0.01329 0.0114 0.00294 0.000901 0.00170

Table 2.3: Numerical conditions forReλ = 97.1.

Case τp Stη Stλ Stl Stc

PM1 0.683 10.8 2.89 0.545 1.62
PM2 0.191 3.04 0.812 0.153 0.456
PM3 0.130 2.05 0.547 0.103 0.307
PM4 0.0636 1.01 0.269 0.0507 0.151
PM5 0.0331 0.523 0.140 0.0264 0.0785
PM6 0.000636 0.0105 0.00269 0.000507 0.00151

Table 2.4: Numerical conditions forReλ = 175.4.

Case τp Stη Stλ Stl Stc

PH1 0.372 10.2 2.61 0.323 1.53
PH2 0.112 3.06 0.786 0.0972 0.459
PH3 0.0759 2.08 0.533 0.0660 0.311
PH4 0.0387 1.06 0.272 0.0337 0.159
PH5 0.0184 0.504 0.130 0.0160 0.0757
PH6 0.000387 0.0106 0.00272 0.000337 0.00159
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(a)Reλ = 60.1 (b) Reλ = 97.1

(c) Reλ = 175.4

Figure 2.1: Isosurface of the second invariant of the velocity gradient tensor and
particles.
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2.3 Particle Dispersion in Fine Scale Turbulence

2.3.1 Particle Distributions and Turbulent Structure

Figure 2.2 shows the developments of r. m. s. of the velocity difference between

particle and fluid at the particle position. Here,t+ means the time normalized by

the initial eddy turnover time which is defined by initialurms and integral length.

As the initial velocities of particles were set equal to fluid velocities at the parti-

cles positions, velocity difference increases with time in the initial period except

for small Stokes number cases. After showing the peak, the velocity difference

decreases slowly. In this period, particle motions include no effect of the initial

condition. In this chapter, the results at the final period of each DNS are used for

the analysis of particle motions in homogeneous isotropic turbulence.

There are several methods for identification of vortical structures in turbulent

flows. Extraction of high vorticity or enstrophy regions is the simplest method to

visualize the vortical structures. In previous works related to fine scale structures

in homogeneous isotropic turbulence, high vorticity regions have been used to

identify the intermittent fine scale structure of turbulence [9][42][43][44][45][46]

[47] [48]. However, the high vorticity regions may represent tube-like and sheet-

like structures in a shear flow simultaneously. The tube-like structures are the

core regions which indicate a swirling motion, whereas sheet-like structures are

not vortex cores because these regions include the strong strain rate as well as the

strong rotation rate. In the case of a strong mean shear like the flows near the wall

or center of free shear flows, employment of high vorticity or enstrophy regions

fails to represent coherent eddies.

To solve the problem of the definitions mentioned above, the invariants of the

velocity gradient tensor have been used by many researchers [41][49][50][51].

Chong et al. [50] have classified the local flow pattern in the turbulent flows by

using the characteristic equation for the eigenvalues of the velocity gradient tensor.
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The velocity gradient tensor is given by

Aij =
∂ui

∂xj

. (2.13)

The characteristic equation for the eigenvaluesλ of Eq. (2.13) is given by

λ3 + Pλ2 + Qλ + R = 0, (2.14)

whereP , Q andR indicate the first, second and third invariant of the velocity

gradient tensor, respectively. They are represented as follows;

P = −(A11 + A22 + A33), (2.15)

Q =

∣∣∣∣A11 A12

A21 A22

∣∣∣∣ +

∣∣∣∣A11 A13

A31 A33

∣∣∣∣ +

∣∣∣∣A22 A23

A32 A33

∣∣∣∣
=

1

2
(P 2 − trace[A2]) =

1

2
(WijWij − SijSij),

(2.16)

R =

∣∣∣∣∣∣
A11 A12 A13

A21 A22 A23

A31 A32 A33

∣∣∣∣∣∣ ,

=
1

3
(−P 3 + 3PQ − trace[A3]) =

1

3
(−3WijWjkSki − SijSjkSki).

(2.17)

Here,Sij andWij are the symmetric and antisymmetric parts of the velocity gra-

dient tensorAij, which are given by

Sij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
,

(2.18)

and

Wij =
1

2

(
∂ui

∂xj

− ∂uj

∂xi

)
.

(2.19)

The second invariant of the velocity gradient tensor represents a local balance be-

tween shear strain rate and vorticity magnitude. The vortical structures (coherent

vortices) can be identified as the positiveQ regions of the velocity gradient tensor.

Figures 2.3-2.5 show the distributions of particles and the second invariant of

the velocity gradient tensor on a typical cross-section for each Reynolds number

case. Figures 2.6-2.8 show the velocity vectors of particles and fluid with the

second invariant on the same plane in Fig. 2.3-2.5.
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In these figures, red area means positive second invariant, blue area means

negative one. For the cases ofStη ≈ 0.01 andStη ≈ 10 of Reλ = 60.1, particle

dispersions are nearly uniform in space. The particles withStη ≈ 0.01 can follow

the fluid motion and behave like a fluid element as shown in Fig. 2.6(c). On the

other hand, particles withStη ≈ 10 cannot follow the fluid motion and they are

moving independent to the fluid flow due to their strong inertia as shown in Fig.

2.6(a). These characteristics result in nearly homogeneous distribution in space

for both cases. In other Reynolds number cases, the tendency of particle distribu-

tion is almost same ofReλ = 60.1 case. However, note that particle distribution

shows large-scale fluctuation in space forStη ≈ 10 of large Reynolds number

cases, which might be caused by a large-scale turbulence structure [22][35]. For

the case ofStη ≈ 1.0, particle dispersion shows non-uniform distribution in space.

They tend to present around high second invariant regions, and the rotating mo-

tions of particles around these regions are observed clearly in Figs. 2.6(b) - 2.8(b).

2.3.2 Statistical Characteristics of Particle Distribution

Figure 2.9 shows probability density functions (PDFs) of the second invariant

of the velocity gradient tensor at the particle position for each Reynolds number

case. For comparison, PDF of the second invariant of the whole flow field is

plotted by a solid line. The second invariant is normalized by Kolmogorov length

and Kolmogorov velocity. Here after, all of variables with an asterisk denote

this normalization. For large and small Stokes number cases, probabilities of the

second invariant at the particle positions nearly coincide with those of the whole

flow field. This result suggests that the spatial distribution of particles has no

correlation with the second invariant. However, for the cases of particular Stokes

number, probabilities of particles in high second invariant region decrease and

those in negative second invariant region increase. This tendency is significant

for the case ofStη = 0.5 ∼ 1.0. As mentioned above, it has been reported

that particles with Kolmogorov time scale tend to concentrate in low vorticity
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and high strain rate region [18][19]. As the second invariant is defined byQ =

(WijWij −SijSij)/2, negative second invariant regions do not always correspond

to low vorticity and high strain rate region.

Figures 2.10 and 2.11 show PDFs ofWij
∗Wij

∗ andSij
∗Sij

∗ at the particle posi-

tion for each Reynolds number case. The probabilities of particles with particular

Stokes number are low in the high vorticity region, whereas probabilities for all

investigated Stokes number show nearly same profile for all range of the strain

rate. These results imply that the balance of vorticity and strain rate is important

to determine the preferential distribution of particle in turbulence.
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Figure 2.2: Developments of the velocity difference between the particle and fluid.
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(a)Stη = 10.2 (b) Stη = 3.07

(c) Stη = 2.09 (d) Stη = 1.06

(e)Stη = 0.501 (f) Stη = 0.0114

Figure 2.3: Distributions of particles and the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 60.1.
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(a)Stη = 10.8 (b) Stη = 3.04

(c) Stη = 2.05 (d) Stη = 1.01

(e)Stη = 0.523 (f) Stη = 0.0105

Figure 2.4: Distributions of particles and the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 97.1.
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(a)Stη = 10.2 (b) Stη = 3.06

(c) Stη = 2.08 (d) Stη = 1.06

(e)Stη = 0.504 (f) Stη = 0.0106

Figure 2.5: Distributions of particles and the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 175.4.
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(a)Stη = 10.2 (b) Stη = 1.06

(c) Stη = 0.0114 (d) Fluid

Figure 2.6: Particle velocity vectors (a)(b)(c) and fluid velocity vectors (d) with
the second invariant of the velocity gradient tensor on a typical cross-section for
Reλ = 60.1.
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(a)Stη = 10.8 (b) Stη = 1.01

(c) Stη = 0.0105 (d) Fluid

Figure 2.7: Particle velocity vectors (a)(b)(c) and fluid velocity vectors (d) with
the second invariant of the velocity gradient tensor on a typical cross-section for
Reλ = 97.1.
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(a)Stη = 10.2 (b) Stη = 1.06

(c) Stη = 0.0106 (d) Fluid

Figure 2.8: Particle velocity vectors (a)(b)(c) and fluid velocity vectors (d) with
the second invariant of the velocity gradient tensor on a typical cross-section for
Reλ = 175.4.
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Figure 2.9: Probability density functions of the second invariant of the velocity
gradient tensor at the particle position. Solid lines represent flow field.
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Figure 2.10: Probability density functions ofWij
∗Wij

∗ at the particle position.
Solid lines represent flow field.
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Figure 2.11: Probability density functions ofSij
∗Sij

∗ at the particle position.
Solid lines represent flow field.
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2.4 Number Density of Particle around the Coher-
ent Fine Scale Eddies

2.4.1 Identification Scheme of the Coherent Fine Scale Eddy

In this study, axes of the coherent fine scale eddy is extracted from DNS data by

using the method that has been developed in our previous studies [10][11][12][13][16]

to investigate effects of the coherent fine scale eddies on particle dispersion quan-

titatively.

The identification scheme consists of the following steps:

(a) Evaluation ofQ at each collocation point from the results of DNS.

(b) Probability of existence of positive local maximum ofQ near the collocation

points is evaluated at each collocation point fromQ distribution. Because

the case that a local maximum ofQ coincides with a collocation point is

very rare, it is necessary to define probability on collocation points.

(c) Collocation points with non-zero probability are selected to survey actual

maxima ofQ. Locations of maximalQ are determined within the accuracy

of 10−6 by applying a three dimensional 4th-order Lagrange interpolation

to DNS data.

(d) A cylindrical coordinate system (r, θ, z) is considered by setting the maxi-

mal point as the origin. The coordinate system is assumed to have advection

velocity at the origin. Thez direction is selected to be parallel to the vortic-

ity vector at the maximal point. The velocity vectors are projected on this

coordinate and azimuthal velocityuθ is calculated.

(e) Point that has small variance in azimuthal velocity compared with surround-

ings is determined. If the azimuthal velocities atr = 1/5 computational grid

width show same sign for allθ, that point is identified as the center of the

swirling motion.
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(f) Statistical properties are calculated around the points.

From (a)-(f) steps, the center of swirling motion (xs) is identified on the cross-

section withQ maxima on the axis of the eddy. Fromxs, axes of each coherent

fine scale eddy are searched by using a following auto-tracing algorism which has

developed by Tanahashi et al. [11][13] (Fig. 2.12).

(g) Fromxs, the investigated point is moved in the axial direction with short

distanceds. ds is parallel to the vorticity vector atxs. A new cylindrical

coordinate system (r′, θ′, z′) is considered by setting the new point as the

origin. On the (r′, θ′) plane withz′ = 0, the point with maximumQ is

determined, and the steps (c)-(e) are applied.

(h) Central axis is determined by repeating the step (g). In this procedure,

|ds| is set equal to 1/5 computational grid width. If angle (ϕn) between

xn`1 andxn is greater than 30 degree, the step (g) is applied again with

|ds0|=|ds|cos(ϕn).

(i) After the calculation of statistical properties, above steps are repeated until

second invariant on the axis becomes negative or swirling motion cannot be

detected.

(j) The steps (g)-(i) are conducted in the opposite direction of vorticity vector

atxs.

(k) The steps (g)-(j) are applied for the next starting point.

Figure 2.13 shows distribution of the axis of the coherent fine scale eddy for

Reλ = 60.1. The visualized diameters and colors of axes are drawn to be pro-

portional to the square root of the second invariant on the axis. Larger diameter

and red color correspond to stronger swirling motion. The relations between the

fine scale eddies and particle dispersion are investigated using these results. Fig-

ure 2.14 shows the schematic of calculation method of number density of particle
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around the coherent fine scale eddies. First, the axes of fine scale eddies are ex-

tracted from DNS results as shown in Fig. 2.13. As for each axis of fine scale eddy,

the number of particles near the plane perpendicular to the axis is counted. Then,

the number density of particle is calculated at each radial position. Note that the

fine scale eddies whose diameter are smaller than20η are analyzed. These eddies

are more than90% of all fine scale eddies.

Figure 2.15 shows number densities of particle around the coherent fine scale

eddies for each Reynolds number case. Here, radial distance (r) and number

densities (N ) are normalized by radius of fine scale eddy (rc) and mean number

density in all domain (N0), respectively. For large Stokes number cases, num-

ber densities are independent of distance from the center of fine scale eddies and

nearly coincide with the mean number density, because particles with large Stokes

number cannot follow the fluid motion and their spatial distributions are nearly

uniform as shown in Figs. 2.3(a) - 2.5(a). In the same way, for small Stokes num-

ber cases, number densities nearly coincide with the mean number density, since

particles with small Stokes number move like a fluid element as shown in Figs.

2.3(f) - 2.5(f). However, for particular Stokes number cases, number densities are

low near the center of fine scale eddies, and increase with distance from the center

and reach the maxima at aboutr = 1.0rc ∼ 2.0rc. At the center of fine scale

eddies, the number densities show the minimum value forStη = 0.5 ∼ 1.0.
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ds vθ
y x z

xc x'cvzωcv'zω'c

Figure2.12: Schematic of identification scheme of the axis of the coherent fine
scale eddy.

Figure2.13: Distribution of the axis of the coherent fine scale eddy forReλ =
60.1.
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Rotation axis


Axial direction

Radial direction

Figure2.14: Schematic of calculation method of number density around fine scale
eddy.
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Figure 2.15: Number densities of particle around the coherent fine scale eddies.
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2.4.2 Influential Stokes Number

These relations between the coherent fine scale eddy and particle dispersion can

be estimated theoretically. Marcu et al. [36] have investigated particle motion in

Burgers’ vortex. They showed that a particle with a Stokes number which is larger

than the critical Stokes number circulates around the vortex, and this radius is a

function of both Stokes number of particle and stretching parameter of Burgers’

vortex. In our previous research [37], the influential Stokes number has been

introduced by assuming a Burgers’ vortex for fine scale eddy of turbulence, since

it has been shown that mean azimuthal velocity of the coherent fine scale eddy can

be approximated by that of Burgers’ vortex [10] (Fig. 2.16). The Burgers’ vortex

is defined in a (r, θ, z) coordinate as follows;

vr = −α

2
r, (2.20)

vθ =
Γ

2πr

[
1 − exp

(
−αr2

4ν

)]
,

(2.21)

vz = αz, (2.22)

wherevr, vθ andvz are radial, azimuthal and axial velocity of fluid.α andΓ are

the stretching parameter and the circulation. Figure 2.17 shows distributions of

velocity vectors of particles and drag force acting on particles around a typical

axis of the coherent fine scale eddy. The particles show distinct orbital motions

around the coherent fine scale eddy. These orbital motions are sustained by the

drag force as shown in Fig. 2.17. From these results, it can be assumed that

particles circulate around the coherent fine scale eddy. Therefore, the equation of

particle motion becomes as follows;

4

3
π

(
Dp

2

)3

ρp
uθ

2

r
= −6πµ

(
Dp

2

)
(vr − ur) , (2.23)

whereuθ andur areazimuthal velocity and radial velocity of the particle. In this

study, it is assumed that the particle circulate at the radius (rc) with the maximum
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azimuthal velocity. From Eq. (2.21),rc becomes

rc =

√
4νsm

α ,
(2.24)

wheresm satisfies

2sm + 1 = exp (sm) . (2.25)

As the most expected diameter of the coherent fine scale eddies is8η, α can be

calculated as follow;

α =
νsm

4η2
.

(2.26)

By supposing the most expected maximum azimuthal velocity to1.2uk in addi-

tion, the response time of particle which circulates around the coherent fine scale

eddy is derived as follow;

τpi =
ρp

ρf

Dp
2

18ν
= − vr

uθ
2
r =

α

vθ
2

r2

2
≈ νsm

4η2

rc
2

2vθ
2

=
2

1.22

η

uk

sm. (2.27)

Fromthe definition, the influential Stokes number based on Kolmogorov scale can

be calculated;

Stηi =

(
2

1.22

η

uk

sm

)/ (
η

uk

)
= 1.7450433 · · · . (2.28)

From this theoretical expectation and Fig. 2.15, it is considered that particles with

the Stokes number which is close to the influential Stokes number are localized

around the coherent fine scale eddies.
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Figure2.16: Mean azimuthal velocity profile of a typical fine scale eddy.

Figure2.17: The velocity vectors of particles (left) and the drag forces on particles
(right) around a typical coherent fine scale eddy.
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2.4.3 Phase-averaging Analysis

To investigate relationship between particle dispersion and coherent fine scale ed-

dies in more detail, a phase-averaging analysis on the plane perpendicular to the

axis of the coherent fine scale eddy is conducted.

