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Abstract

Premixed and nonpremixed flames can be characterized according to their reactant injection.

Partially premixed combustion is a hybrid form of these two combustion regimes.

Nonpremixed turbulent flames may not exactly feature diffusion flame properties when the

flame develops further downstream because fuel and oxidizer can be mixed at the molecular

level before they react. This situation can be described with the time dependent solutions of

the flamelet equations. Therefore, the parameters characterized only by nonpremixed

combustion may not be adequate to model a turbulent diffusion flame. Recently, Large Eddy

Simulation (LES) has become a new and popular approach in simulation of the turbulent jet

flames. In this approach, the large-scale structures are solved and the small-scale structures

are modelled. Therefore, the mixing process controlled by large scale structures is resolved

and the small scale effects such as leading edge flames involved in the flame base dynamics

are modelled by the subgrid scale models in LES. Three Sandia flames D, E and F have been

simulated by combining these two new approaches. Results showed that the introduced

coupling model could be a candidate for lifted turbulent jet flames.

The transient laminar flamelet model with the new coupling strategy has been formulated as a

combustion model for Large Eddy Simulations of turbulent diffusion flames especially when

local extinction and reignition phenomena are dominant. The coupling study of interface

routines and the flow solver is one of the critical tasks in the flamelet modelling studies. In

this study, the new and more efficient coupling strategy was developed and implemented. In

contrast to the classical flamelet models coupling method, the presented coupling strategy

makes the library interpolations and then calculates the pdf integrals that are stored as a part

of the libraries. This improvement is very crucial in terms of computational costs since it

increases the speed of the simulation up to 30 times compared to the classical models. In this

method, there is almost no limitation for the number of the simulated species and types of the

integrals in PDF calculations. Another flexibility is also offered for the number of the nodes

in the computational domain due to the drastic decreases in the computational costs.

The time averaged results are compared with experimental data for velocity, mixture fraction,

temperature and mass fractions of the species at the centreline and various radial profiles. The



radial profiles of main and minor species are consistent with the experimental data. This

modelling approach leads to the prediction of local extinction and reignition phenomena by

well-predicted temperature fields in the fuel rich area of the flame. The hybrid flamelet model

overcomes the limitations of the fast chemistry and steady flamelet models by using a

dynamic chemical variable, progress variable, in addition to the kinematic variable,

dissipation rate, in order to parameterize the flamelet evolution.

The comprehensive comparisons of basic dynamic characteristics of the Sandia flames

between measurements and calculations are performed by using scalar statistics conditional

on mixture fraction and bimodality analysis. These analyses together with time averaged

comparisons may validate that the presented model can account for local extinction and

reignition phenomena in the unsteady reacting turbulent flow fields.



Zusammenfassung

Vorgemischte und nicht vorgemischte Verbrennung werden unterschieden nach der Art und

Weise, wie die Reaktionspartner dem Prozess zugeführt werden. Es existiert auch eine

Hybridform dieser zwei Fälle, nämlich die teilvorgemisehte Verbrennung. Auch in

abgehobenen turbulenten nicht vorgemischten Flammen kann vor der Zündung eine

Teilvormischung auftreten. Dieser Vorgang kann mit zeitabhängigen Lösungen der Flamelet-

Gleichung beschrieben werden. Deshalb sind die Parameter, welche für die Beschreibung

einer reinen Diffusionsflamme benützt werden nicht immer genügend. In letzter Zeit wurde

die LES Methode zum bevorzugten Ansatz für die Simulation von turbulenten Jet-Flammen.

Bei diesem Ansatz werden die groben Strukturen exakt gelöst und nur die feineren modelliert.

Deshalb wird bei der Verwendung von LES der Mischungsprozess in den groben Strukturen

aufgelöst und Modelle werden nur für die Prozesse innerhalb der Zellen des Rechengitters

benützt. Mit Hilfe dieser Kombination von LES und instationärem Flamelet wurden die sog.

Sandia Flammen D, E und F simuliert und die Resultate zeigen, dass diese Methode

abgehobene Flammen sehr gut beschreiben kann.

Das transiente Flameletmodell gekoppelt mit LES wurde speziell als Verbrennungsmodell

formuliert für Fälle, wo lokales Erlöschen und Wiederzünden dominante Vorgänge sind. Die

„Interface-Routinen" für die Kopplung des Flamelet-Modells mit dem Strömungslöser stellen

einen kritischen Schritt dar in Bezgug auf Rechenzeit. Eine neue effizientere Strategie wurde

entwickelt und implementiert. Als wesentliche Neuerung wurde die Integration über die PDF

vorgängig der Strömungsimulation durchgeführt und in die Flamelet-Libraries integriert.

Diese Neuerung verküzt die Rechenzeit um einen Faktor 30, was die Möglichkeit ergibt eine

grössere Anzahl von Spezies einzubeziehen. Auch gibt diese Neuerung erst die Möglichkeit

mit einer für LES genügend feinen Gitterauflösung zu arbeiten.

Die zeitlich gemittelten Resultate für Geschwindigkeit, Mischungsbruch, Temperatur und

verschiedene Spezieskonzentrationen werden mit experimentellen Daten verglichen, dies für

das axiale Profil und verschiedene radiale Profile. Die Profile der Haupt- und Nebenspezies

zeigen gute Übereinstimmung mit den experimentellen Werten. Speziell erwähnenswert ist

die gute Übereinstimmung des Temperaturprofils im fetten Bereich, was zeigt dass durch



dieses Modell die Effekte des Löschens und Wiederzündens gut vorhergesamt werden

können. Das hybride Flamelet-Modell kann die Grenze des stationären Flamelet-Modells mit

unendlich schneller Chemie überwinden, indem zu den bisherigen Kopplungsparametern

Mischungsbruch und skalare Dissipation die Reaktionsfortschrittsvariable für die

Beschreibung der chemischen Dynamik hinzugefügt wird.