Figure 2.18 shows contour plots of the azimuthal velocity of a typical coherent

fine scale eddy. The radius of display region in Fig. 2.18 is2.5rc. The dotted and

solid lines show the positive and negative velocity, respectively. Here, velocity

vectors in a counterclockwise direction have positive values. Note that the contour

plots in Fig. 2.18 is defined as the relative velocity with respective to the center of

the coherent fine scale eddy. If the convective velocity is added to the value of the

contour, it shows different trend, because the coherent fine scale eddy itself moves

with large velocity in turbulence. Figure 2.18 shows that shape of contour plots of

the azimuthal velocity are ellipse near the center of fine scale structure, and this

elliptic feature suggests the azimuthal velocity has a distinct character around the

center of the coherent fine scale eddy. Figure 2.19 shows the azimuthal velocity

atr = rc. Some large fluctuations of the azimuthal velocity of fine scale structure

are observed. Figure 2.20 shows energy spectra of azimuthal velocity of a typical

coherent fine scale eddy atr = rc. In this figure,kθ denotes the wave number in

the azimuthal direction. The Fourier transformation of the azimuthal velocity is

given by

vθ(r, θ) =
∑
kθ

ṽθ(r, kθ) exp(−ikθθ) (2.29)

whereṽθ is the Fourier coefficient of the azimuthal velocity forkθ. From Fig. 2.20,

the azimuthal velocity of the typical coherent fine scale eddy is dominated bykθ =

2 mode near the center, and energy at high wave number is very low compared

with that of low wave number. These energy spectra of azimuthal velocity are

calculated for each coherent fine scale eddy, and dominant mode of azimuthal

velocity at fine scale structure is determined.

Figures 2.21 shows mean energy spectra of the azimuthal velocity forReλ =

60.1 andReλ = 97.1. Here, energy spectra is normalized with the mean azimuthal
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velocity at each point. In this study, the energy spectra of the azimuthal velocity of

the coherent fine scale eddies withD < 20η have been investigated. These figures

show that the azimuthal velocity is dominated bykθ = 2 mode near the center

of the coherent fine scale eddy, which is independent of the Reynolds number.

The energy in eachkθ mode tends to increase with the increase ofr, which is

prominently observed inkθ = 1 mode. On the other hand, the rate of increase

in the energy atkθ = 2 mode is very low compared with those in other modes.

Therefore, the phase-averaging analysis is conducted based onkθ = 2 mode of

the azimuthal velocity atr = 0.25rc for each fine scale eddy, as below (Fig. 2.22):

(a) Extracting ofkθ = 2 mode of azimuthal velocity atr = 0.25rc for each fine

scale eddy.

(b) Calculating phase difference,τ , from sinewave ofkθ = 2 mode.

(c) Rotating physical quantity around center on the plane perpendicular to the

axis of the coherent fine scale eddy to beτ = 0.

(d) The step(c) is conducted for all coherent fine scale eddies except forD >

20η, and averaging these results.

Figure 2.23 shows phase-averaged distributions of the second invariant of the ve-

locity gradient tensor, energy dissipation rate, radial velocity, azimuthal velocity

and velocity vectors on the plane perpendicular to the axis of the coherent fine

scale eddy. The radius of the visualized region is 2.5 timesrc. The second invari-

ant shows positive value in the central area of fine scale structure, which represents

that solid body rotation is strong in the central area. The shape of distribution is

not circular but obviously elliptic where major and minor axis can be defined. The

energy dissipation rate has two large positive peaks on the major axis, and velocity

on the minor axis is larger than that on the major axis. Here, the energy dissipation

rate denotes difference from the mean value in turbulence. These results show that

the coherent fine scale eddy has specific elliptic feature on the plane perpendicu-

lar to the axis [38][39]. Moffatt et al. [40] have analyzed a stretched vortex under
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asymmetric strain field as a fine scale structure of turbulence. To discuss the char-

acteristics of the stretched vortex, they have introduced the strain rate ratio which

is defined by the minimum and intermediate eigenvalues of the strain rate tensor

under the hypothesis that the maximum strain rate aligns with the rotating axis of

the vortex. In our previous researches [12][13][16], however, it has been clarified

that the intermediate strain rate aligns with the direction of rotating axis, and the

minimum and maximum strain rate is acting on the plane perpendicular to the axis

for the most of the coherent fine scale eddies in turbulence.

Figures 2.24 and 2.25 show phase-averaged distributions of number density

of particle forReλ = 60.1 andReλ = 97.1. In these figures, number density is

normalized by mean number density in all domains. For large and small Stokes

number cases, the distributions are nearly uniform. In other cases, number density

shows a minimum value at the center of the coherent fine scale structure. The

number density increases with distance from the center and show the maxima on

the major axis. This tendency is significant for the case ofStη = 0.5 ∼ 1.0

and consistent with the result shown in Fig. 2.15. Comparisons of these number

density distributions with the results shown in Fig. 2.23 indicate that the number

densities are low in the regions with strong solid body rotation, and high in the

regions with high energy dissipation rate. The high density region is located at

about 1.5 to 2.0 times ofrc on the major axis.

As mentioned above, it has been clarified that most of the coherent fine scale

eddies are strongly compressed and stretched in the two directions perpendicular

to the rotating axis [12][13][16]. Therefore, each fine scale eddy has elliptic fea-

ture as shown in Fig. 2.23. In these eddies, since azimuthal velocity on the minor

axis is larger than that on the major axis, the residence time of particle on the

major axis becomes longer than that on the minor axis. Therefore, the number of

particles on the major axis increase compared with that on the minor axis. Goto

and Vassilicos [23] and Chen et al. [24] have shown that particles concentrate

zero-acceleration points in two-dimensional turbulence. Although the present re-

sults in three-dimensional turbulence shown in Figs. 2.24 and 2.25 may coincide
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with Goto and Vassilicos [23] and Chen et al. [24], the coherent fine scale struc-

ture in real three dimensional turbulence has strong three-dimensionality [11]. As

discussed in above, strong three-dimensional strain field is acting on the coher-

ent fine scale eddy. The strain rate ratio at the center of the eddy is−5 : 1 : 4

[12][13][16]. Even for the high energy dissipation rate region around the coherent

fine scale eddy, strain field is three-dimensional and cannot be treated as a simple

stagnation point which can easily defined in two-dimensional turbulence. Soria

et al. [41] have investigated local flow patterns in three-dimensional turbulence

based on the invariants of the velocity gradient tensor. They have shown that strain

rate ratio of high energy dissipation rate tend to be−4 : 1 : 3, and the flow patterns

of these regions are classified into unstable-node-saddle-saddle. As shown by So-

ria et al. [41], the strain field of−4 : 1 : 3 can be decomposed to two-dimensional

shear. In this sense, the particle is clustered near the pseudo-stagnation points

around the coherent fine scale eddy. The length scale of particle cluster around

fine scale eddy is about8 ∼ 16 timesη by considering the most expected diameter

of the coherent fine scale eddy. This scale agrees with the results of Aliseda et al.

[27]. The present results show that particle clusters in fine scales are formed by

the coherent fine scale eddies.
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Figure2.18: Contour plots of the azimuthal velocity of a typical coherent fine
scale eddy.
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Figure2.19: Azimuthal velocity of a typical coherent fine scale eddy.
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Figure2.20: Energy spectrum of the azimuthal velocity of a typical coherent fine
scale eddy.
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Figure 2.21: Mean energy spectra of the azimuthal velocity of the coherent fine
scale eddy.
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Figure2.22: Operation of phase-average.
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(a)Second invariant (b) Energy dissipation rate

(c) Radial velocity (d) Azimuthal velocity

(e)Velocity vectors

Figure 2.23: Phase-averaged distributions on the plane perpendicular to the axis
of the coherent fine scale eddy forReλ = 60.1.
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(a)Stη = 10.2 (b) Stη = 3.07

(c) Stη = 2.09 (d) Stη = 1.06

(e)Stη = 0.501 (f) Stη = 0.01141.30.50
Figure 2.24: Phase-averaged distributions of number density of particle on the
plane perpendicular to the axis of the coherent fine scale eddy forReλ = 60.1.
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(a)Stη = 10.8 (b) Stη = 3.04

(c) Stη = 2.05 (d) Stη = 1.01

(e)Stη = 0.523 (f) Stη = 0.01051.30.50
Figure 2.25: Phase-averaged distributions of number density of particle on the
plane perpendicular to the axis of the coherent fine scale eddy forReλ = 97.1.

57



CHAPTER 2. PARTICLE DISPERSION IN FINE SCALES OF
HOMOGENEOUS ISOTROPIC TURBULENCE

2.4.4 Nonunifority of Particle Distribution

In previous studies, several methods of evaluating the nonuniformity of particle

distribution have been suggested [19][20][52][53]. In this study, the PDF variance

[19][20] and the correlation dimension [52] are used to quantify the degree of

nonuniformity of the particle distribution.

Figure 2.26 showsDPDF calculated by the PDF variance for each Stokes num-

ber case. Here, allDPDF are normalized by maximumDPDF at each Reynolds

number for easy understanding.DPDF shows peak atStη ≈ 1.0 and becomes

lower for larger or smaller Stokes number cases. This tendency is independent

of the Reynolds number. In Fig. 2.27, the correlation dimensions are plotted as

a function of the Stokes number. For all Reynolds number cases, the correlation

dimensions show the minimum value atStη ≈ 1.0 and increase with away from

Stη ≈ 1.0. These results nearly coincide with the result of previous researches

[25][35][53], and suggest that the preferential concentration becomes most signif-

icant atStη ≈ 1.0. However, since these evaluations of nonuniformity have been

derived by mathematical methods, they do not give the physical interpretations of

the preferential concentration. Figure 2.28 shows the nonuniformity evaluated by

number density profile around the coherent fine scale eddies defined as follows;

Dnum =

∫
|N(r) − 1|dr. (2.30)

Dnum shows peak atStη ≈ 1.0 and decrease with away fromStη ≈ 1.0 for all

Reynolds number cases. This result is nearly consistent with the results shown in

Figs. 2.26 and 2.27, and indicates that the physical interpretation of nonuniformity

by preferential concentration is given based on the particle distribution around the

coherent fine scale eddy.
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Figure2.26: Nonuniformity of particle distribution based on PDF variance.
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Figure2.27: Nonuniformity of particle distribution based on correlation dimen-
sion.
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Figure 2.28: Nonuniformity of particle distribution based on number density
around the coherent fine scale eddy.
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Chapter 3

Droplet Dispersion and Vapor
Mixing by the Coherent Fine Scale
Structure in Turbulence

3.1 Preface

Almost spray combustors use the fuel which is liquid at normal temperature. In

the combustors, liquid flues are atomized to very small droplet for fast evapora-

tion and mixing. Then, they are sprayed into the combustor and disperse in it with

evaporation. From previous chapter, it is clarified that particles which has particu-

lar Stokes number are located around the coherent fine scale eddy. The dispersion

of droplet is considered as the same phenomena of that of particle. However, in

the dispersion of droplet, it is necessary to take account of the change of droplet

diameter and vapor mixing for evaporation.

Many studies about evaporative droplets have been conducted. Classical texts

on droplets, including burning fuel droplets, tend to consider an isolated spherical

droplet vaporizing in a stagnant environment [82][83]. In the simplified represen-

tation, the liquid has one chemical component, ambient gas conditions are sub-

critical, and evaporation occurs in a quasi-steady state. The classical result is that

the square of the droplet diameter decreases linearly with time since heat diffusion

and mass diffusion in the surrounding gas film are slow processes. This behavior
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is described as theD2 law as follows;

dD2

dt
= −K, (3.1)

whereK is the evaporation rate constant. On the other hand, a number of stud-

ies about flow field with many evaporative droplets have also been conducted,

and some models for evaporative droplet are suggested. Miller et al. [59] evalu-

ated eight Lagrangian droplet models. They included both equilibrium and non-

equilibrium evaporation models and evaluated them through comparisons with a

variety of single isolated droplet evaporation experiments.

In recent decades, there are many investigations on characteristics of droplet

evaporation and fuel vapor mixing in turbulence by DNS. The group of Mashayek

et al. has investigated the relationship between characteristics of droplet evap-

oration and their Stokes number by DNS of homogeneous isotropic turbulence

with evaporating droplets [55][56][57][58]. The groups of Miller et al. and Bel-

lan et al. have discussed about the droplet dispersion and evaporation in tur-

bulence through DNS [60][68]. The effects of droplet species on characteris-

tics of evaporation and vapor mixing has been studied by several researchers

[66][69][70][71][78][79][81]. The effect of ambient gas conditions, such as in

supercritical pressure, on characteristics of evaporation and vapor mixing has also

been studied [62][72][73][76][77]. For large eddy simulation (LES), subgrid anal-

ysis has been studied [61][67][74][75][80]. Okong’o et al. have conducted LES

with their subgrid model of evaporation and compared between the result of LES

and DNS [76]. Furthermore, numerical simulations of reacting mixing layers with

evaporating droplet have been studied by group of Miller et al. [63][64][65].

In this chapter, DNSs of homogeneous isotropic turbulence with evaporating

droplets are conducted for several different Stokes numbers to clarify the relation-

ships between droplet dispersion, vapor mixing and coherent fine scale structure

in turbulence.
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3.2 Numerical Method

3.2.1 Governing Equations

The governing equations of gas phase are continuity equation, compressible Navier-

Stokes equations and conservation equations of energy and chemical species with

the state equation of ideal gas as follows;

∂ρ

∂t
+

∂ρui

∂xi

= SI, (3.2)

∂ρui

∂t
+

∂ρuiuj

∂xj

= −∂τij

∂xj

+ SII,i , (3.3)

∂ρEt

∂t
+

∂

∂xi

(ρuiEt) = − ∂qi

∂xi

− ∂τijui

∂xj

+ SIII , (3.4)

∂ρYk

∂t
+

∂

∂xi

(ρuiYk) = − ∂

∂xi

(ρYkVk,i) + SIV,k , (3.5)

p = ρR0T

I∑
k=1

(
Yk

Wk

)
. (3.6)

Here,Yk, Vk,i, Wk andR0 are mass fraction, diffusion velocity, molecular weight

of speciesk and the universal gas constant, respectively.Et denotes the total gas

energy represented as follows [60];

Et = et + 1/2uiui, (3.7)

et =
N∑

k=1

hkYk −
p

ρ
+ hV YV , (3.8)

hk = h0
k +

∫ T

T0

cp,kdT , (3.9)

whereet is internal energy,hk andcp,k are enthalpy and specific heat at constant

pressure of speciesk. SubscriptV means vapor species.h0
k andhV represent the

reference enthalpy for the gas atT = T0 and the reference enthalpy for the liquid.

Here, this reference enthalpy for the liquid is equal to latent heat (LV ) [60]. τij and

qi in Eqs. (3.3)-(3.4) are stress tensor and heat flux term. The detailed expression

of these terms and the equations used in actual DNS are described in chapter 5.
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The right hand side termsSI, SII,i , SIII andSIV,k describe the phase couplings

of mass, momentum, energy and species as follows;

SI = −
∑
N

{
wN

∆V

[
d

dt
md

]
N

}
, (3.10)

SII,i = −
∑
N

{
wN

∆V

[
d

dt
mdvi

]
N

}
, (3.11)

SIII = −
∑
N

{
wN

∆V

[
d

dt
(mdCLTd +

1

2
mdvivi)

]
N

}
, (3.12)

SIV,k = −
∑
N

{
wN

∆V

[
d

dt
md

]
N,k

}
. (3.13)

Here,v andCL mean velocity and heat capacity of droplet. Subscriptd represents

droplet. The summations are over all droplets residing within a local numerical

discretization volume (∆V ). In this study, the summation is conducted with the

geometrically weighted (wN ) contributions from all individual droplets residing

within the discretization range(i− 1, i+1), (j− 1, j +1), (k− 1, k +1) centered

around each numerical grid point with array indices(i, j, k). In practice, the con-

tributions from each individual droplet are added to its eight nearest neighbor grid

points using a geometrical weighting based on the distance between the droplet

and each of the surrounding nodes.

3.2.2 Equations of Droplet Motion and Evaporation

As the same of particle cases, individual droplets are tracked in a Lagrangian

framework under the assumption that the droplet volume is negligible. The equa-

tions for the droplet motion, temperature and mass are as follows [59];

dxd,i

dt
= vi, (3.14)

dvi

dt
=

f1

τd

(ui − vi), (3.15)

dmd

dt
= −πDd · Sh · ρgΓgln(1 + BM), (3.16)
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mdCL
dTd

dt
= Qd + ṁdLV

= πDd · Nu · λgf2(Tg − Td) + ṁdLV ,
(3.17)

where subscriptg represents gas phase,Qd andLV denote the heat flux and the

latent heat of droplet evaporation.Γg andλg represent the diffusion coefficient

and the thermal conductivity of gas.Nu andSh are the Nusselt number and the

Sherwood number defined below. The droplet response timeτd is defined by as

follows;

τd =
ρdD

2
d

18µg

. (3.18)

In this model, the internal droplet temperature and density are assumed to be uni-

form. The modified correlations,f1 andf2, are empirically correction for Stokes

drag and the function of analytical evaporative heat transfer correction to the solid

sphere Nusselt number which results from the quasi-steady gas-phase assumption,

as described below;

f1 =
1 + 0.0545Resl + 0.1Resl

1/2(1 − 0.03Resl)

1 + a|Reb|b
, (3.19)

f2 =
β

eβ − 1
, (3.20)

a = 0.09 + 0.077exp(−0.4Resl), (3.21)

b = 0.4 + 0.77exp(−0.04Resl), (3.22)

whereResl andReb are the droplet Reynolds numbers based on the slip velocity

Usl and the blowing velocityUb,

Resl =
ρgUslDd

µg

, (3.23)

Reb =
ρgUbDd

µg

, (3.24)

Usl = |ui − vi| ṁd = −πρgD
2
dUb. (3.25)

The mass transfer numberBM is calculated from the mass fraction of the fuel

in the carrier gaseous phaseYV and that at the surface of dropletYV,s.

BM =
YV,s − YV

1 − YV,s

. (3.26)
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YV,s is evaluated using the Clarsius-Clapeyron relation under the saturation pres-

sure condition as,

YV,s =
Xneq,s

Xneq,s + (1 − Xneq,s)W̄/WV

, (3.27)

Xeq,s =
Patm

Pg

exp

[
LV

R0/WV

(
1

TB

− 1

Td

)]
, (3.28)

whereXneq,s is the mole fraction of fuel vapor at the droplet surface with non-

equilibrium effect,Patm is the atmospheric pressure,Pg is the pressure of the

carrier gaseous phase at droplet andTB is the boiling temperature of the liquid

droplet. W̄ andWV are the averaged molecular weights of the carrier gaseous

phase and molecular weight of the fuel vapor, respectively.

In this model, a non-equilibrium effect is considered using the Langmuir-

Knudsen evaporation law. The non-dimensional evaporation parameter(β) is

β = −
(

3Prgτd

2

)
ṁd

md

= −
(

ρLPrg

8µg

)
dD2

d

dt
. (3.29)

Thevalue of the Knudsen layer thicknessLK is computed by

LK =
µg

T (2πTd(R
0/WV ))1/2

ScgPg

. (3.30)

Finally, non-equilibrium effects are included in the droplet model using the

Langmuir-Knudsen evaporation law as applied through the definition of the vapor

fraction at the droplet surface,

Xneq,s = Xeq,s −
(

2LK

Dd

)
β. (3.31)

The Nusselt and Sherwood numbers are given based on the Ranz-Marshall corre-

lation as follows;

Nu = 2.0 + 0.552Resl
1/2Prg

1/3 Sh = 2.0 + 0.552Resl
1/2Scg

1/3, (3.32)

with

Prg = µgcp,g/λg Scg = µg/ρgΓg. (3.33)
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3.2.3 Numerical Procedure and Numerical Conditions

Spectral method is used to discretize the gas-phase governing equations and alias-

ing errors from nonlinear terms in the governing equations are fully removed

by the 3/2 rule. Time advancement is conducted by a third-order Runge-Kutta

scheme. The equations for droplets are solved with a second-order Adams-Bashforth

scheme. The fluid velocity and physical quantity at droplet position is estimated

by a fourth-order Lagrange interpolation.

Fully-developed homogeneous isotropic turbulence which was obtained from

preliminary DNS is used for the initial velocity field. DNS are conducted for

Reλ = 60.1 with 128× 128× 128 grid points,Reλ = 97.1 with 256× 256× 256

grid points. The statistics of the initial flow fields are shown in Table 3.1. The

computational domain is selected to be 5mm3. The initial positions of droplet are

assumed to be random, and their initial velocities are supposed to be equal to the

fluid velocity at their positions. Figure 3.1 shows isosurface of the second invari-

ant of the velocity gradient tensor and droplets. The color of droplet is determined

to be proportional to their diameter.

Gas and liquid phases are supposed to be composed of air and n-heptane (ref.

Appendix A), respectively. The initial pressure and temperature of carrier gas

are 1 atm and 400 K. The initial temperature of droplet is 300 K. The physical

properties of droplet are shown in Table 3.2 [59]. In this chapter, all physical

properties and the transport coefficients are constant with temperature. It is noted

that the diffusion coefficient of n-heptane is equal to that of air, because if the

diffusion coefficient of n-heptane is adapted, more resolved grid is needed for

high Schmidt number. In this sense, the species are essentially not n-heptane,

however, effects due to realistic air-hydrocarbon molecular weight ratios, heat

capacity ratios and latent heat magnitude are retained.

Initial Stokes number and number of droplet are shown in Tables 3.3 and 3.4.

The number of droplets is determined so that equivalent ratio becomes 0.5 at the

time when all droplets evaporate. The mass loading ratio is 0.0324 for all cases.

66



CHAPTER 3. DROPLET DISPERSION AND VAPOR MIXING BY THE
COHERENT FINE SCALE STRUCTURE IN TURBULENCE

Table 3.1: Statistics of the initial flow filed.

Reλ l [mm] λ [mm] η[mm] urms [m/s]

60.1 0.793 0.239 0.0156 6.72
97.1 0.730 0.138 0.00722 18.6

Table 3.2: Physical properties of n-heptane droplet.

Density(ρL) 649.38[kg/m3]
Latent heat(LV ) 355753.1 [J/K]

Heat capacity(CL) 2383.89 [J/kgK]
Boiling temperature(TB) 371.6 [K]

Table 3.3: Numerical conditions forReλ = 60.1.

Case τd0 [s] Stη0 Stλ0 Stl0 Stc0 Dd0 [µm] Nd

DL1 9.29*10−5 10.1 2.61 0.787 1.51 7.69 23127
DL2 2.76*10−5 3.00 0.776 0.234 0.449 4.19 142946
DL3 1.84*10−5 2.00 0.519 0.156 0.300 3.43 261693
DL4 0.924*10−5 1.00 0.260 0.0783 0.151 2.43 737141
DL5 0.467*10−5 0.508 0.132 0.0396 0.0762 1.73 2048872

Table 3.4: Numerical conditions forReλ = 97.1.

Case τd0 [s] Stη0 Stλ0 Stl0 Stc0 Dd0 [µm] Nd

DM1 1.98*10−5 10.0 2.68 0.505 1.51 3.55 235128
DM2 0.593*10−5 3.01 0.804 0.151 0.451 1.94 1434069
DM3 0.397*10−5 2.01 0.538 0.101 0.302 1.59 2616960
DM4 0.201*10−5 1.02 0.272 0.0512 0.153 1.13 7290431
DM5 0.0980*10−5 0.500 0.133 0.0250 0.0745 0.79 20935682
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(a)Reλ = 60.1

(b) Reλ = 97.1

Figure 3.1: Isosurface of the second invariant of the velocity gradient tensor and
droplets.
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3.3 Characteristics of Droplet Evaporation and Mo-
tion

Figure 3.2 shows temporal developments of the droplet diameter for both Reynolds

number cases. Here,⟨D2⟩ represents the averaged value of the square of the

droplet diameter, and is normalized by its initial value⟨D0
2⟩. For each case,

droplet diameter squared linearly decreases after short preheated period. Since

vapor concentrations in flow field are low in these cases, evaporation rates follow

the ”d2-law”, which is observed in the single droplet evaporation. For the case

of St ≈ 10, the droplet diameter squared decreases slowly in the calculated time

because of its large mass loadings. This tendency of droplet diameter is similar to

the result of the previous research by Mashayek [56] for evaporating droplets in

homogeneous isotropic turbulence.

Figure 3.3 shows developments of r.m.s. of velocity difference between the

droplet and fluid at the droplet position. As the initial velocities of droplets were

set equal to fluid velocities at the droplets positions, velocity difference increases

with time in the initial period. After showing the peak, the velocity difference

decreases slowly. In this period, droplet motions include no effect of the initial

condition. In this chapter, analysis of DNS data are conducted at the time when

the droplet diameter squared reaches to 20% of the initial droplet diameter squared

except forSt ≈ 10 cases. At this time, droplet volume becomes less than 10 %

by initial volume, and there are no droplet which has evaporated completely, yet.

So the effects of change of diameter and vapor can be evaluated for all droplets.

For the cases ofSt ≈ 10, the results att+ = 2.0 for Reλ = 60.1 andt+ = 1.2 for

Reλ = 97.1 are analyzed because of low evaporation rate.
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Figure 3.2: Developments of the normalized droplet diameter squared.
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Figure 3.3: Developments of the velocity difference between the droplet and fluid.
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3.4 Droplet Dispersion in Fine Scale Turbulence

3.4.1 Droplet Distributions and Turbulent Structure

The previous chapter and lots of studies [18][21] have been reported for particle

dispersion in turbulence, and preferential concentration is observed in dispersion

of particle with particular Stokes number. For evaporating droplets, since the di-

ameter of droplet changes with time advancement, the phenomenon of preferential

concentration might be different from that of particles.

Figures 3.4-3.5 show distributions of droplets and the second invariant of the

velocity gradient tensor on a typicalx − y plane for each Reynolds number case.

The droplet position is marked by a dot. In Fig. 3.5(d)(e), the number of droplet

is downsized for easy understanding.

For the cases ofStη0 ≈ 10 (especially inReλ = 97.1), droplet dispersions are

nearly uniform in space. The droplets withStη0 ≈ 10 cannot follow the fluid mo-

tion and they are moving independent to the fluid flow due to their strong inertia.

These characteristics result in nearly homogeneous distribution in space for both

cases. However, for the other cases, droplet dispersion shows non-uniform distri-

bution in space, and they tend to present around high second invariant regions.

Figure 3.6 shows droplet velocity vectors with the second invariant of the ve-

locity gradient tensor on a typicalx − y plane for the cases ofStη0 ≈ 1.0. For

both cases, droplets tend to concentrate around the high second invariant regions.

The rotating motions of droplets around these regions are observed clearly.

3.4.2 Statistical Characteristics of Droplet Dispersion

Figure 3.7 shows probability density functions (PDFs) of the second invariant

of the velocity gradient tensor at the droplet position for both Reynolds number

cases. For comparison, PDF of the second invariant of the whole flow field is

plotted by a solid line forStη0 = 2.00 (Reλ = 60.1) andStη0 = 3.01 (Reλ =

97.1). For large Stokes number cases, probabilities of the second invariant at the
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droplet positions nearly coincide with those of the whole flow field. If PDFs of

second invariant of whole flow field for large Stokes number are plotted in Fig.

3.7, PDFs from the whole flow field and from droplet position well coincide.

This result suggests that the spatial distribution of droplets has no correlation with

the second invariant. For the cases of particular Stokes number, probabilities of

droplets in large second invariant region decrease and those in negative second

invariant region increase. This tendency is significant for the case ofStη0 = 1 ∼
3.

In previous chapter, it has been clarified that particles with Kolmogorov time

scale tend to concentrate in low vorticity and high strain rate region. As the sec-

ond invariant is defined byQ = (WijWij − SijSij)/2, negative second invariant

regions do not always correspond to low vorticity and high strain rate region. Fig-

ures 3.8-3.9 show PDFs ofWij
∗Wij

∗ andSij
∗Sij

∗ at the droplet position for both

Reynolds number cases. The probabilities of droplets with particular Stokes num-

ber are low in the high vorticity region. Whereas, probabilities for all investigated

Stokes number show nearly same profile all range of the strain rate forReλ = 60.1

case. In the result ofReλ = 97.1 case, the probabilities except forStη0 = 3.01

case are high in the high strain rate region. This is because the plot from flow

field is different. As the same of PDF of second invariant, if PDFs of strain rate of

whole flow field for each case are plotted in Fig. 3.9, PDFs from the whole flow

field and from droplet position well coincide. From these results, it implies that

the balance of vorticity and strain rate is important to determine the preferential

distribution of particle or droplet in turbulence.
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(a)Stη0 = 10.1 (b) Stη0 = 3.00

(c) Stη0 = 2.00 (d) Stη0 = 1.00

(e)Stη0 = 0.508

Figure 3.4: Distributions of droplets and the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 60.1.
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(a)Stη0 = 10.0 (b) Stη0 = 3.01

(c) Stη0 = 2.01 (d) Stη0 = 1.02

(e)Stη0 = 0.503

Figure 3.5: Distributions of droplets and the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 97.1.
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Stη0 = 1.00 Stη0 = 1.02

Figure 3.6: Droplet velocity vectors with the second invariant of the velocity gra-
dient tensor on a typical cross-section forReλ = 60.1 (left) andReλ = 97.1
(right).
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Figure 3.7: Probability density functions of the second invariant of velocity gra-
dient tensor at the droplet position. Solid lines represent flow field.
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Figure 3.8: Probability density functions ofWij
∗Wij

∗ at the droplet position.
Solid lines represent flow field.
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Figure 3.9: Probability density functions ofSij
∗Sij

∗ at the droplet position. Solid
lines represent flow field.
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3.5 Number Density of Droplet around the Coher-
ent Fine Scale Eddies

Figure 3.10 shows number densities of droplet around the coherent fine scale ed-

dies for both Reynolds number cases. The calculation method of number density

of droplet around the coherent fine scale eddies is the same of that of previous

chapter. Here, radial distance (r) and number densities (N) are normalized by

radius of fine scale eddy (rc) and mean number density in all domain (N0), re-

spectively.

In the case ofStη0 = 10.1 of Reλ = 60.1, the profile is not smooth because

of shortage of droplet number for this analysis. ForStη0 = 10.0 of Reλ = 97.1,

number densities are independent of distance from the center of fine scale eddies

and nearly coincide with the mean number density, because droplets with large

Stokes number cannot follow the fluid motion and their spatial distributions are

nearly uniform as shown in Fig. 3.5(a). However, in other cases, number densities

are low near the center of fine scale eddies, and increase with distance from the

center and reach the maxima at aboutr = 1.0rc ∼ 1.5rc. At the center of fine

scale eddies, the number densities show the minimum value forStη0 = 1 ∼ 3, and

tend to increase for smallerStη0 cases. It is noted that these profiles are different

from that of particle case. This means the change of diameter by evaporation in-

fluences on the dispersion of droplet. In addition, the profiles of number densities

of droplet are different between same initial Stokes number cases. This is because

evaporation rate is varied in same initial Stokes numbers cases for initial droplet

diameter, flow condition and so on. In the dispersion of evaporative droplet, evap-

oration rateK is also important parameter in addition to initial Stokes number.

3.6 Vapor Concentration in Small Scales

Figures 3.11-3.12 show distributions of fluctuation of vapor concentration on a

typical x − y plane for each Reynolds number case. Here, fluctuation means the
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vapor concentration from the mean concentration in each case. For the case of

Stη0 = 0.503 of Reλ = 97.1, distribution of the vapor concentration is nearly

uniform. For the case ofStη0 ≈ 10.0, there are relatively large scale fluctuations.

For other cases, small scale fluctuations are clearly observed, especially in the

cases ofReλ = 97.1.

Figure 3.13 shows energy spectra of vapor concentration for each Reynolds

number case. These indicate that vapor distributions vary according to the droplets

initial Stokes number, and it is especially significant in high wave number region.

Figure 3.14 shows distributions of droplets and the axes of the coherent fine

scale eddies with vapor concentration on typical cross-sections forStη0 = 2.00

andReλ = 60.1. Figure 3.15 shows vapor concentration around a typical axis of

the coherent fine scale eddy. It is clearly observed that the vapor concentration

is low near the axis of the coherent fine scale eddy and high around the axis.

This means the coherent fine scale eddies significantly affect the forms of vapor

distribution through droplet evaporation.

To investigate relationship between vapor mixing and coherent fine scale ed-

dies, a phase-averaging analysis on the plane perpendicular to the axis of coherent

fine scale eddies is conducted by the same method of previous chapter. Figure

3.16 shows phase-averaged distributions of the second invariant of the velocity

gradient tensor, energy dissipation rate and velocity vectors on the plane perpen-

dicular to the axis of coherent fine scale eddies for the case ofStη0 = 2.00 and

Reλ = 60.1. These results are almost same of that of the particle case in previous

chapter.

Figures 3.17 and 3.18 show phase-averaged distributions of number density

of droplet for each case. In these figures, number density is normalized by mean

number density in all domains. For the cases ofStη0 ≈ 10, the distributions are

low at the center and high near the center. In other cases, number density shows a

minimum value at the center of coherent fine scale structure. The number density

increases with distance from the center and show the maxima on the major axis.

This tendency is significant for the case ofStη = 1.0 ∼ 3.0 and consistent with
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the result shown in Fig. 3.10. Comparisons of these number density distributions

with the results shown in Fig. 3.16 indicate that the number densities are low in the

regions with strong solid body rotation, and high in the regions with high energy

dissipation rate. The high density region is located at about 1.5 to 2.0 times ofrc

on the major axis. It is noted that these distributions are different from the cases

of particles. In particular, for large Stokes number cases, the distributions shows

slight influence of coherent fine scale eddy on dispersion of this droplet.

Figures 3.19 and 3.20 show phase-averaged distributions of vapor concentra-

tion for both Reynolds number cases. For the case ofStη0 ≈ 10, the distributions

are nearly uniform. In other cases, however, vapor concentration shows a mini-

mum value at the center of coherent fine scale structure. The vapor concentration

increases with distance from the center and show the maxima on the major axis.

This tendency is weakened for the case ofStη0 ≈ 0.5. Comparing these vapor

concentrations with the results shown in Fig. 3.16, the vapor concentrations are

low in the regions with strong solid body rotation, and high in the regions with

high energy dissipation rate. The high concentration region is located at about

1.5 to 2.0 times ofrc on the major axis. These results indicate that distribution of

vapor concentration is closely related to the characteristics of coherent fine scale

eddies.
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Figure 3.10: Number densities of droplet around coherent fine scale eddies.