Umfangreiche Vergleiche wurden durchgeführt zwischen Experiment und Rechung der

dynamischen Charakteristik der Sandia-Flammen, indem auf den Mischungsbruch

kondizionierte Mittelwerte der Temperatur und Spezieskonzentrationen untersucht wurden.

Auch diese Resultate zeigen eindrücklich, wie gut dieses Modell die Vorgänge des Löschens

und Wiederzündens und die zeitabhängige Entwicklung der Reaktion wiedergeben kann.
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Chapter I

General Background

1.1 Introduction

Fuel may be defined as any substance, which can be burned as a source of heat or power. The

provision of energy as heat or power in either mechanical or electrical form is the major

reason for burning fuels. Economic activities would be limited and restrained without heat

and electricity from the fuel combustion. Modern society uses more and more energy for

industry, services, homes and transport.

The generation of electricity from fuels requires the combustion of the fuels and some of the

energy in the heat (steam) produced is converted into electricity. Most fuels are mixtures of

hydrocarbons and these are the main heating agents. Both carbon and hydrogen combine with

oxygen during the combustion and the reactions provide heat. Carbon and hydrogen present in

the original fuels are emitted into the atmosphere as carbon dioxide (C02) and water. What

will limit the usage of fossil fuels is the potential climatic and ecosystem changes as a result

of rising CO2 levels in the atmosphere. In Switzerland, heating systems and industrial

combustion produce 91% of sulphur dioxide (SO2), while motor vehicles produce 8%. Motor

vehicles produce 56% of nitrogen oxides (NOx), another 30% is produced by combustion

equipment and 85% of carbon monoxide (CO) is produced from a combination of motor

vehicles, heating and industrial combustion. [1].

Combustion systems have been a crucial tool for industrial development throughout the

world. Manufacturing sector continues to rely on these systems for heat and steam generation.

Combustion systems include turbines, process heaters, boilers, combined heat and power

technologies. In current technology, it is not easy to replace fossil fuel usage by wind, solar

cell power, or some other renewable methods. We are faced with a serious energy problem

1



related with the diminishing reserves of fossil fuels as the population of the planet increases.

Nevertheless, world energy demand is forecast to increase by 54% from 2001 to 2025 and to

require about $16 trillion in new investments by 2030 to meet demands [2]. All the renewable

energy sources together may make useful contributions, but they are completely incapable of

coming anywhere near to tackling the scale of the energy problem. Demand for energy in the

developing Asia countries are projected to double between 2001 and 2025, accounting for

40%) of the world's increase.

Despite the growth in renewable energy production and engineering improvements, the global

share of renewable energy will be less than 10%> in 2025 and oil will still account for nearly

40%) of world energy consumption. The world could consume more than twice the amount of

fossil fuels over the next 60 years as during the last 60 years (see Fig. 1.1). The impact of

greenhouse gases on global warming is cumulative [2].

Figure 1.1: World energy production by fuel [2].

In 2003, Iceland opened the world's first filling station for hydrogen-fueled vehicles and it

plans to use geothermal-produced electricity within 30-40 years, becoming the first non-

fossil-fuel country. Renewable energy accounts for 6%> of the EU's energy use, which the EU
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hopes to increase to 12% by 2010.

VEL2 Programme in Canton Ticino is supported by Swiss Energy and promotes alternative,

low or zero emitting vehicles (hybrid and internal combustion engine vehicles) through

subsidised pricing. Internal combustion engines can be combined with some other cycles, for

example with steam or gas turbines, and have a variety of applications. They are popular as

reserve capacity in hospitals, nuclear power stations, etc., and are also used in regular power

production. Gaseous and traditional liquid fuels can be used in internal combustion engines

[1].

Hydro 12 3%

Comb renew & waste

5 8%

Geotliermal/sülar/wind

, ,
0 5%

Nuclear 24 2%
_

-Coal 0 5%

Gas 8 8%
^^^^^^^^^^^^

Oil 48 0%

Figure 1.2: The share of total primary energy supply for Switzerland in 2002 [1].

The share of combustion based energy production from the renewable energy sources and the

waste was 6% in Switzerland's total energy production for 2002 (see Fig. 1.2). Combustion

systems are used to generate steam and heat for manufacturing processes. Environmental

concerns such as global warming and ozone transport, emission requirements and cost of fuels

have had a major influence on the studies on efficient energy generation by minimizing the

pollutant emissions. This increases research and development (R&D) needs for fundamental

combustion science. Combustion engines processes are being developed in close co-operation

with industry. The key research activities are laser optical measures, numerical simulation of

combustion processes, formation of pollutants in combustion (particularly reduction of

nitrogen) and low-pollution combustion technologies (e.g. catalytic combustion) and retention

procedures (e.g. for diesel soot in heavy duty vehicles). R&D studies in combustion systems

lead developments in energy-efficient and environmentally friendly industrial technologies.

Improvements in industrial combustion systems can reduce energy consumption through more

3



efficient heat transfer to reduce NOx, S02, CO, and particulate emissions; and improve

product quality. The challenge is to develop clean systems without compromising their

efficiency.

1.2 The Objective of the Thesis

The historical approach for the design of combustion systems and tuning is trial and error. It

is imperative to attain higher levels of sophistication in computational science and systems

engineering. Combustion is one of the known most complex chemical processes, and effective

computational modeling and simulation of combustion comprise a great part of the challenge.