83



CHAPTER 3. DROPLET DISPERSION AND VAPOR MIXING BY THE
COHERENT FINE SCALE STRUCTURE IN TURBULENCE

(a)Stη0 = 10.1 (b) Stη0 = 3.00

(c) Stη0 = 2.00 (d) Stη0 = 1.00

(e)Stη0 = 0.508

0.01-0.01
Figure3.11: Distributions of fluctuation of vapor concentration on a typicalx− y
plane forReλ = 60.1.
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(a)Stη0 = 10.0 (b) Stη0 = 3.01

(c) Stη0 = 2.01 (d) Stη0 = 1.02

(e)Stη0 = 0.503

0.03-0.02
Figure3.12: Distributions of fluctuation of vapor concentration on a typicalx− y
plane forReλ = 97.1.
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Figure 3.13: Energy spectra of vapor concentration.
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Figure3.14: Distributions of droplets and the axis of coherent fine scale eddy with
vapor concentration on typical cross-sections forStη0 = 2.00 andReλ = 60.1.
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Figure3.15: Vapor concentration around a typical axis of coherent fine scale eddy.
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(a)Second invariant (b) Energy dissipation rate

(c) Radial velocity (d) Azimuthal velocity

(e)Velocity vectors

Figure 3.16: Phase-averaged distributions on the plane perpendicular to the axis
of the coherent fine scale eddies forStη0 = 2.00 andReλ = 60.1.
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(a)Stη0 = 10.1 (b) Stη0 = 3.00

(c) Stη0 = 2.00 (d) Stη0 = 1.00

(e)Stη0 = 0.5081.30.50
Figure 3.17: Phase-averaged distributions of number density of droplet on the
plane perpendicular to the axis of the coherent fine scale eddy forReλ = 60.1.
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(a)Stη0 = 10.0 (b) Stη0 = 3.01

(c) Stη0 = 2.01 (d) Stη0 = 1.02

(e)Stη0 = 0.5031.30.50
Figure 3.18: Phase-averaged distributions of number density of droplet on the
plane perpendicular to the axis of the coherent fine scale eddy forReλ = 97.1.
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(a)Stη0 = 10.1 (b) Stη0 = 3.00

(c) Stη0 = 2.00 (d) Stη0 = 1.00

(e)Stη0 = 0.5080.0015-0.0015
Figure3.19: Phase-averaged distributions of fluctuation of vapor concentration
on the plane perpendicular to the axis of the coherent fine scale eddies forReλ =
60.1.
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(a)Stη0 = 10.0 (b) Stη0 = 3.01

(c) Stη0 = 2.01 (d) Stη0 = 1.02

(e)Stη0 = 0.5030.0015-0.0015
Figure3.20: Phase-averaged distributions of fluctuation of vapor concentration
on the plane perpendicular to the axis of the coherent fine scale eddies forReλ =
97.1.
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Chapter 4

Ignition and Propagation of
Turbulent n-Heptane/air Premixed
Flames

4.1 Preface

In spray combustion, the fuel-air mixture is ignited by spark ignition or compres-

sion ignition or so on. These ignitions usually occur in turbulent flow. Therefore,

it is necessary to investigate the ignition mechanism in turbulence. Especially,

many investigation of the ignition mechanism in HCCI engine, which is not spray

combustor, have been conducted, nowadays. In HCCI engine, the lean premixed

fuel-air is automatically ignited by mixture compression. The HCCI engine has

potential for higher efficiency compared with spark ignition engine, and lower

emission compared with diesel engine. However, there are a lot of issues to real-

ize HCCI engine practically. Narrow operating load range and engine noise are

some examples of the problems. The most serious issue is the control of igni-

tion. Many researchers have studied to overcome this issue experimentally, such

as EGR, fuel reforming and so on [90][91][92], whereas the flame structures in

the combustion chamber have not been clarified yet. Combustion modes in HCCI

engine can be regarded as turbulent premixed flames because of premixed mixture

and inhomogeneous flow field.
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In our previous studies [93][94], we have conducted DNS of hydrogen/air tur-

bulent premixed flames in three dimensional homogeneous isotropic turbulence

with a detailed kinetic mechanism and have shown that the fine-scale structure in

the unburnt side plays quite important roles on the local flame structure. There-

fore, it is considered that the characteristics of turbulence are very important for

ignition and propagation process of the mixture. To clarify mechanisms of igni-

tion and propagation in turbulence, numerical approach is powerful because it is

difficult to measure the local flame structure in turbulence experimentally.

In this chapter, DNS of ignition and propagation of n-heptane/air premixed

flame in homogeneous isotropic turbulence are conducted to investigate effects

of turbulence on the ignition and propagation process. For comparison, the re-

sults of hydrogen/air and methane/air premixed flames in homogeneous isotropic

turbulence are also shown.

4.2 Numerical Method

4.2.1 Governing Equations

The governing equations are continuity equation, compressible Navier-Stokes equa-

tions and conservation equations of energy and chemical species including no

coupling terms with dispersed phase as follows;

∂ρ

∂t
+

∂ρui

∂xi

= 0, (4.1)

∂ρui

∂t
+

∂ρuiuj

∂xj

= −∂τij

∂xj

, (4.2)

∂ρEt

∂t
+

∂

∂xi

(ρuiEt) = − ∂qi

∂xi

− ∂τijui

∂xj

, (4.3)

∂ρYk

∂t
+

∂

∂xi

(ρuiYk) = − ∂

∂xi

(ρYkVk,i) + ωk. (4.4)

Stress tensor (τij) and heat flux (qi) in Eqs. (4.2)-(4.3) are represented as follows;

τij =

[
p +

(
2

3
µ − κ

)(
∂ui

∂xi

)]
δij − µ

[
∂ui

∂xj

+
∂uj

∂xi

]
, (4.5)
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whereκ is the bulk viscosity.

qi = −λ
∂T

∂xi

+ ρ
N∑

k=1

hkYkVk,i + R0T
N∑

k=1

N∑
l=1

(
XkDT,k

WkDkl

)
(Vk,i − Vl,i) + qR,i.

(4.6)

Here，DT,k andDkl are the thermal diffusion coefficient and the binary diffusion

coefficient for speciesk andl. qR,i is a radiant heat transfer.

The mass diffusion velocityVk,i of kth species is determined as follows;

∂Xk

∂xi

=
N∑

l=1

(
XkXl

Dkl

)
(Vk,i − Vl,i))

+ (Yk − Xk)
1

p

∂p

∂xi

+
ρ

p

N∑
l=1

YkYl (fk,i − fl,i)

+
N∑

l=1

[(
XkXl

ρDkl

)(
DT,l

Yl

− DT,k

Yk

)]
1

T

∂T

∂xi

.

(4.7)

In DNS of this study, conservation equation of energy is solved forρT variable,

based on following assumptions.

· No external forces

fk,i = 0 (4.8)

· Negligible the Sore effect

N∑
l=1

[(
XkXl

ρDkl

)(
DT,l

Yl

− DT,k

Yk

)]
1

T

∂T

∂xi

= 0 (4.9)

· Negligible the Dufour effect

R0T

N∑
k=1

N∑
l=1

(
XkDT,k

WkDkl

)
(Vk,i − Vl,i) = 0 (4.10)

· Negligible the diffusion of pressure gradient

(Yk − Xk)
1

p

∂p

∂xi

= 0 (4.11)

· Negligible the bulk viscosity

κ = 0 (4.12)
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· Negligible a radiant heat transfer

qR,i = 0 (4.13)

From these assumptions, the governing equations can be written as follows.

· The continuity equation:
∂ρ

∂t
+

∂ρui

∂xi

= 0. (4.14)

· The compressible Navier-Stokes equations:

∂ρui

∂t
+

∂ρuiuj

∂xj

= −∂τij

∂xj
. (4.15)

· The energy conservation equation:.

∂ρT

∂t
+

∂ρuiT

∂xi

=
1

c̄v

∂

∂xi

λ
∂T

∂xi

− 1

c̄v

N∑
k=1

(ρYkVk,i)cp,k
∂T

∂xi

− T

c̄v

N∑
k=1

[
Rk

∂

∂xi

(ρYkVk,i)

]
− 1

c̄v

τij
∂ui

∂xj

− 1

c̄v

N∑
k=1

hkωk +
T

c̄v

N∑
k=1

Rkωk.

(4.16)

· Thespecies conservation equations:

∂Yk

∂t
+ ui

∂Yk

∂xi

= −1

ρ

∂

∂xi

(ρYkVk,i) +
ωk

ρ
. (4.17)

Theideal-gas equation of state is

p = ρR0T

N∑
k=1

(
Yk

Wk

)
, Rk =

R0

Wk

. (4.18)

The diffusion velocity Vk,i is represented with the use of diffusion velocity of

speciesk in mixture (Dmk),

Vk,i = − 1

Xk

Dmk
∂Xk

∂xi

. (4.19)

The specific heat of the gas mixture at constant volumec̄v is

c̄v =
N∑

k=1

cv,kYk, (4.20)

wherecv,k means the specific heat at constant volume for speciesk.
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4.2.2 Chemical Reaction

In general, chemical reactions can proceed in both the forward direction and the

reverse direction. The generalk set of chemical reactions includingi species is

denoted as follows;
I∑

i=1

ν ′
i,kXi ⇐⇒

I∑
i=1

ν ′′
i,kXi, (4.21)

whereν ′
i,k is the stoichiometric coefficient for speciesi in elementary reactionk

appearing as a reactant,ν ′′
i,k is the stoichiometric coefficient for speciesi in ele-

mentary reactionk appearing as a product.I means the number of elementary

reactions in the reaction mechanism. Note that in this section, the means of sub-

scripts are different from other sections. The production ratewi of theith species

can be written as a summation of the rate-of-progress variablesqk for all reactions

involving thekth species.

wi =
K∑

k=1

(ν ′′
i,k − ν ′

i,k)qk. (4.22)

The rate of progress variableqi for the ith reaction is given by the difference of

the forward and reverse rates as;

qk = kfk

I∏
i=1

[Xi]
ν′

i,k − krk

I∏
i=1

[Xi]
ν′′

i,k . (4.23)

The forward rate constants for theI reactions are generally assumed to have the

following Arrhenius temperature dependence:

kfk
= AkT

βk exp

(
−Ek

R0T

)
. (4.24)

wherethe pre-exponential factorAk, the temperature exponentβk, and the acti-

vation energyEk are specified for each elementary reactions. The reverse rate

constantskrk
are related to the forward rate constants through the equilibrium

constants by

krk
=

kfk

Kck

. (4.25)
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AlthoughKck
is given in concentration units, the equilibrium constants are more

easily determined from the thermodynamic properties in pressure units; they are

related by

Kck
= Kpk

(
Patm

RT

)PI
i=1(ν′′

i,k−ν′
i,k)

. (4.26)

The equilibrium constantsKpk
are obtained with the relationship

Kpk
= exp

(
∆Sk

R0
− ∆Hk

R0T

)
. (4.27)

Thechanges of entropySi and enthalpyHi for ith species, which occur in pass-

ing completely from reactants to products in theith reaction, are represented as

follows;

∆Sk

R0
=

I∑
i=1

(ν ′′
i,k − ν ′

i,k)
Si

R0
, (4.28)

∆Hk

R0T
=

I∑
i=1

(ν ′′
i,k − ν ′

i,k)
Hi

R0T
. (4.29)

Thr ee-body Reactions

In some reactions a ”third body” is required for the reaction to proceed; this is

often the case in dissociation or recombination reactions, such as

H + O2 + M ⇐⇒ HO2 + M.

When a third body is needed, the concentration of the effective third body must

appear in the expression for the rate-of-progress variable. Accordingly, the rate-

of-progress variable is different from Eq. (4.23) by the first factor in the equation:

qk =

(
I∑

i=1

αi,k[Xi]

)(
kfk

I∏
i=1

[Xi]
ν′

i,k − krk

∏
i=1

I[Xi]
ν′′

i,k

)
. (4.30)

Here，αi,k is contribution forkth elementary reaction as third-body of speciesi If

all species in the mixture contribute equally as third bodies, thenαi,k = 1 for all

k, and the first factor is the total concentration of the mixture,

[M ] =
I∑

i=1

[Xi]. (4.31)
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However, it is often the case that some species act more efficiently as third bodies

than do others. In table A.2, the degree of contribution as third-body in reaction

mechanism of this study is shown.

Fall-off Reaction

Under certain conditions, some reaction rate expressions depend on pressure as

well as temperature. For example, the fall-off reaction has pressure dependence.

As an example of a unimolecular/recombination fall-off reaction, consider methyl

recombination. In the high-pressure limit, the appropriate description of the re-

action is CH3 + CH3 ⇐⇒ C2H6. In the lowpressure limit, a third-body collision

is required to provide the energy necessary for the reaction to proceed, i.e., the

appropriate description is CH3 + CH3 + (M) ⇐⇒ C2H6 + (M). When such a re-

action is at either limit, the (solely temperature-dependent) rate expressions are

applicable. However, when the pressure and temperature are such that the reac-

tion is between the limits, the rate expressions are more complicated. To denote

a reaction that is in this ”fall-off” region, the reaction is written with the (+M)

enclosed in parentheses,

CH3 + CH3 + (M) ⇐⇒ C2H6 + (M).

There are several methods of representing the rate expressions in this fall-off re-

gion. The simplest one is due to Lindemann. Arrhenius rate parameters are re-

quired for both the high and low-pressure limiting cases, and the Lindemann form

for the rate coefficient blends them to produce a pressure-dependent rate expres-

sion. In Arrhenius form, the parameters are given for the high-pressure limit (k∞)

and the low-pressure limit (k0) as follows:

k0 = A0T
β0 exp

(
−E0

RcT

)
, (4.32)

k∞ = A∞T β∞ exp

(
−E∞

RcT

)
. (4.33)
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The rate constant at any pressure is then taken to be

k = k∞

(
Pr

1 + Pr

)
F, (4.34)

where the reduced pressurePr is given by,

Pr =
k0[M ]

k∞
, (4.35)

where[M] is the concentration of the mixture, possibly including enhanced third-

body efficiencies. If theF is unity, then this is the Lindemann form. The reaction

mechanism used in DNS of this study adopts the Troe form. In the Troe form,F

is given by

log F =

{
1 +

[
log Pr + c

n − d(log Pr + c)

]2
}−1

log Fcent. (4.36)

The constants in Eq. (4.36) are

c = −0.4 − 0.67 log Fcent (4.37)

n = 0.75 − 1.27 log Fcent (4.38)

d = 0.14 (4.39)

and

Fcent = (1 − α) exp

(
−T

T ∗∗∗

)
+ α exp

(
−T

T ∗

)
+ exp

(
−T ∗∗

T

)
. (4.40)

Thefour parametersα, T ∗, T ∗∗ andT ∗∗∗ must be specified as input parameters.

4.2.3 Thermodynamic Properties

The temperature dependence of the viscosity, thermal conductivity, and diffu-

sion coefficients are calculated using CHEMKIN-II packages [99][100] which are

modified for vector/parallel computations. CHEMKIN presumes that the standard-

state thermodynamic properties are thermally ”perfect”, in that they are only func-

tions of temperature and are given in terms of polynomial fits to the molar heat
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capacities at constant pressure:

Cp,i

R0
=

N∑
n=1

an,iT
(n−1). (4.41)

The superscript0 refers to the standard-state 1 atmosphere. For perfect gases,

however, the heat capacities are independent of pressure, and the standard-state

values are the actual values. Other thermodynamic properties are given in terms

of integrals of the molar heat capacities. First, the standardstate molar enthalpy is

given by

Hi =

∫ T

0

Cp,idT, (4.42)

so that
Hi

R0T
=

N∑
i=1

an,iT
(n−1)

n
+

aN+1,i

T
, (4.43)

wherethe constant of integrationaN+1,i is the standard heat of formation at 0 K.

Normally, however, this constant is evaluated from knowledge of the standard heat

of formation at 298 K, since the polynomial representations are usually not valid

down to 0 K. Therefore, the enthalpy of each species is defined as follows;

Hi =

∫ T

298

Cp,idT + Hi(298). (4.44)

As the same way, the entropy of each species is given by integration of specific

heat

Si =

∫ T

0

Cp,i

T
dT (4.45)

sothat
Si

R0
= a1,i ln T +

N∑
n=2

an,iT
(n−1)

n − 1
+ aN+2,i (4.46)

wherethe constant of integrationaN+2,i is evaluated from knowledge of the standard-

state entropy at 298 K. The above equations are stated for an arbitrary-order poly-

nomial, but the CHEMKIN package is designed to work with thermodynamic data

in the form used in the NASA chemical equilibrium code. In this study,N is 5 in

calculation of coefficient.
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In addition,cp,i andc̄v are related toCp,i based on following equations.

cp,i = Cp,i/Wi (4.47)

Cv,i = Cp,i − R0 (4.48)

cv,i = Cv,i/Wi (4.49)

c̄v =
I∑

i=1

cvYi (4.50)

4.2.4 Transport Coefficients

The viscosityηi, thermal conductivityλi and binary diffusion coefficientDij are

calculated using fitting procedure as function of temperature.

ln ηi =
N∑

n=1

an,i(ln T )n−1 (4.51)

ln λi =
N∑

n=1

bn,i(ln T )n−1 (4.52)

ln Dij =
N∑

n=1

cn,i(ln T )n−1 (4.53)

Here, coefficientan,i, bn,i andcn,i are computed toN = 4 from TRANSPORT of

CHEMKIN PACKAGE [100]. The Wilke formula for mixture viscosity is given

by

ν =
I∑

i=1

Xiηi∑I
j ̸=i XjΦij

(4.54)

where,

Φij =
1√
8

(
1 +

Wi

Wj

)− 1
2

{
1 +

(
ηi

ηj

) 1
2
(

Wj

Wi

) 1
4

}2

. (4.55)

For the mixture averaged thermal conductivity, a combination averaging formula

is used as follows;

λ =
1

2

(
I∑

i=1

Xiλi +
1∑I

i=1 Xi/λi

)
. (4.56)
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The mixture diffusion coefficient for speciesi is computed as;

Dim =

∑I
j ̸=i XjWj

W̄
∑I

j ̸=i Xj/Dij

. (4.57)

4.2.5 Numerical Procedure and Numerical Conditions

The governing equations are solved by using a fourth order central finite differ-

ence scheme. To damp any spurious high-wave number oscillations, a fourth order

compact finite difference filter [96] is used. Navier-Stokes Characteristic Bound-

ary Condition (NSCBC) [97][98] is assumed in all directions. Time integration

is implemented by a third order Runge-Kutta scheme. For n-heptane/air cases,

reaction source terms in species equations are implemented by an implicit method

[101][102] (ref. Appendix B).

Figure 4.1 shows a schematic of the flow field used in this study. As an initial

condition, high temperature region which is regarded as an ignition kernel is given

at the center of computational domain, and the ignition starts from this kernel.

Initial temperature distribution (Tini) is given as Gaussian distribution;

Tini = (Tmax − Tpre)e
− rc

2

2σ2 + Tpre, (4.58)

rc
2

2σ2
= ln

{
Tmax − Tpre

Tig − Tpre

}
, (4.59)

whereTmax is the maximum temperature of the ignition kernel,Tpre is preheat

temperature,Tig is auto-ignition temperature, andrc is radius of the ignition ker-

nel. A premixed mixture is assumed to be uniform for all cases. Numerical pa-

rameters of DNS conducted in the present study are listed in Table 4.1. Here,

ID C7R-, HR- and CR- mean n-heptane/air mixture, hydrogen/air mixture and

methane/air mixture.δF andδL are flame thickness defined byδF = ν/SL using

kinematic viscosity (ν) in unburned mixture and by laminar flame thickness based

on temperature gradient, respectively.L andN represent computational domain

size and grid points in each direction. To investigate the Reynolds number ef-

fects on the ignition and propagation process, DNS are conducted with different

Reynolds number.
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For hydrogen/air and methane/air mixture cases, time is normalized by the

flame time (τF ), which is calculated based on laminar flame thickness and laminar

flame velocity as follows;

τF =
δL

SL

. (4.60)

A reduced kinetic mechanism which includes 37 reactive species and 61 elemen-

tary reactions [134] is used for n-heptane/air mixture (ref. AppendixA). A detailed

kinetic mechanism which includes 12 reactive species and 27 elementary reactions

[103][104][105] is used for hydrogen/air mixture and GRI Mech. 2.11 (49 reac-

tive species and 279 elementary reactions) [106] is used for methane/air mixture.

In Fig. 4.2, each calculation condition is plotted in the turbulent combustion dia-

gram by Peters [107]. Both n-heptane cases are classified in thin reaction zones.

For comparison, laminar conditions are also calculated.

Table 4.1: Numerical Parameters of DNS.

ID Reλ u′
rms/SL l/δF l/δL Tmax Tpre rc L N

[K] [K] [mm] [mm]

C7R47 47.1 6.42 21.0 2.68 1600 700 1.0 10 513
C7R106 106.8 15.9 20.0 2.74 1600 700 1.0 10 513

HR47 47.1 0.77 174.3 3.04 1500 800 0.7 10 1025
HR66 66.4 1.93 88.2 1.54 1500 800 0.7 15 1537
HR71 71.9 1.93 78.0 1.36 1500 800 0.7 10 1025
HR106 106.8 1.92 166.7 2.91 1500 800 0.7 10 1025

CR47S 47.1 3.02 44.4 6.21 2200 950 2.0 10 1025
CR47W 47.1 1.51 88.9 12.43 2200 950 2.0 20 2049
CR71S 71.9 7.54 19.9 2.78 2200 950 2.0 10 1025
CR71W 71.9 3.77 39.7 5.55 2200 950 2.0 20 2049
CR106S 106.8 7.50 42.5 5.94 2200 950 2.0 10 1025
CR106W 106.8 3.75 84.9 11.88 2200 950 2.0 20 2049
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Figure4.1: Geometry of the flow field.

0.11
101102103

0.1 1 101 102 103 104
HR47HR66HR71HR106CR47SCR47WCR71SCR71WCR106SCR106W
C7R47C7R106u'rms /SL

l/δF

broken reaction zones
corrugated flameletswrinkled flamelets

thin reaction zones Ka = 1
Kaδ = 1

Figure4.2: Numerical conditions of the present DNS on the combustion diagram
by Peters.
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4.3 Effects of Turbulence on Ignition

Figures 4.3 and 4.4 show temporal developments of temperature and vorticity

distributions in induction phase before ignition for C7R47 and C7R106. Here,

temperature is denoted by colors and vorticity distribution is shown by contour

lines. The interval of contour lines of vorticity is 30000s-1 for C7R47 and 50000s-

1 for C7R106. In C7R47 which is low Reynolds number case, high temperature

region is slightly stretched by surrounding eddies. In contrast, high temperature

region in C7R106, which is high Reynolds number and high turbulence intensity

case, is distorted tremendously and stretched toward low temperature region by

strong eddies.

For the ignition of hydrocarbon/air mixture, amount of H atom is very impor-

tant. Figure 4.5 shows distributions of mole fraction of H atom with vorticity in

the induction phase for C7R106. The mole fraction is normalized by the maxi-

mum value at each time. The distortion of high concentration region of H atom is

similar to that of high temperature region. For low Reynolds number case, the dis-

tortion of H atom distribution by turbulence is not significant, however. for high

turbulence intensity case, H atom distribution is strongly distorted by the eddy and

H atoms which are transported into low temperature regions disappear. In these

regions, productions of intermediate through H atom are suppressed.

Figure 4.6 shows temporal developments of the maximum temperature for

each Reynolds number case. For comparison, temporal developments of the max-

imum temperature for hydrogen/air mixture and methane/air mixture are also

shown. Here, HR71-i represents the result from different ignition point in same

turbulent flows. In this study, ignition delay is assumed as period until getting to

thermal runaway. Thermal runaway is defined as inflection point of temperature

in rapid rise of the maximum temperature. The rise of temperature in C7R47 is

similar to that of the laminar case, and the difference of ignition delay between

C7R47 and laminar is small. In contrast, the ignition delay of C7R106 is larger

than that of the laminar case. The reason is that, as shown in Fig. 4.4, the degree
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of distortion of high temperature region is large for C7R106, and the high tem-

perature region is distorted such that being separated by the surrounding eddies.

This mechanism is interpreted as follows; maintenance of high energy region near

the ignition point is difficult due to thermal loss which is caused by distortion (or

turbulent diffusion) and cooling of main high temperature region by the eddies,

and the resulting suppression of radical production requires much more time for

the ignition. The ignition delay tends to increase with turbulence intensity. This

tendency is similar to the results of hydrogen/air cases. For methane/air cases,

decreases of the temperature in the induction phase are smaller than that for hy-

drogen/air cases, and the ignition delay tends to increase with turbulence intensity.

4.4 Effects of Local Turbulence Characteristics

Figure 4.7 shows distributions of temperature and vorticity in the induction phase

and propagation process for HR71 with different ignition point. The interval of

contour lines of vorticity is 120000s−1. In each case, the ignition kernel is given

at different points in the statistically same turbulent field. In induction phase, the

high temperature region is stretched by eddies in a different way for each case.

As shown in Fig. 4.6(b), the temporal developments of the maximum temperature

show that the ignition delay is different even if the turbulent field is statistically

same. Therefore, it is considered that the ignition delay significantly depends on

local characteristics of turbulence. In propagation process, the ignition takes place

from three points with different timing in HR71-1, while the ignition in HR71-2

takes place only from one point. These results imply that consideration of local

characteristics of turbulence is important for estimation of the ignition delay.

Figure 4.8 shows relation between the ignition delay time (t′) and mean strain

rate (⟨SijSij⟩) for hydrogen/air and methane/air cases. Mean strain rate represents

an average of strain rate which is in the region of initial ignition kernel. The

ignition delay tends to increase with increase of mean strain rate except for HR71-

1 and HR106. In HR71-1 and HR106, the flames are ignited from several points
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since the initial high temperature region is separated by eddies (Fig. 4.7(c)), and

the ignition delay additionally increases compared to other cases. The ignition

delay can be approximated ast′/τF ∝ ⟨SijSij⟩0.57 for hydrogen/air cases and

t′/τF ∝ ⟨SijSij⟩0.16 for methane/air cases. Increasing rate of the ignition delay for

hydrogen/air cases is larger than that for methane/air cases. This might be caused

by the reason that total energy given at initial high temperature region is different.

Since initial energy for methane/air cases is larger than that for hydrogen/air cases,

the radical production required for ignition is enhanced and the ignition occurs

earlier. This leads to decrease of total thermal loss caused by turbulent diffusion

in the induction phase.

4.5 Effects of Turbulence on Propagation

Figures 4.9 and 4.10 show the temporal developments of distributions of heat re-

lease rate and vorticity in propagation process for C7R47 and C7R106. The heat

release rate is normalized by the twice of maximum heat release rate (∆HL) of

freely propagating laminar flame which includes no effect of flame geometry such

as curvature and is approximated as one dimensional. The flame front is stretched

and is disturbed its evolution by the strong eddies for both cases. The flame prop-

agates along the edge of eddies. The high temperature region which is separated

from the initial ignition kernel in the induction phase is ignited later than main

kernel. This result suggests that multiple points ignition with timing difference

may occur even for an initial ignition kernel in turbulence. Furthermore, the high

heat release rate is observed at the flame fronts that are enclosed by the burnt gas

or that are convex toward the burnt side. The high heat release rate of these flame

fronts has also been reported by previous studies on statistically-planer turbulent

premixed flame propagating in homogeneous turbulence [93].

Figure 4.11 shows distributions of heat release rate and vorticity in the flame

propagation process for different fuel cases. The heat release rate are normalized

by corresponding∆HL. For hydrocarbon case, the heat release rate shows the
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significantly rapid rise just after the ignition and high in the whole flame elements

compared to that of hydrogen and methane case. For methane case, the flame

thickness is so thinner than other cases. For all cases, the high heat release rate is

observed at the flame fronts that are enclosed by the burnt gas or that are convex

toward the burnt side.
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(a) t = 0.0024msec (b) t = 0.0072msec

(c) t = 0.012msec (d) t = 0.0168msec

(e) t = 0.0216msec

Figure 4.3: Temporal developments of temperature and vorticity in induction
phase for C7R47.
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(a) t = 0.0024msec (b) t = 0.0072msec

(c) t = 0.012msec (d) t = 0.0168msec

(e) t = 0.0216msec

Figure 4.4: Temporal developments of temperature and vorticity in induction
phase for C7R106.
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(a) t = 0.0024msec (b) t = 0.0072msec

(c) t = 0.012msec (d) t = 0.0168msec

(e) t = 0.0216msec

Figure 4.5: Temporal developments of mole fraction of H atom and vorticity in
induction phase for C7R106.
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T max[K]

t [msec]
(a)C7H16

1200160020002400
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t/τF
(b) H2

200022002400260028003000
LaminarCR47WCR71SCR106SCR106W0.0 0.50 1.0 1.5 2.0 2.5 3.0T max[K]

t/τF
(c) CH4

Figure 4.6: Temporal developments of maximum temperature for each fuel.
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(a)HR71-1 (b) HR71-2

(c) HR71-1 (d) HR71-2

Figure 4.7: Distributions of temperature and vorticity in induction phase for
HR71-1(a), HR71-2(b) (t/τF = 0.412), in propagation process for HR71-1(c)
and HR71-2(d) (t/τF = 1.40).

10-2
10-1
100

HR47-1HR47-2HR66HR71-1HR71-2HR71-3HR71-4HR71-5
HR106CR47SCR47WCR71SCR71WCR106SCR106W108 109 1010 1011

t'/τF
<SijSij>

Figure4.8: Relation between ignition delay and mean strain rate.
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(a) t = 0.036msec (b) t = 0.060msec

(c) t = 0.084msec (d) t = 0.108msec

(e) t = 0.132msec (f) t = 0.156msec

Figure 4.9: Temporal developments of distributions of heat release rate and vor-
ticity in propagation process for C7R47.
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(a) t = 0.036msec (b) t = 0.060msec

(c) t = 0.084msec (d) t = 0.108msec

(e) t = 0.132msec (f) t = 0.156msec

Figure 4.10: Temporal developments of distributions of heat release rate and vor-
ticity in propagation process for C7R106.
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(a)C7H16

(b) H2

(c) CH4

Figure 4.11: Distributions of heat release rate and vorticity in propagation process
for each fuel.
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Chapter 5

Ignition of n-Heptane Vapor in
Turbulence

5.1 Preface

There are numerous studies about spray combustion [108][109][110][111], which

are from basic ones to applications on actual machine, because it has been adopted

to practical combustors for a long time. However, the design of industrial spray

combustors has been conducted based on the empirical rule yet. As mentioned in

chapter 1, this is because the phenomena in spray combustion are very complex,

since it consists of several processes such as atomization, dispersion of the fuel

droplets, their evaporation, vapor mixing and ignition. Besides they simultane-

ously proceed with interaction between each other. It is very difficult to measure

each of the elemental process by experiments, so expectations for numerical sim-

ulations have been raised with developments of computational science and tech-

nology.

In numerical simulations of spray combustion of practical combustors includ-

ing dispersion and evaporation of fuel droplets, Reynolds Averaged Navier-Stokes

Simulation (RANS), which uses the averaged model represented byk − ϵ model,

has been adopted for small computational cost. Although good agreement has

been obtained for some averaged quantities with the use of these averaged models,

there are essential limitations for simulation of unsteady phenomena, such as the
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interaction between droplets and eddies. LES of spray combustion has also been

conducted, and good results are achieved for not only averaged but also fluctu-

ate quantities [112][113][114][115]. In LES, it is essentially impossible to clarify

the relationship between spray combustion and turbulent structure in combustors,

since LES cannot resolve fine scales in turbulence. To resolve the fine scale struc-

tures in turbulence and investigate the relationship between spray combustion and

them, DNS, which does not use any turbulence model, is needed.

The group of Cant et al. conducted three-dimensional DNS of spark ignition

in a homogeneous isotropic turbulent field with n-heptane evaporating droplets

[116][117]. They investigated temporal development of structure of the ignition

kernel for different sizes of droplets and the ignition kernel. They also conducted

DNS of spark ignition in a mixing layer. The phenomena of ignition and flame

propagation were analyzed with various sizes and volatility of the fuel droplets

[118]. Wang and Rutland studied evaporation and ignition in a two-dimensional

homogeneous isotropic turbulent field and a jet flow with n-heptane evaporating

droplets by DNS [119][120]. The air temperature and the equivalent ratio were

used for a parametric study of these DNS. Xia and Luo studied diluted combus-

tion using DNS in a three-dimensional temporally developing reacting shear-layer

with an oxidizer stream laden with evaporating droplets [123]. In their DNS, the

initial Stokes number and the mass loading ratio were changed as parameters, and

they showed that evaporating droplets enhance micro mixing and combustion un-

der certain conditions. Luo et al. investigated n-heptane spray flames in a swirl

combustor by three-dimensional DNS [121][122][124]. They analyzed the flame

structure, the evaporation rate and the relationship between the mixture fraction

and the scalar dissipation rate with the geometry, inflow condition and equivalent

ratio as parameters. The group of Réveillon et al. performed two-dimensional

DNS of spray jet flames and discussed the phenomena of spray combustion in

terms of the topology of the droplet group combustion regimes and the partially

premixed model [125][126][127][128][129]. Baba and Kurose conducted two-

dimensional DNS of spray jet flames, and they investigated the combustion char-
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acteristics to validate a steady-flamelet model and a flamelet/progress-variable

approach [130]. They showed that their modified flamelet/progress-variable ap-

proach was superior to the other combustion models, particularly for the spray

flames, by comparing the DNS results obtained with various combustion models.

In this chapter, to clarify the relationship between ignition in spray combustion

and the coherent fine scale eddies, DNS of homogeneous isotropic turbulence

with evaporating n-heptane droplets under high temperature condition has been

conducted by using a reduced kinetic mechanism and considering dependence of

the transport and thermal properties on temperature.

5.2 Numerical Method

5.2.1 Governing Equations

The equations of droplet motion and evaporation are the same as those of chapter

3. The governing equations of gas phase are the continuity equation, the com-

pressible Navier-Stokes equations and the conservation equations of energy and

chemical species including coupling terms with dispersed phase as follows;

∂ρ

∂t
+

∂ρui

∂xi

= SI, (5.1)

∂ρui

∂t
+

∂ρuiuj

∂xj

= −∂τij

∂xj

+ SII,i , (5.2)

∂ρEt

∂t
+

∂

∂xi

(ρuiEt) = − ∂qi

∂xi

− ∂τijui

∂xj

+ SIII , (5.3)

∂ρYk

∂t
+

∂

∂xi

(ρuiYk) = − ∂

∂xi

(ρYkVk,i) + ωk + SIV,k . (5.4)

These equations and phase coupling terms are the same as those of chapter 3

except for equations of chemical species. In the equations of chemical species,

reaction rate termωk is added in this DNS.

From the same assumptions in chpater 4, the governing equations can be writ-

ten as follows:
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· The continuity equation:
∂ρ

∂t
+

∂ρui

∂xi

= SI. (5.5)

· The compressible Navier-Stokes equations:

∂ρui

∂t
+

∂ρuiuj

∂xj

= −∂τij

∂xj

+ SII,i . (5.6)

· The energy conservation equation:

∂ρT

∂t
+

∂ρuiT

∂xi

=
1

c̄v

∂

∂xi

λ
∂T

∂xi

− 1

c̄v

N∑
k=1

(ρYkVk,i)cp,k
∂T

∂xi

− T

c̄v

N∑
k=1

[
Rk

∂

∂xi

(ρYkVk,i)

]
− 1

c̄v

τij
∂ui

∂xj

− 1

c̄v

N∑
k=1

hkωk +
T

c̄v

N∑
k=1

Rkωk

+

(
T +

1

2c̄v

uiui

)
SI −

1

c̄v

hV SIV,k − 1

c̄v

uiSII,i +
1

c̄v

SIII

− 1

c̄v

N∑
k=1

hkSIV,k +
T

c̄v

N∑
k=1

RkSIV,k +
1

c̄v

hV
∂

∂xi

(ρYV VV,i) −
1

c̄v

hV ωV .

(5.7)

· Thespecies conservation equations:

∂Yk

∂t
+ ui

∂Yk

∂xi

= −1

ρ

∂

∂xi

(ρYkVk,i) +
1

ρ
SIV,k − Yk

ρ
SI +

ωk

ρ
. (5.8)

Theideal-gas equation of state is

p = ρR0T
N∑

k=1

(
Yk

Wk

)
, Rk =

R0

Wk

. (5.9)

Diffusion velocityVk,i is represented by the diffusion velocity of speciesk in

mixture (Dmk),

Vk,i = − 1

Xk

Dmk
∂Xk

∂xi

(5.10)

The specific heat of the gas mixture at constant volumec̄v is

c̄v =
N∑

k=1

cv,kYk, (5.11)
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wherecv,k denotes the specific heat at constant volume for speciesk.

Numerical methods for chemical reaction and calculation methods for ther-

modynamic properties and transport coefficients are the same as those of chapter

4.

5.2.2 Numerical Procedure and Numerical Conditions

The spectral method is used to discretize the gas-phase governing equations and

aliasing errors from nonlinear terms in the governing equations are fully removed

by the 3/2 rule. Time advancement is conducted by a third-order Runge-Kutta

scheme. Here, the reaction terms are handled implicitly, using a point implicit

method (ref. Appendix B). The equations for droplets are solved with a second-

order Adams-Bashforth scheme. The fluid velocity and the other physical quanti-

ties at the droplet position are estimated by a fourth-order Lagrange interpolation.

Fully-developed homogeneous isotropic turbulence which was obtained from

preliminary DNS is used as the initial velocity field. DNS is conducted forReλ =

60.1 with 128 × 128 × 128 grid points. The statistics of the initial flow fields

are shown in Table 5.1. The computational domain is selected to be 5 mm3. The

initial positions of droplets are assumed to be random, and their initial velocities

are supposed to be equal to the fluid velocity at their positions.