The aid of advanced modeling and improved systems engineering capabilities can bring more

predictability to combustion design.

The computational fluid dynamics (CFD) is a numerical tool to simulate the fluid flow, heat

transfer, chemical reactions and their interactions. Popularity of CFD has been drastically

increased in the last decade due to the tremendous progress in computational powers. The

graphical user interface tools can be used easily to set up complicated geometries in today's

world. Furthermore, the results can be easily post- processed and visualized by the end users.

The increased computational power creates some new opportunities such as making numerical

experiments (DNS) in order to compare and validate the outputs of laboratory experiments.

This method has also been used to create databases in the absence of availability of laboratory

data. The numerical simulation methods are being validated with the reliable sets of the

experimental data at selected basic conditions before attempting to simulate the complex

geometry flows and reactions. Once a stable and reliable simulation model is developed for

complex geometries and the combustion systems, the application of the model to new design

geometries and reactions would be relatively easy. Therefore the new geometries may be

tested much more economically with numerical methods compared to building and testing an

entire combustion system.

The formation and the removal of pollutant species such as nitrogen oxides and carbon

monoxide are of particular interest for advanced combustion systems. In most of the practical

combustion systems chemical reaction and turbulence are coupled with each other strongly.
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While turbulence increases the mixing rates and enhances combustion, combustion causes

instabilities in the flow field in terms of expansion due to exothermicity and buoyancy by

releasing heat.

The understanding and the prediction of the behaviour of turbulent reacting flows are

generally much more difficult than non-reacting flows. First of all the flow is usually

compressible, so that, in addition to the conservation of mass and momentum and constitutive

relationships, also the conservation of energy as well as gas laws must be considered.

Furthermore, conservation equations for chemical species must be included, often for many

chemical species and numerous chemical reactions. The reactions can result in large heat

release, resulting, for example, in large temperature and density variations.

The turbulent combustion systems can be investigated under three categories in terms of

mixing: premixed, non-premixed and partially premixed combustion. In premixed

combustion, like a homogeneous internal combustion engine, the premixed fuel and oxidant

are ignited locally by a spark. Then the flame propagates through the mixture, leaving hot

products in its wake. In non-premixed combustion, such as fuel jet issuing into air, the fuel

and air are introduced in two separate streams. The chemical reaction can occur as fuel and air

mix locally at the molecular level. Therefore the flame can exist where fuel and air mixed

locally, so that the chemical reaction is controlled by the mixing rate at least up to some

extent. Finally, some reactions occur with partially premixed species. For example, in the

problem of a fuel jet into air, it is possible for fuel and air to mix somewhat before ignition.

Reduction in the pollutant emissions is one of the most important challenges for the next

generation of gas turbine and internal combustion engines. The knowledge of the temporal

and spatial distribution of fuel in gas turbine combustors is significant in terms of pollution,

combustion efficiency and combustor dynamics. The time dependent fluctuations in a

combustor often lead to poorer performance. Inefficient temporal fuel-air mixing increases

NOx emissions. The statistical turbulence models (RANS) are time independent models so

that the resolved scales do not reflect any temporal information. Even though at some

additional expenses of the method, LES produces time dependent predictions. LES is a new

and popular approach for simulation of turbulent jet flames in the last decade. The large-scale

structures are solved and the small-scale structures are modelled in this method.

5



Flamelet models allow the chemistry and turbulent flow to be treated separately. The transient

laminar flamelet model (TFLM) is developed in our group (LTNT) for the applications of

non-premixed flames subjected to high strain rates in unsteady turbulent flow field. The

objective of the thesis is to introduce an easy implementation of transient laminar flamelet

model coupled with LES in order to capture unsteady thermochemical dynamics of highly

turbulent flow fields at low Damköhler numbers. The model validation study is designed to

investigate local extinction and re-ignition effects especially for the lift-off non-premixed

flames.
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Chapter II

Literature Survey on Computational Methods

2.1 Computational Methods in Turbulent Flows

Combustion problems involve strong coupling among chemical reactions, molecular transport

and fluid dynamics. The mechanisms by which turbulence, chemical reactions, and heat

release interactions are still under investigation. Different methods have been suggested to

model turbulent combustion flows. In recent years, interest has grown in applying Large Eddy

Simulation (LES) to reactive flows. The motivation behind this trend is the inaccessibility of

real turbulent flames to direct numerical simulation due to their prohibitively fine resolution

requirements. The majority of current methods for calculating the properties of turbulent

flames and practical combustion systems are based on Reynolds or Favre averaging of the

Navier Stokes equations (RANS).

Simulation of the RANS equations reduces the computational effort compared to DNS and

LES. So it is generally adopted for practical engineering calculations. However, averaging

procedure introduces additional unknown terms containing products of the fluctuating

quantities, which act like additional stresses in the fluid. These terms, called 'turbulent' or

'Reynolds' stresses, are difficult to determine directly and so become further unknowns. The

Reynolds stresses need to be modelled by additional equations of known quantities in order to

achieve "closure" of the conservation equation.

2.1.1 Reynolds Averaged Navier Stokes (RANS) Equations

In the conventional averaging procedure a time averaged quantity, such as velocity, can be

defined as;
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— If t„+At
u = — \ udt (1)

A*J<«
v }

where A* is a time scale that is large compared to the period of random fluctuations, but small

with respect to the time scale to which the equations are solved.

In the Reynolds decomposition, the randomly changing flow variables are replaced by time

averages plus fluctuations about the average. For example we may write the velocity u in

terms of an average component «, and a time varying component «'

« = « + «' (2)

By definition, the time average of a fluctuating quantity is zero:

—; 1 f'o+A'
.

u' = — \ u'dt = 0 (3)
aA

v '

Substituting the time averaged quantities into the original transport equations results in the

Reynolds-averaged equations. The Reynolds form of the conservation of mass can be written

dp ô
-J- +—

dt ôx.
(pUj) = 0 (4)

For incompressible flows the momentum equation in Reynolds-averaged form can be written

as

j i j
V J

where the Reynold stress t takes on the reduced form



Tv=»
du du
—'- + —-

ôx ôxt
(6)

The transport equation of a scalar <f> can also be written in this form

|(^) +^M) =-f+|'*y-PUW (7)

The Reynolds-averaged form of the energy equation is given below

sK)+^(^^)=-^+
dt dx ôx

Pu!<t>j' (8)

where the mean total enthalpy is composed by the contributions of the static enthalpy ,
mean

flow kinetic energy and the turbulent kinetic energy

h.=h+—u +k
tot

2
(9)

The turbulent kinetic energy reads;

1—2
k = —u

2
(10)

The continuity equation has not been altered, but the momentum and scalar transport

equations contain turbulent flux and the molecular diffusive flux terms respectively. These are

the Reynolds stress,put u} ,
and the Reynolds flux,pui^>j .

These terms arise from the

nonlinear convective term in the un-averaged equations. They reflect the fact that convective

transport due to turbulent velocity fluctuations will act to enhance mixing over and above that

caused by thermal fluctuations at the molecular level. At high Reynolds numbers, turbulent

velocity fluctuations occur over a length scale much larger than the mean free path of thermal

fluctuations, because of this, the turbulent fluxes are much larger than the molecular fluxes.

Turbulence models close the Reynolds-averaged equations provide with models for the
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computation of the Reynolds stresses and Reynolds fluxes. These models can be divided into

two classes: Eddy Viscosity Models and Reynolds Stress Models. Eddy Viscosity Models use

the Boussinesq assumption and models that close the Reynolds equations without this

assumption are grouped under Reynolds Stress Models.

2.1.2 Eddy Viscosity Models

This model is based on the idea that turbulence consists of small eddies which are

continuously forming and dissipating, and in which the Reynolds stresses are assumed to be

proportional to mean velocity gradients. By using the gradient diffusion hypothesis, the

turbulent eddy viscosity can be written

pu u = 2uS —S

f
duk T

Vt^ + Pk

V dxk J

(H)

where S and k are the strain rate tensor and turbulent kinetic energy respectively.

Boussinesq suggested this approach more than 100 years ago. This method assumes the

apparent turbulent shearing stress might be related to the rate of mean strain through an

apparent scalar turbulent (eddy) viscosity.

The Eddy Diffusivity Hypothesis is analogous to the Eddy Viscosity Hypothesis, which states

that the Reynolds fluxes of a scalar are linearly related to the mean scalar gradient:

/>«>/ = r,v^ (12)

Here Yt is the eddy diffusivity and prescribed as

>^ (13)
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where Pr( is the turbulent Prandtl number.

In order to close the above equations the turbulent viscosity, jut, should be known. The Eddy

Viscosity Turbulence Models are different from each other in terms of the way they define the

turbulent viscosity. Zero Equation Models compute a global value for jut from the mean

velocity and a geometric length scale using an empirical formula. There are no additional

transport equations to be solved. Prandtl has suggested:

,2
du

dy

where £ is a mixing length and the product of £

velocity of turbulence.

(14)

— can be interpreted as the characteristic

dy

Two Equation Models compute the turbulence velocity scale from the turbulent kinetic

energy, which is provided from the solution of its transport equation. The turbulent length

scale is estimated from two properties of the turbulence field, usually the turbulent kinetic

energy and its dissipation rate. The dissipation rate of the turbulent kinetic energy is obtained

from the solution of its transport equation, k-s and k-a> models are classified under Two

Equation Models. The k-s model assumes that the turbulence viscosity is linked to the

turbulence kinetic energy and dissipation via the relation

k2
ßt = C,p- (15)

s

where CM is a constant. The k-co models assumes that the turbulence viscosity is linked to

the turbulence kinetic energy and turbulent frequency as

ßt=P~ (16)
CO

There are also several modified and hybrid models derived from the original k-s and k-co

models.
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2.1.3 Reynolds Stress Turbulence Models

Reynolds Stress Models do not assume that the turbulent shearing stress is proportional to the

rate of mean strain. These models are based on transport equations for all components of the

Reynolds Stress tensor and the dissipation rate. Reynolds Stress Models are more general than

those based on the Boussinesq assumption (Eddy Viscosity Models) and can be expected to

provide better predictions for the flows with sudden changes in the mean strain. The exact

production term and the inherent modeling of stress anisotropics theoretically make Reynolds

Stress Models more suited to complex flows, however in practice they are often not superior

to Two Equation Models. There are many forms of Reynolds Stress Turbulence Models, and

the detailed discussions can be followed from [4].

2.1.4 Large Eddy Simulation

Development in computer technologies and improvements in numerical methods make

possible to avoid some of modelling restrictions required for the treatment of the Reynolds

Averaged Navier Stokes equations. Two closely related approaches have been developed for

this purpose; Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES).