Gas and liquid phases are supposed to be composed of air and n-heptane, re-

spectively. The ignition in n-heptane/air mixture is simulated using a reduced ki-

netic mechanism, which includes 61 elementary reactions and 37 reactive species

[134](ref. Appendix A). The initial pressure and the temperature of carrier gas

are 10 atm and 1500 K. The initial temperature of droplet is 300 K. The physical

properties of the droplet are shown in Table 5.2 [59].

The initial Stokes number and the number of the droplets are shown in Ta-

ble 5.3. In this chapter, the initial Stokes number is determined to be the most

significant preferential concentration in droplet dispersion, based on the results

in chapter 3. The number of droplets is determined so that the equivalent ratio
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becomesϕ = 0.5 at the time when all droplets evaporate. The mass loading ratio

is 0.0324.

Table 5.1: Statistics of the initial flow filed.

Reλ l [mm] λ [mm] η[mm] urms [m/s]

60.1 0.793 0.239 0.0156 6.12

Table 5.2: Physical properties of n-heptane droplet.

Density(ρL) 649.38[kg/m3]
Latent heat(LV ) 219215.2 [J/K]

Heat capacity(CL) 2383.89 [J/kgK]
Boiling temperature(TB) 475.95 [K]

Table 5.3: Numerical conditions.

Case τd0 [s] Stη0 Stλ0 Stl0 Stc0 Dd0 [µm] Nd

SL1 1.01*10−5 1.00 0.259 0.0780 0.150 4.00 453477
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Table 5.4: Species in reactions mechanism of this study.

No. Species No. Species
1 C7H16 21 CH3CO
2 C7H15 22 CH3O
3 C7H15O2 23 CH3

4 C7H14O2H 24 CH2O
5 C7H14O2HO2 25 CO2

6 C7KET21 26 CO
7 C6H12 27 O2

8 C5H11CO 28 OH
9 C5H11 29 O
10 C4H9 30 H2O2

11 C3H8 31 H2O
12 C3H7 32 HO2

13 C3H6 33 H2

14 C3H5 34 HCO
15 C3H4 35 H
16 C2H6 36 CH4

17 C2H5 37 N2

18 C2H4

19 C2H3

20 CH3CHO
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5.3 Temporal Developments in Ignition

5.3.1 Temporal Developments of Droplet Characteristics and
Gas Phase

Figure 5.1 shows temporal development of the averaged value of the square of

the droplet diameter⟨D2⟩ normalized by its initial value⟨D0
2⟩. The square of

the droplet diameter linearly decreases, which follows thed2-law, after the short

preheat period. The value of⟨D2⟩/⟨D0
2⟩ is about 0.7 att+ = 0.19 ∼ 0.23. Figure

5.2 shows development of r.m.s. of velocity difference between the droplet and

the fluid at the droplet position. As the initial velocities of droplets were set equal

to the fluid velocities at the droplets positions, velocity difference increases with

time in the initial period. In the period of temperature increase (Fig. 5.2(a)), the

velocity difference shows a peak and nearly constant. Here, slight increase of

the velocity difference is observed at aboutt+ = 0.20. Since such an increase

was not observed in the previous results (Figs. 2.2 and 3.3), the effect of gas

dilatation on droplets behavior causes this increase. Although the influence of the

initial condition may remain from the result of r.m.s. of the velocity difference

at t+ = 0.23, the droplets already tend to localize around the coherent fine scale

eddy (Figs. 5.19 and 5.20) at this time. This distribution is similar to that of the

previous chapters which were analyzed at time when there was no influence of

the initial condition. In addition, the number of the droplets is so large and their

initial position is random. From these points, the time of analysis is considered to

be adequate.

Figure 5.3 shows temporal developments of temperature and heat release rate.

In the temperature development, the maximum temperature, the mean tempera-

ture and the minimum temperature are plotted. In the heat release rate develop-

ment, the maximum heat release rate and the mean heat release rate are plotted,

and these heat release rates are normalized by the maximum heat release rate in

zero-dimensional n-heptane/air ignition whose initial pressure is 10 atm, initial

temperature is 1500 K and equivalent ratio is 0.5. From the developments of the
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mean and minimum temperature, it is observed that the gas temperature deceases

until aboutt+ = 0.18. This reason is the heat transfer from the flow filed to

the droplets and the latent heat of evaporation. At aboutt+ = 0.18, the maxi-

mum temperature rapidly increases from 1500 K to 2000 K. On the other hand,

the mean and minimum temperature increase more modestly at later time than

maximum temperature. This difference represents that ignition does not occur

in all flow field uniformly, but occurs in various region locally. The maximum

heat release rate increases at earlier time than that of temperature, it reaches 40 %

of zero-dimensional ignition. As the same of temperature, the mean heat release

rate increases very modestly. It indicates that the state of ignition is significantly

different at each local point.

Figures 5.4 and 5.5 show temporal developments of mass fraction of major

species. In each species, maximum and mean values are plotted. The mass frac-

tion of C7H16 increases with time advancement due to the evaporation of fuel

droplet, it reaches about 0.036 in maximum one. From the development of the

mean mass fraction of C7H16, it decreases fromt+ = 0.14 after showing a peak.

This means that the reaction of C7H16 becomes beyond the evaporation in the gas

field, and the mass fraction decreases to zero from this time. Att+ = 0.23, the

mass fraction of C7H16 becomes about zero, so all C7H16 generated by the fuel

droplet evaporation are consumed through reaction. From the development of

the maximum mass fraction of CO2, the mass fraction rapidly increases at about

t+ = 0.18, but the increase of the mean mass fraction is slight. Whereas, the mass

fraction of intermediate OH begins to increase at aboutt+ = 0.14. The increase

rate is quite small compared to that of CO2. The maximum OH mass fraction

rapidly increases fromt+ = 0.20. The increase rate is larger than that of CO2.

From Fig. 5.5, the mass fraction of H and O begins to increase att+ = 0.10, it

means that the reaction of C7H16 also begins at this time. The increase of mass

fraction of CO begins a bit later than these of H and O, since the production of

CO occurs at the advanced stage of the oxidization reaction of C7H16.
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Figure5.1: Temporal developments of the normalized droplet diameter squared.
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Figure5.2: Temporal developments of the velocity difference between the droplet
and the fluid.
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Figure5.3: Temporal developments of temperature and heat release.
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Figure5.4: Temporal developments of mass fraction of major species.
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Figure5.5: Temporal developments of mass fraction of major species.
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5.3.2 Temporal Developments of Distributions on a Typical Cross-
section

Figures 5.6-5.14 show the temporal developments of distributions of temperature,

heat release rate and major species on a typical cross-section.

From the temperature distribution att+ = 0.174, there are many low temper-

ature regions, which is caused by heat transfer and the latent heat by evaporation

before temperature increases by reaction. The increase of temperature begins at

t+ = 0.192～ t+ = 0.209, and the region where temperature increases is like

streaky att+ = 0.209. The rate of temperature increase at the region where re-

action had begun att+ = 0.209 is higher than other regions. It is considered that

these regions become primary ignition points.

Temporal developments of heat release distribution show that heat release rate

begins to increase att+ = 0.14～t+ = 0.15, and increased region is like fine

streaky same as temperature distribution. These local fine streaky regions are ex-

panded to all flow field, then the high heat release rate regions are observed in

most parts of flow field att+ = 0.226. From Figs. 5.8 and 5.9, C7H16 concen-

tration increases through the fuel droplet evaporation. The distribution shows the

small scale fluctuation in whole flow field caused by preferential concentration of

droplet dispersion, as mentioned in chapter 3. The concentration of C7H16 reaches

peak att+ = 0.14, then it decreases for reaction of C7H16 in ignition. Although re-

action and evaporation is occurring simultaneously, almost C7H16 has disappeared

at t+ = 0.226, because time scale of reaction is shorter than that of production by

evaporation. Here, it is noted that all primary ignition do not occur at regions

where C7H16 concentration is high, compared to the distributions between Fig.

5.7 and Fig. 5.9. From Figs. 5.10 and 5.11, the distributions of products, CO2,

and reactant, O2, are contradictory for increase and decrease of species. Figures

5.12-5.14 shows temporal developments of distributions of mass fraction of inter-

mediate species. Although the regions where species concentration becomes high

are nearly same, the rates of increase are different from each species. Since H
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species is produced at initial stage in decomposition reaction of C7H16, its con-

centration begins to increase att+ = 0.174. On the other hand, the concentrations

of OH and CO significantly increase att+ = 0.209～t+ = 0.226.

5.3.3 Statistical Characteristics in Ignition

Figures 5.15-5.18 show PDFs of heat release rate, temperature and major species

at t+ = 0.192 ∼ t+ = 0.226. Circle and solid line represent PDFs of these values

at droplet position and from whole flow field.

The probabilities of heat release rate at droplet position are slightly larger than

that of whole flow field. This tendency becomes more significant with time. In

particular, high heat release rate is observed at droplet position att+ = 0.226.

Since the range of PDF of heat release rate is extended att+ = 0.226, the ignition

level is obviously different in various regions. From the PDF of temperature,

low temperature is observed at droplet position att+ = 0.192 compared to that

of whole flow field, because of heat transfer to droplet and the latent heat by

evaporation. Att+ = 0.209, PDF at droplet position nearly coincide with that

of whole flow field. As is the case with heat release rate, temperature at droplet

position is higher than that of whole flow field att+ = 0.226, and the range of

PDF becomes extended.

Temporal development of the probabilities of C7H16 shows the concentration

decreases with time for decomposition reaction, and the difference between PDF

at droplet position and that of whole flow field becomes smaller. From the PDF of

mass fraction of O2, the low concentration region spreads with time, especially at

droplet position. The maximum concentration is nearly constant for these times.

For the probabilities of CO2, OH, CO and H, these species are generated over

reaction, and the tendency of temporal development of PDFs are similar to that of

heat release rate.
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(a) t+ = 0.192
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(b) t+ = 0.209
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(c) t+ = 0.226
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(d) t+ = 0.174

15001450 T [K]
Figure5.6: Temporal developments of distributions of temperature.
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(a) t+ = 0.139 (b) t+ = 0.156

(c) t+ = 0.174 (d) t+ = 0.192

(e) t+ = 0.209 (f) t+ = 0.2260.050.0 ∆H / ∆H0Dmax
Figure5.7: Temporal developments of distributions of heat release rate.
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(a) t+ = 0.0348 (b) t+ = 0.0521

(c) t+ = 0.0695 (d) t+ = 0.0869

(e) t+ = 0.104 (f) t+ = 0.1220.030.00 YC7H16
Figure5.8: Temporal developments of distributions of mass fraction of C7H16.
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(a) t+ = 0.139 (b) t+ = 0.156

(c) t+ = 0.174 (d) t+ = 0.192

(e) t+ = 0.209 (f) t+ = 0.2260.030.00 YC7H16
Figure5.9: Temporal developments of distributions of mass fraction of C7H16.
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(a) t+ = 0.174 (b) t+ = 0.192

(c) t+ = 0.209 (d) t+ = 0.2260.0010.000 YCO2
Figure5.10: Temporal developments of distributions of mass fraction of CO2.
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(a) t+ = 0.174 (b) t+ = 0.192

(c) t+ = 0.209 (d) t+ = 0.2260.230.21 YO2
Figure5.11: Temporal developments of distributions of mass fraction of O2.
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(a) t+ = 0.174 (b) t+ = 0.192

(c) t+ = 0.209 (d) t+ = 0.2260.0030.0 YOH
Figure5.12: Temporal developments of distributions of mass fraction of OH.
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(a) t+ = 0.174 (b) t+ = 0.192

(c) t+ = 0.209 (d) t+ = 0.2260.030.00 YCO
Figure5.13: Temporal developments of distributions of mass fraction of CO.

141



CHAPTER 5. IGNITION OF N-HEPTANE VAPOR IN TURBULENCE

(a) t+ = 0.174 (b) t+ = 0.192

(c) t+ = 0.209 (d) t+ = 0.2260.00010.0 YH
Figure5.14: Temporal developments of distributions of mass fraction of H.
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Figure 5.15: PDF of heat release rate (left) and temperature (right) at droplet
position. Solid lines represent PDF of whole flow field.
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Figure 5.16: PDF of mass fraction of C7H16 (left) and CO2 (right) at droplet
position. Solid lines represent PDF of whole flow field.
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Figure 5.17: PDF of mass fraction of O2 (left) and OH (right) at droplet position.
Solid lines represent PDF of whole flow field.
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Figure 5.18: PDF of mass fraction of CO (left) and H (right) at droplet position.
Solid lines represent PDF of whole flow field.
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5.4 Vapor Concentration and Ignition in Fine Scale

5.4.1 Temporal Developments of Ignition in Fine Scale

Figure 5.19 shows number density of droplet around the coherent fine scale eddies

at t+ = 0.226. Here, radial distance (r) and number density (N ) are normalized

by radius of fine scale eddy (rc) and mean number density in all domain (N0),

respectively. Number density is low near the center of fine scale eddies, and in-

crease with distance from the center and reaches the maxima at aboutr = 1.5rc.

Although the computational time may not be enough for the statistical analysis,

the profile of number density is similar to that of previous chapters. Figure 5.20

shows temporal developments of phase-averaged distributions of number density

of droplet on the plane perpendicular to the axis of the coherent fine scale eddy.

In these figures, number density is normalized by mean number density in all do-

mains. The method of phase-averaging is the same in previous chapters. The

number density shows a minimum value at the center of the coherent fine scale

structure. The number density increases with distance from the center and is high

around the major axis. These tendencies are similar to the previous ones. It is

noted that shape of distribution near the center of the coherent fine scale structure

changes with time. The details of this change are discussed in more depth later.

In this analysis, the Kolmogorov scale and Kolmogorov velocity is used of

mean value of whole flow field at each time. The change of physical property and

dilatation influence the local structure of flow field. Although the Kolmogorov

scale and Kolmogorov velocity should be determined at local position, these in-

fluences are considered to be small comparatively in the analysis times, which are

early period of ignition.

Figure 5.21 shows isosurfaces of temperature and the distribution of axis of

the coherent fine scale eddy with droplets att+ = 0.226. Figure 5.22 shows tem-

perature distribution and isosurfaces of temperature around a typical axis of the

coherent fine scale eddy. It is clearly observed that the high temperature regions

are localized around the axis of the coherent fine scale eddy. In addition, many
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small ignition cores are observed.

Figures 5.23-5.26 show temporal developments of phase-averaged distribu-

tions of heat release rate, temperature and major species on the plane perpendic-

ular to the axis of the coherent fine scale eddies. In these figures, the values of

distributions represent the fluctuation from the value at center of each fine scale

eddy.

The distributions of heat release rate show that it becomes high at the region

where the distance is about2.0rc from the center on the major axis. In addition,

the heat release rate becomes high on the upper and under side of the center in

these figures. The heat release rate increases with time in these regions. From the

distributions of temperature att+ = 0.192, the temperature is the highest at the

center of eddy, and lower around the center. The droplets are localized around the

center (Fig. 5.20), heat transfer to the droplets and the latent heat of evaporation

makes the temperature lower. Att+ = 0.209, the temperature increases around

the center in accordance with the increase of heat release rate. Especially, at the

region on the upper and under side of the center, this tendency is significant.

The distribution of C7H16 concentration att+ = 0.192 is similar to Fig.

3.19(d). The C7H16 concentration shows a minimum value at the center of the co-

herent fine scale structure, and increases with distance from the center and show

the maxima on the major axis. The mass fraction decreases with time for reac-

tion, and has nearly consumed on the plane of the coherent fine scale eddies at

t+ = 0.226. On the other hands, CO2 is generated with time. The high concentra-

tion region coincides with the high temperature region att+ = 0.226. From the

distributions of O2 concentration, the concentration is the highest at the center of

eddy, and lower around the center because of reaction with C7H16 at high C7H16

concentration region. In the region, O2 has consumed and the concentration be-

comes lower with time.

Temporal developments of distributions of OH, CO and H concentration show

similar pattern to that of heat release rate. Here, the timing of increase is different

for each species. The H concentration already increases around the center of eddy
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at t+ = 0.192. Subsequently, the CO concentration increases around the center

of eddy att+ = 0.209. In this time, the fluctuation is small on the plane for OH

concentration and the concentration rapidly increases att+ = 0.226.

For each distribution, the shape near the center has changed with time. At

t+ = 0.192, the shape of distribution near the center is like elliptical, then it is

deformed to like gourd-shaped att+ = 0.209 ∼ t+ = 0.226. From the distri-

bution of temperature, there are high temperature regions upper and under side

of the center of the eddy. The eddy is compressed by dilatation of fluid at these

regions, and the shape of center of the eddy has changed. Figure 5.27 shows tem-

poral developments of phase-averaged distributions of the second invariant of the

velocity gradient tensor on the plane perpendicular to the axis of the coherent fine

scale eddies. Att+ = 0.192, the shape of distribution near the center is clear

elliptical, and nearly coincides with that in previous chapter (Fig. 2.23(a)). With

time advancement, the ellipse changes to shape which is compressed from upper

and under.

5.4.2 Influence on the Coherent Fine Scale Eddy by Ignition

Figures 5.28 and 5.29 show individual distributions of the second invariant of the

velocity gradient tensor, azimuthal velocity and temperature on the plane perpen-

dicular to the axis of the coherent fine scale eddies att+ = 0.226. From the

distribution of the second invariant and temperature, it is clearly observed that

temperature does not increase at the regions where the second invariant is nega-

tive. This is because the reaction is prevented by high energy dissipation rate in

these regions as shown in chapter 4.

In chapter 2, it is shown that particles with particular Stokes number are lo-

calized around the coherent fine scale eddies, especially at the high energy dissi-

pation rate region on the plane perpendicular to the axis of the coherent fine scale

eddies. Additionally, in chapter 3, it is also shown that droplets with particular

initial Stokes number are localized around the coherent fine scale eddies and va-

149



CHAPTER 5. IGNITION OF N-HEPTANE VAPOR IN TURBULENCE

por concentration is high at the high energy dissipation rate region on the plane

perpendicular to the axis of the coherent fine scale eddies. These tendencies are

observed in this case. However, the reaction does not promote at these regions

for the high energy dissipation rate. As a result, the high temperature regions, in

which reaction advances, are at upper and under side of the center of the eddy,

where vapor concentration is high and energy dissipation rate is low. Therefore,

the coherent fine scale eddies are compressed by the dilatation of gas fluid at these

high temperature regions.