DNS involves solving the three-dimensional, time dependent Navier Stokes equations and

species conservation equations. No Reynolds or Favre averaging is employed. All of the

relevant length and time scales are resolved numerically. The size of the computational

domain must be at least in the order of the integral scale of the turbulence, lt, the flow must

be resolved down to at least the Kolmogorov scale, r\, and the simulations must be three-

dimensional, the number of computational grid points, TV
,
must be

JV_ «
L «Rey4 (17)

Furthermore, due to numerical stability and accuracy considerations, the time step size must

decrease proportional to the grid spacing, so that the number of the time steps, Nt, must scale

like
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Nt « Re3 (18)

In order to calculate the evolution of the solution in a volume for a duration equal to the

characteristic time of the most energetic scale, we have to solve the Navier Stokes equations

numerically order of Re3 times. These conditions are very restrictive, and limit the range of

Reynolds numbers that can be simulated by DNS.

There are some differences between DNS and RANS simulations. The instantaneous,

unsteady, three-dimensional flow structures are directly computed in DNS. In a RANS

computation, however, only the averaged fields are computed, so that no direct information is

obtained regarding the turbulent flow structures.

The approach of DNS has the advantage of avoiding the closure problem, when compared to

the RANS approach. All dependent variables are known at each point in space and time

compare to the experimental results. This situation allows the statistical studies and the

analysis of flow structures in detail. At present time DNS is mainly useful as a research tool.

Because of the computational limitations in DNS approach for high Reynolds numbers, the

technique of LES has been developed. LES lies between Reynolds Stress Models and DNS,

and it is motivated by the limitations of each of these approaches. LES can be expected to be

more accurate and reliable than Reynolds Stress Models for flows in which large scale

unsteadiness is significant such as the flow over bluff bodies, which involves unsteady

separation and vortex shedding. Although the energy and anisotropy are contained

predominantly in the larger scales of motion, DNS computations are expended on smallest,

dissipative motions. In LES, the dynamics of the larger scale motions, which are affected by

the flow geometry and are not universal, are computed explicitly, the influence of the smaller

scales, which have a universal character, being represented by the models.

DNS may not be applicable to turbulent flow problems at high Reynolds numbers because of

its limitations such as requirement of very fine meshes to map the computational domain. The

computational advantage of LES is to use larger mesh sizes in its model. So we no longer

solve the dynamics of all the scales of the exact solution directly. Instead of this, we introduce

a new and coarser level of description of the flow system. This comes down to picking out
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certain scales, more exactly: there is a clear separation (filter) which is represented directly in

the simulation that the others are not. The non-linearity of the Navier Stokes equations reflects

the dynamic coupling that exists among all the scales of the solution, which implies that the

scales cannot be calculated independently from each other. So, if we want a quality

representation of the scales that are solved, their interactions with the scales that are not have

to be considered in the simulation. In order to model these interactions, an additional term is

introduced to the equations governing the evolution of the resolved scales, since these terms

represent the action of a large number of other scales with those that are solved. They reflect

only the global or average action of these scales. They are therefore only statistical models; an

individual deterministic representation of the inter-scale interactions would be equivalent to a

direct numerical simulation. Such modelling offers a gain only to the extent that is universal,

i.e. if it can be used in cases other than the one for which it is established or has been

validated.

The non-filtered Navier Stokes equations for momentum are:

d
/ \

d / \ dp d2u
_(W) +_(W,/) =

-^
+ /,i-iL. (19)

The filter function decomposes the flow variables into a large scale (resolved) and a small

scale (unresolved) parts. Any flow variable can be written as:

/ = / + /' (20)

where / ,
the large scale part, is defined through volume averaging as:

7(x„0 = \G(x, -x[)f{x[,t)dx[ (21)
V

where the filter G(xi-x[), usually a top-hat or a Gaussian function, is chosen with the

following properties:
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G(x) = G(-x)

G(x) > 0 (22)

[(/(.*:)<£*: = 1

After performing the volume averaging and neglecting density fluctuations, the filtered

Navier Stokes equations become:

However we cannot solve the system for both ut and utu}, the convective flux has to be

represented in terms of decomposed variables

uu = u u +t (24)
i j i i y v '

the previous filter equation now is formed in

d i
—

\ d i \_ dp d1ui dry
dt^ l'

dx ^ ' J'
dxt dx dx dx

where t is the subgrid scale stress (SGS) tensor,

Ty =(U<Uj -"i"y) + (">y +MX) + (">') (26)

The first term in the parentheses is known as the Leonard stress, the second term is, the cross-

term stress, and the third term is, the Reynolds stress. If the time averaging were being

employed instead of filtering, the first two terms would be zero, leaving only the Reynolds

stress.

In LES the effect of the subgrid scale stresses must be modelled. The small scale motion tends

to be fairly isotropic and universal. Using this fact the earliest model was proposed by
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Smagorinsky [5]. It is a modified form of mixing-length or gradient diffusion model with the

length, £ = CsA, being proportional to the filter width, A .
Thus the SGS stress tensor can be

represented by

t, = 2MAj (27)

where S is the strain rate tensor,

S -i du du,

dx, dx,
V J l J

(28)

This yields the SGS viscosity as

Vt=p(CsA)2j2S^: (29)

The Smagorinsky constant, Cs, is changed depending on the type of flow and mesh resolution.

Values ranging from 0.1 to 0.24 have been reported [79-81]. Van Driest type exponential

damping function is multiplied with the mixing length in order to force the length scale to

approach zero at the wall for wall shear flows.

There are ongoing studies on LES for complex flows. This simulation method has been

started to use predominantly in the fluid mechanics research areas since 1990's. The universal

coefficient viscosity models, classical Smagorinsky models, are consistent with the idea of an

energy cascade (i.e. the net energy flow is from larger scales to smaller scales). Locally,

energy can flow in either direction; from the sub-grid scales to the resolved scales, which is

called backscattering, or vice versa. But viscosity models are purely dissipative and cannot

represent this process properly. On the other hand viscosity models improve the numerical

stability of the simulation [82].