The dispersion of particles and droplets with particular Stokes number are

influenced by the coherent fine scale eddies, and they are localized around these

eddies. The ignition has occurred at these regions where the vapor concentration

becomes high through evaporation of localized droplets, then the high temperature

regions have been formed around the coherent fine scale eddy. Accordingly, the

gas fluid compresses the coherent fine scale eddy by the dilatation. In this way,

spray combustion in fine scale structure proceeds with interaction between the

coherent fine scale eddies and droplet dispersion, vapor mixing, ignition.
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Figure5.19: Number densities of droplet around the coherent fine scale eddies.

(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.226

1.30.50
Figure5.20: Temporal developments of phase-averaged distributions of number
density of droplet on the plane perpendicular to the axis of the coherent fine scale
eddy.
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Figure5.21: Distributions of the axis of the coherent fine scale eddy and isosurface
of temperature with droplets att+ = 0.226.
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Figure 5.22: Distribution and isosurface of temperature around an axis of the
coherent fine scale eddy
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(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2260.0150.00 ∆H / ∆H0Dmax

(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.22615.0-10.0 T [K]
Figure5.23: Temporal developments of phase-averaged distributions of heat re-
lease rate (upper) and temperature (under) on the plane perpendicular to the axis
of the coherent fine scale eddies.
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(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2260.0010.000 YC7H16

(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2261.5*10-40.0 YCO2
Figure5.24: Temporal developments of phase-averaged distributions of mass frac-
tion of C7H16 (upper) and CO2 (under) on the plane perpendicular to the axis of
the coherent fine scale eddies.
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(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2260.001-0.004 YO2

(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2262.5*10-60.0 YOH
Figure5.25: Temporal developments of phase-averaged distributions of mass frac-
tion of O2 (upper) and OH (under) on the plane perpendicular to the axis of the
coherent fine scale eddies.
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(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2262.0*10-30.0 YCO

(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2268.0*10-70.0 YH
Figure5.26: Temporal developments of phase-averaged distributions of mass frac-
tion of CO (upper) and H (under) on the plane perpendicular to the axis of the
coherent fine scale eddies.
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(a) t+ = 0.192 (b) t+ = 0.209 (c) t+ = 0.2260.6-0.3 Q*
Figure5.27: Temporal developments of phase-averaged distributions of the sec-
ond invariant of the velocity gradient tensor on the plane perpendicular to the axis
of the coherent fine scale eddies.
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17001500 T [K]
Figure5.28: Individual distributions of the second invariant of the velocity gradi-
ent tensor (left), azimuthal velocity (center) and temperature (right) on the plane
perpendicular to the axis of the coherent fine scale eddies att+ = 0.226.
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17001500 T [K]
Figure5.29: Individual distributions of the second invariant of the velocity gradi-
ent tensor (left), azimuthal velocity (center) and temperature (right) on the plane
perpendicular to the axis of the coherent fine scale eddies att+ = 0.226.
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Chapter 6

Conclusions

In this study, direct numerical simulations have been performed to investigate

the relationships between the coherent fine scale structure regarded as universal

structure in turbulence and each process in spray combustion. The results obtained

in each chapter are summarized in the present chapter as follows.

In chapter 2, to clarify the relationship between particle dispersion and the

coherent fine scale eddies, DNSs of homogeneous isotropic turbulence with par-

ticles which have different Stokes number have been conducted. The following

conclusions are obtained.

(1) Particles with the Stokes number which is close to the influential Stokes

number are localized around the coherent fine scale eddies. The number

densities of these particles show the maxima at about 1.0 to 2.0 times of the

radius of the coherent fine scale eddies.

(2) The theoretical expectation of the influential Stokes number is presented

based on the Burgers’ vortex model for the coherent fine scale eddy in tur-

bulence, and coincides with DNS results.

(3) On the plane perpendicular to the rotating axis of the coherent fine scale

eddy, number densities of particles with the Stokes number which is close
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to the influential Stokes number are low at the center of the fine scale eddy,

and high in the regions with high energy dissipation rate of the turbulent

kinetic energy around the fine scale eddy. This location is at about 1.5 to

2.0 times of the eddy radius on the major axis of the fine scale eddy.

In chapter 3, to clarify the relationship between droplet dispersion, vapor mix-

ing and the coherent fine scale eddies, DNSs of homogeneous isotropic turbulence

with evaporating n-heptane droplets which have different initial Stokes number

are conducted. The following conclusions are obtained.

(1) Droplets with the initial Stokes number which is close to the influential

Stokes number are localized around the coherent fine scale eddies. The

number densities of these droplets show the maxima at about 1.0 to 1.5

times of the radius of the coherent fine scale eddies.

(2) Distribution of vapor concentration on the plane perpendicular to the rotat-

ing axis of the coherent fine scale eddies is closely related to the elliptic

feature of the fine scale eddies. For a particular initial Stokes number, the

vapor concentration is high in the regions with high energy dissipation rate

of the turbulent kinetic energy around the fine scale eddy. This location is at

about 1.5 to 2.0 times of the eddy radius on the major axis of the fine scale

eddy.

(3) The profiles of number density of droplets are different for the same initial

Stokes number in different Reynolds number cases. This implies that in

dispersion of evaporative droplets, evaporation rateK is also an important

parameter in addition to the initial Stokes number of droplets.
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In chapter 4, to clarify the effects of turbulence on the ignition and propagation

process, DNSs of ignition and propagation of n-heptane/air premixed flame in

two-dimensional homogeneous isotropic turbulence are conducted, including a

reduced kinetic reaction of n-heptane/air mixture with temperature dependence of

the transport and thermal properties. The following conclusions are obtained.

(1) In the induction phase, the high temperature region is stretched and its evo-

lution is disturbed by surrounding eddies. This impediment leads to a sig-

nificant ignition delay compared with the laminar case.

(2) Ignition delay increases with the increase of mean strain rate in the initial

high temperature region. The ignition of the mixture delays significantly if

the high temperature region is separated by eddies in the induction phase.

(3) In the propagation process, the flame fronts that are enclosed by the burnt

side shows high heat release rate, and the flame propagation behaviors de-

pend on the fuel species.

In chapter 5, to clarify the relationship between ignition in spray combustion

and the coherent fine scale eddies, DNS of homogeneous isotropic turbulence with

evaporating n-heptane droplets under a high temperature condition are conducted,

including a reduced kinetic reaction of n-heptane/air mixture with temperature

dependence of the transport and thermal properties. The following conclusions

are obtained.

(1) With time advancement, many high temperature regions as the ignition

core have appeared due to the reaction in n-heptane/air mixture which was

formed through evaporation of the fuel droplet. The scales of these regions

are small and localized around the coherent fine scale eddies.
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(2) Distribution of vapor concentration on the plane perpendicular to the rotat-

ing axis of the coherent fine scale eddies is high in the regions with high

energy dissipation rate of the turbulent kinetic energy around the coherent

fine scale eddy. This location is at about 1.5 to 2.0 times of the eddy radius

on the major axis of the coherent fine scale eddy.

(3) On the plane perpendicular to the rotating axis of the coherent fine scale ed-

dies, the reaction does not promote in high energy dissipation rate regions.

The high temperature regions are formed at about 1.5 times of the radius of

the coherent fine scale eddies on the axis which is obtained by rotating the

major axis to−π/4. In these regions, vapor concentration is relatively high

and the energy dissipation rate is low.

(4) The coherent fine scale eddies are compressed due to the dilatation of the

gas fluid in high temperature regions.
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Appendix A

Examination of Chemical Reaction
Model of n-Heptane/Air Mixture

A.1 Preface

Normally, fuels of spray combustion are Gasoline or light oil etc., which are liquid

at normal temperature. Their combustion mechanisms are so complex, because

these fuels are blend materials. Therefore, simple mechanisms for only one com-

ponent in these fuels, such as one-step or a few step reaction models, are often

used in numerical simulations. In the case of numerical simulation of ignition or

flame propagation, reaction model influences the results of these simulations. In

addition, for the calculation cost, it is necessary to select the appropriate reaction

model.

The object of this chapter is to examine the chemical reaction models of n-

heptane/air combustion.

A.2 Numerical Method

In this chapter, zero-dimensional analyses of auto-ignition and one-dimensional

analyses of freely propagating are conducted for five chemical reaction models by

SENKIN [137] and PREMIX [138] of CHEMKIN.

Table A.1 shows chemical reaction models used in these analyses. Model-1 is
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Table A.1: Chemical reaction models.

Model ID Number of species Number of reactions Reference

Model-1 550 2450 Currenet al. [131]
Model-2 159 770 Seiser et al. [132]
Model-3 43 185 Liu et al. [133]
Model-4 37 61 Maroteaux and Noel [134]
Model-5 29 52 Patel et al. [135]

detailedchemical reaction model for n-heptan/air mixture and model-2 is reduced

model derived from model-1. Model-3 is derived from Chevalier’s model [139]

and used for DNS of spray combustion. Model-4 and Model-5 are derived from

Golovitchev’s model [140] for simulation of HCCI engine.

In zero-dimensional analyses, constant volume and adiabatic system are as-

sumed. Initial pressure ,temperature and equivalent ratio are changed as param-

eter. In one-dimensional analyses, pressure is 1 atm and preheat temperature is

1000 K with stoichiometric ratio.

A.3 Comparison of Ignition Delay Time

Figure A.1 shows ignition delay time for each case. Here, ignition delay time is

defined as the time which the temperature increases 400 K from initial tempera-

ture. For comparison, experimental results by Ciezki et al. [141] are also shown.

From Fig. A.1, all models indicate similar tendency for ignition delay time to ini-

tial temperature. These does not depend on initial pressure and equivalent ratio.

The tendency of ignition delay time to initial temperature is different between high

temperature region and low temperature region. This phenomenon is caused by

n-heptane/air reaction mechanism, which has two bifurcation mechanisms, and is

called as negative temperature coefficient regime. Especially, ignition delay time

decreases dramatically in high temperature region because of rapid generation of

OH radical.
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Change of ignition delay time by equivalence ratio is slight, on the other hand,

increase of initial pressure makes ignition delay time decrease clearly. Compared

5 models results, ignition delay time are relatively agreement with each other

except for Model-5. In Model-5, the ignition delay time become 2-3 times of

other models at high temperature region.

Figure A.2 shows temporal developments of temperature and mass fraction

of major species for each case. From the temporal developments of temperature,

ignition delay times nearly coincide in all cases except for Model-5. In Model-5,

the ignition delay time is about 6 msec larger than other cases. From the temporal

developments of mass fractions, O2 are rapidly consumed at ignition term. C7H16

moderately decreases at same term, because C7H16 decomposes to lower hydro-

carbons at a stage prior to ignition. The mass fraction of OH shows sharp peak at

ignition except for Model-4. The profile of mass fraction of H2O2 of Model-5 is

extremely different with other models, and the mass fraction at peak is very high.

A.4 Comparison of One-dimensional Flame Propa-
gation

Figure A.3 shows spatial distributions of temperature and mole fraction of major

species for Model-2 to Model-5. Initial condition areϕ = 1.0, T0 =1000 K and

P0=13.5 bar. Laminar flame thicknesses in Model-4 and Model-5 are about two

or three times than Model-2 and Model-3. The distributions of mass fractions

of C7H16, O2 and CO2 are nearly coincide with each model. On the other hand,

distributions of OH and H2O2, which are intermediates, are different for each

model. In Model-4, increase of OH at flame sheet is moderate. In Model-5, the

concentration of H2O2 at flame zone is very high, and this is consistent with the

result of zero-dimensional analyses.
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Figure A.1: Ignition delay time.
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Figure A.2: Temporal developments of temperature and mass fraction of major
species forϕ = 1.0, T0 =1000 K andP0=13.5 bar .
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Figure A.3: Spatial distributions of temperature and mole fraction of major
speciesϕ = 1.0, T0 =1000 K andP0=13.5 bar .
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Table A.2: 61 reactions and 37 species mechanism for n-heptane ignition.
No. Reaction A b E (cal)

1 C7H16 + O2 = C7H15−1 + HO2 2.500E+13 0.0 48810
2 C7H16 + O2 = C7H15−2 + HO2 2.800E+14 0.0 47180
3 C7H16 + H = C7H15−1 + H2 5.600E+07 2.0 7667
4 C7H16 + H = C7H15−2 + H2 4.380E+07 2.0 4750
5 C7H16 + OH = C7H15−1 + H2O 8.600E+09 1.1 1815
6 C7H16 + OH = C7H15−2 + H2O 4.800E+09 1.3 690.5
7 C7H16 + HO2 = C7H15−1 + H2O2 8.000E+12 0.0 19300
8 C7H16 + HO2 = C7H15−2 + H2O2 1.000E+13 0.0 16950
9 C7H16 + CH3 = C7H15−1 + CH4 1.300E+12 0.0 11600
10 C7H16 + CH3 = C7H15−2 + CH4 8.000E+11 0.0 9500
11 C7H16 = C7H15−1 + H 3.972E+19 -0.95 103200
12 C7H16 = C7H15−2 + H 1.248E+21 -1.34 100700
13 C7H16 = C4H9 + C3H7 2.000E+16 0.0 80710
14 C7H15−1 + O2 = C7H15O2 2.000E+12 0.0 0
15 C7H15−2 + O2 = C7H15O2 2.000E+12 0.0 11600
16 C7H15O2 = C7H14O2H 6.000E+11 0.0 20380
17 C7H14O2H + O2 = C7H14O2HO2 2.340E+11 0.0 0
18 C7H14O2HO2 = C7KET21 + OH 2.965E+13 0.0 26700
19 C7KET21= C5H11CO + CH2O + OH 1.000E+16 0.0 42400
20 C5H11CO= C5H11 + CO 1.000E+11 0.0 9600
21 C5H11 = C2H5 + C3H6 3.200E+13 0.0 28300
22 C7H15−1 = C2H4 + C5H11 2.500E+13 0.0 28810
23 C7H15−2 = CH3 + C6H12 3.000E+13 0.0 29800
24 C6H12 = C3H7 + C3H5 1.000E+16 0.0 68000
25 C7H15−2 = C4H9 + C3H6 1.200E+13 0.0 29600
26 C7H15−1 = C7H15−2 2.000E+11 0.0 18100
27 C4H9 = C2H5 + C2H4 2.500E+13 0.0 28810
28 C3H7 = C2H4 + CH3 9.600E+13 0.0 30950
29 C3H6 = C2H3 + CH3 6.150E+15 0.0 85500
30 C3H5 + OH = CH3CHO + CH3 3.500E+11 0.0 85500
31 C3H5 + O2 = C3H4 + HO2 6.000E+11 0.0 10000
32 C3H4 + OH = C2H3 + CH2O 1.000E+12 0.0 0
33 C3CO + M = CH3 + CO + M 1.800E+16 0.0 14400

All species in the mixture contribute
contribute equally as third body

34 CH3CHO + OH= CH3CO + H2O 1.000E+13 0.0 0
35 CH3O + CO= CH3 + CO2 1.570E+14 0.0 11800
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No. Reaction A b E (cal)

36 CH3O (+M) = CH2O + H (+M)
Low 2.344E+25 -2.7 30600
High 2.000E+13 0.0 27420

37 CH3 + HO2 = CH3O + OH 4.300E+13 0.0 0
38 CH3 + O2 = CH2O + OH 4.800E+10 0.0 9000
39 CO + O + M= CO2 + M 6.170E+14 0.0 3000

All species in the mixture contribute
contribute equally as third body

40 CO + OH= CO2 + H 3.510E+07 1.3 -758
41 HO2 + CO= CO2 + OH 5.800E+13 0.0 22930
42 H2 + O2 = OH + OH 1.700E+13 0.0 47780
43 O + OH= O2 + H 4.000E+14 -0.5 0
44 H + O2 + M = HO2 + M 2.800E+18 -0.86 0

Enhanced third body efficiencies
O2 = 0, H2O = 0, CO =0.75,
CO2 = 1.5, C2H6 = 1.5, N2 =0,

45 H + O2 + N2 = HO2 + N2 2.600E+19 -1.24 0
46 OH + HO2 = H2O + O2 7.500E+12 0.0 0
47 H + HO2 = OH + OH 1.700E+14 0.0 875
48 HO2 + HO2 = H2O2 + O2 2.000E+12 0.0 0
49 OH + OH (+M)= H2O2 (+M)

High 7.600E+13 -0.37 0
Low 4.800E+18 -0.9 -1700
Troe parameters: 1, 1.0E-15, 1500, 1.0E+15
Enhanced third body efficiencies
H2 = 2, H2O =6, CO =1.5,
CO2 = 2, C2H6 = 3, N2 =0.7,
CH2 = 4

50 H2O2 +OH = H2O + HO2 1.000E+13 0.0 1800
51 H2O2 +H = H2O + OH 1.000E+13 0.0 3590
52 CH2O + OH= HCO + H2O 2.430E+10 1.18 -447
53 CH2O + HO2 = HCO + H2O2 3.000E+12 0.0 8000
54 HCO + O2 = HO2 + CO 3.300E+12 -0.4 0
55 CH4 + O = CH3 + H2O2 1.020E+09 1.5 8604
56 CH4 + HO2 = CH3 + H2O2 1.000E+13 0.0 18700
57 C2H4 + OH = CH2O + CH3 6.000E+13 0.0 960
58 C2H5 + O2 = C2H4 + HO2 2.000E+10 0.0 -2200
59 C2H3 + HO2 = CH2O + HCO 4.000E+12 0.0 -250
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No. Reaction A b E (cal)

60 C3H8 (+M) = C2H5+CH3 (+M)
High 9.900E+22 -1.6 84429
Low 2.237E+27 -2.88 67448
Troe parameters: 1, 1.0E-15, 1500, 1.0E+15
Enhanced third body efficiencies
H2 = 2, H2O =6, CO =1.5,
CO2 = 2, C2H6 = 3, N2 =0.7,
CH2 = 4

61 H + C3H7 (+M) = C3H8 (+M)
High 3.613E+13 0.0 0.0
Low 4.42E+61 -13.545 11357
Troe parameters: 0.315, 369, 3258, 6667
Enhanced third body efficiencies
H2 = 2, H2O =6, CO =1.5,
CO2 = 2, C2H6 = 3, N2 =0.7,
CH2 = 4

(A: frequency factor,b: pre-exponential temperature exponent,E: activation en-
ergy)
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Appendix B

Adoption of a Point-implicit Time
Integration Method to DNS of
Turbulent Combustion

B.1 Preface

In the combustion DNS, an explicit method has been generally used for the time

integration scheme [142][143][144], and because of chemical reaction term, their

time increment have to be nanosecond order for hydrogen/air and methane/air pre-

mixed flame. On the other hand, a point-implicit method in which only chemical

reaction term is integrated implicitly and other terms are integrated by explicit

method has been used in the simulation of supersonic flow field with chemical re-

action [145][146]. When an implicit method is adopted to the time integration, the

convergence calculation increases the amount of computation, whereas the time

increment can be increased. Therefore, total computation time can be reduced

because the stiffness of chemical reaction is prevented by an implicit method.