It is not easy to determine a single appropriate universal coefficient for the complex

engineering flows. Akselvoll has reported a wide range of model coefficients [6]. The

Smagorinsky type viscosity models are also called Zero Equation Eddy Viscosity Model.
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Menon[7] and Ghosal [8] have proposed a transport equation for the sub-grid kinetic energy

to improve the original model. One of the advantages of this method is to allow coarser grids.

This model is also required to specify a universal coefficient.

As it was discussed above it is difficult to set a universal model coefficient for the complex

flows. For this reason a model coefficient dynamically determined from resolved field, as a

function of both time and space would be more reliable. Germano has proposed his dynamic

SGS model in 1991 [9]. This approach is based on an assumed scaling between resolved and

sub-grid scales, and a mathematical identity that arises. The dynamic Smagorinsky model

calculates the model coefficient by relating the subgrid scale Reynolds stress to two different

sizes of filters. An explicit test filter with a filter width of A
,
where A > A, to determine the

turbulent stress on the filter.

Ti]=uiu]-uiu] (30)

The Germano identity introduces a relationship between calculated stress tensors using A and

Â [19].

Ly=Ty~^ (31)

where the Leonard stress term, L
,
is defined by

L=uu-uu (32)
y l j l j

The Leonard stress term can be calculated explicitly from the resolved velocity field in the

simulation. So, Eqn. (32) is very useful because it relates the unknown stress tensors at the

two scales, Ty and r
,
to a known tensor, L

.
With the definition of the Smagorinsky model,

the stresses of the test filter, T
,
and that of the grid filter, t

,
are:

TtJ = -2CTA2 S,+\svtU[=-Ctßv (33)
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Ty = ~2CT* Sy+-öt?uu=-CTai} (34)

Substitution of these modeled stress tensor terms into the Germano identity gives the dynamic

model.

L --Ö L,, =CTa -C ß
V i y lik T^ij xfy (35)

where

or„=-2A Sy and ßy =-2A2

The CT in Eqn. (35) cannot be solved explicitly because it is in the test filtering operation.

Germano extracted the Cs from the filtering operation, and assumed:

'"s W W (36)

C ß =C ß
try v^y

(37)

With these assumptions Eqn. (35) becomes:

L --Ö L,,=C M
y -j y kk s y

(38)

where Mij=aij-ßij

Now this problem has reduced to a set of nine algebraic equations. Using the least-square

approach suggested by Lilly, the Cs can be obtained [83].

c -

^M«
[MklMkl

(39)
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where the angle brackets denote an averaging operation [8].

The dynamic coefficient can either be positive or negative. The positive coefficient implies

that energy flows from resolved to the sub-grid scales while the negative one implies energy

flows from sub-grid scales to resolved scales. This back-scattering phenomenon can lead to

numerical instability in the simulations [10]. The dynamic type models have been widely used

in different modeling approaches. Moin has extended the application of dynamic model to

compressible flows [11]. Akselvoll has applied the same approach to flows with heat transfer

and reported the accuracy and reliability of dynamic LES [12].

Test filtering is costly to perform in LES of complex geometry flows, especially on

unstructured grids. Chester has proposed a method based on Taylor series expansions of the

resolved velocity fields [13]. Accuracy is governed by the derivative schemes used in the

calculation and the number of terms considered in the approximation to the test filtering

operator.

In the last decade, many studies have tested applicability of LES in combustion [14]. Despite

the many advantages of LES compared to RANS model reported in the literature, because of

the computational cost of the method, so far LES has been used mostly for research studies

rather than industrial applications. LES has the capability of resolving the major part of the

turbulent kinetic energy spectrum. By modeling only the small turbulent scales a reliable

accuracy in predictions of turbulent flow field is possible. While LES may provide a more

reliable turbulence model than RANS especially for the large-scale unsteady motions, it is not

recommended for wall bounded flows, due to the high resolution requirements and computing

times as reported by Chapman [15].

The chemical reactions in non-premixed combustion occur only by molecular mixing of

oxidizer and fuel. This mixing process occurs mostly on the dissipative turbulent scales. LES

may resolve the major part of the energy containing turbulent scales. The combustion process

on the other hand occurs essentially at smallest scales of the sub-filter level. For this reason

the accuracy of the models for the sub-filter level turbulent scales is crucial for reliability of

the simulation. Most of LES approaches use the scale similarity technique while modelling

the sub-filter scales [84-91]. The scale similarity assumption implies that the smallest
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resolved scales are statistically similar to the largest unresolved scales. Most of the models for

simulation of combustion turbulence interactions by LES have been applied by RANS based

models before. In the following section the combustion types and their modelling approaches

are discussed especially for non-premixed combustion.

2.2 Combustion Modes

Combustion modes can be classified in various ways. Based upon how the fuel and oxidizer

reach the reaction front, there are non-premixed (diffusion), premixed and partially premixed

combustion. The fuel and oxidizer are present on either side of the reaction zone in non¬

premixed combustion. The fuel and oxidizer are brought to the reaction zone in an unmixed

state primarily due to diffusion of reactants into, and products out of the reaction zone. This

type of combustion is also called diffusion combustion because of the controlled mixing by

diffusion of reactants. The non-premixed combustion appears in the diesel engines, steam

boilers and furnaces. The reaction ideally takes place at stoichiometric conditions so it

involves very high peak temperature and this phenomenon leads to high NOx emissions.

In premixed combustion, the fuel and the oxidizer are thoroughly mixed prior to reaching the

reaction zone, also known as the flame front. Spark ignition engines, jet engine afterburners

and gas-fuelled gas turbines are example of premixed combustion. In contrast to non¬

premixed combustion the position of the reaction zone is not defined by the diffusion of

reactants, but by balancing the local convective velocity of the reactants with the rate of

consumption of the reactants, which corresponds flame speed. The main concern of this type

of combustion is the propagation of the flame front due to the local imbalance between

diffusion of heat and chemical composition of the mixture. Premixed combustion can take

place at equivalence ratios other than one. The excess amount of air in the mixture helps in

the reduction of the maximum temperature in the reaction zone. So, the production of thermal

NOx in combustion systems can be controlled.

The partially premixed combustion is neither purely non-premixed, nor fully premixed, hence

it is termed as partially premixed. Examples of this type of combustion are gas-fired furnaces,

some spray burning devices, automotive engines and aircraft engines. In partially premixed
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combustion, the fuel is injected into the oxidized flow just upstream of the flame. So there is

not enough time for the fully mixing thoroughly and thus, concentration gradients across the

flow are generated in the reactant stream, which enters the flame front. This type of

combustion mode is characterized by its degree of unmixedness, which is a measure of how

much the radial concentration profiles of the flow deviate from a fully premixed case.

Partially premixed flames could be a remedy for the disadvantageous of premixed and non¬

premixed flames. Partially premixed combustion helps to achieve a reduction in the maximum

flame temperature while keeping the flame stable. Therefore, the emission problem for non¬

premixed flames and the flame propagation and stability problems for premixed flames could

be handled by this "hybrid" flame.

2.2.1 Non-Premixed Flames

The process of turbulent diffusion flames controls the majority of practical combustion

applications. These flames are encountered in a large number of industrial systems for two

main reasons. First, compared to premixed flames, burners are simpler to design and to build

because a perfect reactant mixing, in given proportions, is not required. Non-premixed flames

are also safer to operate as they do not exhibit propagation speeds and cannot flashback.

Some specific processes make nonpremixed flames probably more difficult to understand and

to describe than turbulent premixed flames. The reacting species have to reach, by molecular

diffusion, the flame front before reaction. During this travel, they are exposed to turbulence

and their diffusion speeds may be strongly modified by turbulent motions. The overall

reaction rate is often limited by species molecular diffusion towards the flame front. Then, in

many models, the chemical reaction is assumed to be fast, or infinitely fast, compared to

transport processes.

The development of new combustion technologies especially for gas turbines operating in the

non-premixed regime implies the accurate determination of the position in the flow where

combustion starts and the control of pollutant emission. The trend in the industry is to make

shorter design cycles by increasing the computational efforts. Even in burners operating in the

premixed regime, the premixing of the reactants is not always complete at the molecular level

and some partial premixing may be observed. Sometimes, partial premixing is even desirable

to limit pollutant emissions.
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The modelling studies on turbulent non-premixed flames can be grouped in terms of the

assumption used in chemistry and transport phenomenon modelling. There are two major

assumptions in the chemistry model studies: Infinitely fast chemistry assumption and finite

rate chemistry assumption. The chemistry models using finite chemistry assumptions can also

be divided into three main subgroups: Flamelet models, PDF transport and Conditional

Moment Closure (CMC) models.

There are varieties of combustion models that are being used by different groups in the

combustion community. Here, we will not discuss all these models, the comprehensive details

can be obtained in Peters [16] and Poinsot&Vervisch [17,18]. The models are represented

schematically in table 2.1 with respect to their capacity to treat premixed or nonpremixed

combustion, or both, and with respect to assumptions about the chemistry. In this section we

mainly focus on the flamelet models. Before going into further detail, to describe the

combustion process, some fundamental definitions are introduced.

Species are characterized through their mass fractions Yt for i=l to N where N is the number

of species in the reacting mixture. The mass fractions F are defined by

m

Yt=^ (40)
m

where ntl is the mass of species i present in a given volume and m is total mass of gas in this

volume. Many studies of diffusion flames assume idealized situations using the passive scalar

(mixture fraction). Considering that a single step chemical reaction involves only fuel (F),

oxidizer (O) and products (P):

vFF + v00 <-> vPP (41)

where vF,v0and vp are molar stoichiometric coefficients of fuel, oxidizer and products

respectively.

The mass fraction F of each species (F, O, and P) follows a balance equation; these equations

will not be derived here but refer to Williams [19]:
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, v,

d
. ...

d
—

(pYl) +
—(pulYl) = —-

dt dx, dx, V dxtJ
+ û), (42)

Species reaction rates œl are all related to the single step reaction rate 0

tbl = Wy^ (43)

where Wt is the molecular weight of the specie i.

Premixed Combustion
Nonpremixed

Combustion

Infinitely fast chemistry
Bray-Moss-Libby Model

Coherent Flame Model

Conserved Scalar

Equilibrium Model

Finite Rate Chemistry

Pdf Transport Equation Model

Flamelet Model Based on the G-

Equation

Flamelet Model Based on

Mixture Fraction

Conditional Moment

Closure

Linear Eddy Model

Table 2.1: Turbulent Combustion Models in terms of chemistry and mixing [16].