However, the influence on DNS results by using the point-implicit method has not

been cleared yet.

The objective of this chapter is to clarify the influence of a point-implicit

time integration method on DNS results of combustion by comparing the DNS

results for explicit time integration method with that for point-implicit one. Fur-
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thermore, adoption of point-implicit time integration method to DNS of high hy-

drocarbon/air combustions, such as n-heptane/air, iso-octane/air and n-decane/air

mixture, is also studied to examine the stiffness of chemical reaction mechanism

for these fuels.

B.2 Numerical Method

B.2.1 Governing Equations and Numerical Scheme

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

are used for the governing equation for all numerical simulations including two

-dimensional DNS. Details of the governing equations can be found in chapter

4. A detailed kinetic mechanism which includes 12 reactive species and 27 ele-

mentary reactions is used to represent hydrogen/air reaction, and GRI2.11 [106]

which includes 49 reactive species and 279 elementary reactions is used to rep-

resent methane/air reaction. For high hydrocarbon/air reactions, reduced kinetic

mechanisms are used. The details of these mechanisms are shown in section B3.5.

Temperature dependence of the viscosity, thermal conductivity and diffusion co-

efficients are taken into account by linking CHEMKIN packages [99][100] with

modifications for vector/parallel computations.

B.2.2 Point-implicit Scheme

In an explicit time integration method, the low storage third-order Runge-Kutta

scheme is used for time integration for all terms in governing equations. In a

point-implicit time integration method, time splitting method is adopted to time

integration of the chemical species conservation equation. The species conserva-

tion equations are written as follows;

∂Yi

∂t
+ u · ▽Yi = −1

ρ
▽ ·(ρYiVi) +

ωi

ρ
. (B.1)

Where,ρ andu representdensity and velocity vector.Yi, Vi andωi represent

mass fraction, diffusion velocity and source term for speciesi. By introducing
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intermediate time step, Eq. (B.1) is split into two equations;

Yi
∗ − Yi

n

dt
= −u · ▽Yi −

1

ρ
▽ ·(ρYiVi) , (B.2)

Yi
n+1 − Yi

∗

dt
=

ωi

ρ
. (B.3)

Wheresuperscriptn represents time step, and∗ means intermediate step. First,

time integration of convective term and diffusion term are conducted by the low

storage third-order Runge-Kutta scheme (Eq. (B.2)). Next, chemical reaction

source term is integrated by implicit method (Eq. (B.3)). In this study, VODE

solver which is developed in Lawrence Livermore National Laboratory is used for

implicit time integration. The details of VODE solver is referenced in the previous

researches [101][102].

B.2.3 Test Problems

Here, three fundamental combustion fields are selected to investigate availability

of the point-implicit scheme to DNS of turbulent combustion. The first problem is

auto-ignition of various fuels . In this test, effects of the point-implicit scheme on

simulated combustion process are discussed in a view point of chemical stiffness

because this problem does not include convection of the fluid. In section B.3.1,

auto-ignition of hydrogen/air and methane/air mixture is analysed for different

time increment. If the explicit scheme was used, a typical time increment is 3 ns

for both fuels. The initial temperature is set to 1500 K and the equivalence ratio

is 1.0 for all cases. The availability limit of the point-implicit scheme is shown by

changing the time increment from 3 ns to 3 ms. The obtained results are compared

with those of the explicit scheme with∆t =3 ns and well-known SENKIN [137]

of CHEMKIN. In section B.3.5, to show the importance of the implicit scheme in

DNS of high hydrocarbon fuels, the increment is varied both for the explicit and

implicit scheme.

Second test problem is freely propagating laminar premixed flames. In this

test, convection effects including CFL number limit are shown for hydrogen/air
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FigureB.1: Computational object of two-dimensional DNS.

and methane/air flames. The preheat temperature is 900 K, and equivalence ration

is 1.0 for all cases. The distribution which was calculated by PREMIX [138] of

CHEMKIN is used as an initial distribution. The computational domain is set to

1cm for all cases. The governing equations are discretized by the fourth order

central finite difference scheme. To show the grid number requirement for the

point-implicit scheme, grid number is changed under the condition of∆t = 3 ns.

After showing the minimum grid number, the time increment is varied.

The final test problem is two-dimensional turbulent premixed flame propagat-

ing in homogeneous turbulence. Figure B.1 shows a schematic of the flow field

used in two-dimensional DNS. In the two-dimensional DNS, the governing equa-

tions are discretized by the fourth-order central difference scheme in the flame

propagation direction and the boundary condition in this direction is the Navier-

Stokes characteristic boundary condition (NSCBC) [97][98]. The Fourier spectral

method is used in the cross direction and the boundary condition in this direction

are periodic. The preheat temperature is 700 K and equivalence ratio is 1.0. Com-

putational domain is 1.074cm in flame propagation direction and 0.537cm in cross

direction. Grid point and time increment are1281 × 512 and 1.5 ns for explicit

method and385 × 192 and 15 ns for point-implicit method.
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B.3 Results and Discussion

B.3.1 Zero-dimensional Analysis of Ignition

In this section, zero-dimensional analyses of auto-ignition are conducted for hy-

drogen/air and methane/air mixture by using DNS code of turbulent combustion.

Figure B.2 shows the temporal developments of temperature in zero-dimensional

hydrogen/air and methane/air ignition obtained by explicit time integration method

and point-implicit time integration method. Here, ”E” represents result of explicit

method and ”I” represents that of point-implicit method. The width of time incre-

ment is also shown with each method. For comparison, the results by SENKIN

of CHEMKIN are also plotted. For hydrogen case, the temporal developments of

temperature by explicit method with∆t = 3 ns is in good agreement with that

by point-implicit method with∆t =3 ns and 30 ns and that by SENKIN. Density,

heat release rate and mass fraction of all chemical species are also in good agree-

ment (not shown here). In the case of∆t = 300 ns, the temporal development

of temperature differs from the explicit one after 0.02 ms, and there is about 100

K differences at 0.1 ms. In the case of∆t = 3 ms, the temporal development

of temperature is different from other cases after ignition. For methane case, the

temporal developments of temperature for point-implicit method with∆t = 3 ns

and 30ns are in good agreement with that by explicit method and SENKIN. In

the case of∆t = 300 ns, the profile near the ignition is slightly different from

the cases of∆t = 3 ns and 30 ns. In the case of∆t = 3 ms, the temperature

after the ignition is clearly different from other cases but the time of temperature

rapid increase is almost same. When explicit method is adopted, the maximum

width of time increment is less than 10 ns for both fuels because of their stiff-

ness. From above results, the time increment can be increased to≈ 30 ns by using

point-implicit method
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B.3.2 One-dimensional Analysis of Flame Propagation

In this section, one-dimensional analysis of freely propagating hydrogen/air and

methane/air premixed flames are conducted to show the effectiveness of the point

implicit scheme by using DNS code. In the DNS code, pressure term is directly

solved without any simplifications. In general, one-dimensional analysis of a lam-

inar premixed flame such as PREMIX of CHMEKIN is conducted under the as-

sumption of constant pressure through the flame.

If the explicit scheme is used for all terms in the governing equations, grid

requirement are increased because sharp peaks in chemical reaction rates of sev-

eral species causes numerical instabilities. There is a possibility that the usage

of the implicit scheme for chemical reaction terms reduces number of numerical

grid. Figure B.3 shows distributions of temperature, density, heat release rate and

H2O2 mole fraction of one-dimensional laminar methane/air premixed flame ob-

tained by the point-implicit scheme with a constant time increment (∆t = 3 ns)

and varying grid number. For comparison, the result obtained by fully explicit

scheme, which is calculated with the same time increment and 1025 grid points,

is presented.

Distributions of temperature, density and heat release rate obtained by the

point-implicit scheme well coincide with those by the explicit scheme even for

the minimum grid number in this analysis (Nx = 257). The distribution of H2O2

mole fraction, however, shows small oscillation near the flame front forNx =

257. Similar analyses have been done for the hydrogen/air laminar flame and the

minimum grid number requirement is also shown for the point-implicit scheme.

The maximum time increment for the point-implicit scheme was clarified both

for hydrogen/air and methane/air laminar premixed flames with the minimum grid

number shown in above. Figure B.4 shows flame structure of methane/air pre-

mixed flame for various time increment andNx = 385. Up to ∆t = 30 ns, the

flame structure except for H2O2 mole fraction agrees with that by explicit scheme.

Similar to grid requirement test in Fig. B.3, small oscillation of H2O2 distribution
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is observed near the flame front.

These results suggest that the usage of a point-implicit scheme reduces both

grid and computational time requirements simultaneously. It should be noted that

the maximum time increment is determined by CFL limit for the point-implicit

scheme.

B.3.3 Two-dimensional DNS of Turbulent Premixed Flame Prop-
agation

Figure B.5 shows the distributions of heat release rate and temperature of hydro-

gen/air turbulent premixed flame propagation for explicit time integration method

and point-implicit time integration method.

In Fig. B.5, distributions of heat release rate and temperature for point-implicit

case coincide with these for explicit method. To investigate these distributions in

more detail, distributions of temperature, density, heat release rate and fluid ve-

locity in flame propagation direction aty = 0 are shown in Fig. B.6. All distribu-

tions for point-implicit method case are in good agreement with those for explicit

method. Therefore, point-implicit method can be adopted to DNS of turbulent

combustion. Figure B.7 and B.8 show the same results for methane/air turbulent

premixed flame propagation. The preheat temperature is 700 K and equivalence

ratio is 1.0. Computational domain is 1.05cm in flame propagation direction and

0.525cm in cross direction. Grid point and time increment are1281 × 512 and

∆t = 1.5 ns for explicit method and768× 192 and∆t = 13 ns for point-implicit

method. The distributions for point-implicit method are in good agreement with

those of explicit method same as hydrogen/air case. Therefore point-implicit

method also can be adopted to DNS of methane/air turbulent premixed flame.
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B.3.4 Comparison of Computational Time in Two-dimensional
DNS of Turbulent Premixed Flame Propagation

To evaluate the computational load of DNS with explicit method and point-implicit

method, the computational time of two-dimensional DNS of hydrogen/air and

methane/air turbulent premixed flame propagation is obtained for both methods.

Numerical conditions such as number of grid point, time increment and turbulent

property are same for each fuel case. These simulations are conducted by TSUB-

AME Grid Cluster in Tokyo Institute of Technology, with AMD Opteron 880. The

computational time for point-implicit method is about 1.26 times that for explicit

method in hydrogen/air flame, and about 1.96 times in methane/air flame. The

maximum size of time increment is 3 ns in our previous two- or three-dimensional

DNS with explicit time integration, and smaller size of time increment is needed

to use fuel species with stronger stiffness, such as n-heptane as follows. On the

other hand, from above results, time increment of over 10 ns can be used for

point-implicit method, and hence it is possible to reduce the whole computational

time.

B.3.5 High Hydrocarbon/air Combustion

DNS results of high hydrocarbon/air combustion are shown in the section. In the

actual engines, gasoline or light oil are generally used for fuels, so it needs to

conduct the DNS of turbulent combustion with these fuels to clarify the combus-

tion phenomena in actual engines. The detailed chemical reaction mechanisms

of such fuels are too complex to adopt to the DNS, because they are composed

of high hydrocarbon species. The detailed chemical reaction mechanism of n-

heptane combustion, for example, includes more than 500 chemical species and

2000 elementary reactions [131], and that of iso-octane combustion includes more

than 800 chemical species and 3700 elementary reactions [147]. A detailed mech-

anism for n-alkane hydrocarbons from n-octane to n-hexadecane was suggested

by Westbrook et al[148]. This mechanism includes more than 2000 chemical
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species and 8000 elementary reactions. For these detailed mechanisms, many

reduced mechanisms of high hydrocarbon combustions have been suggested for

n-heptane [132][133][135], iso-octane [149][150] and n-decane [151][136][152]

combustions. In this study, the models which includes 37 chemical species and 61

elementary reactions [134], 109 chemical species and 491 elementary reactions

[149] and 67 chemical species and 600 elementary reactions [136] are used for

n-heptane/air, iso-octane/air and n-decane/air combustion, respectively.

Figure B.9 shows the temporal developments of temperature of zero-dimensional

n-heptane/ air ignition for explicit time integration method and point-implicit time

integration method. For comparison, the results by SENKIN are also plotted. The

initial temperature is 1500 K and the equivalence ratio is 1.0 for all cases. In

Fig. B.9(a), even if time increment is very small such as 0.05 ns or 0.025 ns, the

temperature development shows nonphysical behavior. Although the temperature

developments for the case of∆t =0.00625 ns is in good agreement with that for

SENKIN, it is not realistic to use such a small time increment for two- or three-

dimensional DNS. In Fig. B.9(b), the temperature development for point-implicit

method with∆t = 3 ns, 30 ns are in good agreement with that for SENKIN and

explicit method with∆t = 0.00625ns. From these results, if explicit time inte-

gration is adopted to DNS, it needs to use extremely small time increment for n-

heptane/air combustion compared with hydrogen/air or methane/air combustion,

because the stiffness of chemical reaction is very strong. Such a computational

stiffness is observed for other reaction mechanisms, for example, by Liu et al.

[133] and Patel et al. [135].

For these stiffness, Lu et al. [153] suggested the method of stiffness removal

in chemical reaction of n-heptane/air combustion. They conducted the removal of

chemical species which are causes of stiffness, and examined the result of non-

stiffness reaction mechanisms. From these operations, explicit time integration

could be adopted for DNS of n-heptane/air combustion with non-stiffness chem-

ical reaction. However, it needs a lot of costs to conduct these operations for

various chemical reaction mechanisms, such as n-heptane/air, iso-octane/air, n-
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decane/air and so on. In addition, it is considered that all chemical reaction mech-

anisms cannot be adopted by their method. The point-implicit method can be used

to high hydrocarbon/air combustion without such operations.

Figure B.10 shows the temporal developments of temperature of zero-dimensional

ignition with point-implicit time integration method for iso-octane/air and n-decane/air

combustion. Temperature developments for point-implicit method with∆t = 3

ns, 30 ns are in good agreement with that for SENKIN. For explicit time inte-

gration, the time increment needs to be picoseconds order same as the case of

n-heptane/air.

From these results, the computational time of DNS of high hydrocarbon com-

bustion with explicit time integration will be very large even if the fastest super

computer is used. On the other hand, in the point-implicit method, the time incre-

ment can be same order as hydrogen/air and methane/air combustion, so DNS of

high hydrocarbon/air combustion becomes possible. The point-implicit method

is very useful for DNS which considers fuel including reactions with strong stiff-

ness, and the computational time can be dramatically reduced.
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FigureB.2: Temporal developments of temperature in zero-dimensional hydro-
gen/air (upper) and methane/air ignition (lower).
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Figure B.3: Spatial distributions of temperature, heat release rate, density and
mole fraction of H2O2 of methane/air premixed flame for different grid point
cases.

5001000150020002500 I - 3nsI - 15nsI - 30ns
-0.50 -0.25 0.0 0.25 0.50

T [K]
x [cm]

(a)Temperature

-0.500.000.501.001.50 I - 3nsI - 15nsI - 30ns
-0.50 -0.25 0.0 0.25 0.50

∆H[J/m3
s]

x [cm]

x 1010

(b) Heat release rate

0.100.150.200.250.300.350.40 I - 3nsI - 15nsI - 30ns
-0.50 -0.25 0.0 0.25 0.50

ρ [m3/kg
]

x [cm]
(c) Density

-0.20.00.20.40.60.81.01.2 I - 3nsI - 15nsI - 30ns
-0.50 -0.25 0.0 0.25 0.50

XH2O2
x [cm]

x 10-5

(d) Mole fraction of H2O2

Figure B.4: Spatial distributions of temperature, heat release rate, density and
mole fraction of H2O2 of methane/air premixed flame for different time increment
cases.
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Figure B.5: Distributions of heat release rate (left) and temperature (right) for
explicit method (upper) and point-implicit method (lower).
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Figure B.6: Spatial distributions of temperature, heat release rate, density and
velocity inx direction aty = 0.
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Figure B.7: Distributions of heat release rate (left) and temperature (right) for
explicit method (upper) and point-implicit method (lower).
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Figure B.8: Spatial distributions of temperature, heat release rate, density and
velocity inx direction aty = 0.
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APPENDIX B. ADOPTION OF A POINT-IMPLICIT TIME INTEGRATION
METHOD TO DNS OF TURBULENT COMBUSTION
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FigureB.9: Temporal developments of temperature in zero-dimensional ignition
for n-heptane/air by explicit method (left) and by point-implicit method (right).
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Figure B.10: Temporal developments of temperature in zero-dimensional iso-
octane/air (left) and n-decane/air (right) ignition.
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