Therefore, the oxidizer reaction rate is linked to the fuel reaction rate

•

-, y0w0
(On = sco^with s =

yFwF
(44)

where s is the mass stoichiometric ratio.The source term for temperature is also linked to the

fuel reaction rate

éT = -<déF (45)
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Using these relations, the conservation equations for fuel, oxidizer and temperature become:

^(pYF) + ^-(puJF) = f-
dt dx, dx,

dt dx, ox,

f
i

i V

r

pD
dYw

pD

dxt

dY

i y

\
o

|(Pn+f(P«j) = f
dt dx, dx,

i V

f

dx
i J

\

X dT

C dx,
\ P )

+ co,

+ S03,

0
—®f

(46)

(47)

(48)

Combining the equations (46) and (47) one can find the following balance equation for the

passive scalar, without source term:

dt dx, dx,
pD

dZ

i v
dx

(49)
i J

where Zis a passive (conserved) scalar and it is called mixture fraction. Mixture fraction is

changed because of diffusion and convection but not reaction. Reaction still plays an indirect

role in mixture fraction controlling temperature and, therefore, density and velocity fields.

Basically mixture fraction measures the local fuel oxidizer ratio and it is expressed as:

vF -F +Y°

y _

3±F AQ
~

AQ

sy; + y°
(50)

Yp and Y° are fuel and oxidizer mass fractions in pure fuel and oxidizer streams respectively.

Therefore, Z is equal to one in the fuel stream and zero in the oxidizer stream. Using the

equations (46) and (48) one can also describe mixture fraction in terms of temperature and

mass fractions as another scalar invariant based on enthalpy.

^(r-r°)-
C

, V

P^l'T"
— T° I

(51)

Y"
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Equations (50) and (51) show that all species mass fractions are function of the mixture

fraction Z and temperatureT .

Yt =f(Z,T) for i=l,N (52)

It is assumed that the diffusion flame depends on the mixture fraction Z and the time t only,

temperature and species mass fractions can be written as

T = T(Z, t) and Yt = Yt (Z, t) (53)

The functions T(Z,t) and Yt(Z,t) can define the flame structure.

2.3 Modeling Strategies on Non-premixed Turbulent Flames

2.3.1 Eddy Dissipation Concept (EDC)

This model is a manipulated and extended form of the Eddy Break Up (EBU) model for the

diffusion flames. It has been introduced by Magnussen [20]. The Eddy Dissipation Model is

based on the concept that chemical reaction is fast relative to the transport processes in the

flow. When reactants mix at the molecular level, they instantaneously form products. The

model assumes that the reaction rate may be related directly to the time required to mix

reactants at the molecular level. The fuel mean burning rate is calculated according to:

pcoF = Cp—min
k

f Y Y
o o p

YF,^,ß

\ (l + s)
(54)

where C and ß are model constants. YF, Y0 ,
and Yp are the mass fractions of fuel, oxidizer

and products respectively. This model is based on one step chemistry. It is computationally

inexpensive and able to simulate certain type of industrial problems. Because of the nature of

the model, it is not capable to predict minor species. The result of the simulation would be

used for more advance models as an initial guess.
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2.3.2 Conditional Moment Closure (CMC)

The CMC approach has been introduced by Klimenko and Bilger [21, 22] independently. The

method proposes a more refined description of turbulent combustion. The idea was to solve

transport equations for reactive species mass fractions which were conditionally averaged on

a conserved scalar. The main advantage is that detailed chemistry can be accounted for at

rather low computational cost.

The first-order CMC model assumes that the conditional fluctuations are negligible and that

the conditional chemical source term is only a function of the first-order moments, like, the

conditional species concentrations and temperature. This closure assumption may be

inaccurate for flame stabilization problems. One possible improvement is to close the

conditional chemical source term using a second-order approximation [23]. Similar to the

flamelet approach the assumption of a thin reaction zone is not particularly good for CMC

since CMC is not expected to be valid for very thin reaction zones [24]. The links between

finite chemistry models and the assumptions used in these models were discussed in detail in

literature [25]. CMC method is applicable arbitrarily complex chemistry with reasonable

computational cost.

2.3.3 Probability Density Function Transport Equation Model (PDF)

PDF transport methods have been applied to the simulation of turbulent flows for almost 30

years [26]. In this class of models, a transport equation is solved for the evolution of the

single-point, single-time joint scalar, or joint velocity-scalar, PDF. Probability density

function methods have been applied to various types of flows such as reacting flows [27],

inhomogeneous flows [28], compressible flows [29], and multiphase flows [30].

The primary advantage of PDF methods for combustion modeling lies in the fact that

chemical reaction source terms appear in closed form and therefore do not require modelling

[28]. Binary mixing in incompressible isotropic turbulence has been widely used as a model

flow for studying unclosed mixing terms and closure models. Since the PDF is high

dimensional, the transport equation is solved by a stochastic method such as Monte-Carlo

algorithm. This method approximates the probability density function by many discrete values
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referred to stochastic particles each representing a single state of the reacting flows [31]. Mass

and Pope have proposed a method that reduces the number of independent variables to a

minimum while still maintaining a high accuracy. This is the method of Intrinsic Low

Dimensional Manifolds (ILDM). In this method the ILDM provides a way to reduce detailed

kinetics schemes systematically. The method requires two inputs: the detailed kinetics

mechanism and the desired number of degrees of freedom in the reduced mechanism [92,93].

2.3.4 Flamelet Model

Flamelet models allow the chemistry and turbulent flow to be treated seperately. This model

assumes a turbulent flame as an ensemble of thin, locally one-dimensional laminar flamelets.

The turbulent eddies, acoustic perturbations, and radii of flame curvature have larger scales

than the flamelets thickness. These flamelets are strained and stretched by the turbulent flow

field, but maintain their inner structure. If turbulence is too intense, Kolmogorov length scale

eddies become smaller than the inner layer and can penetrate into it. They are able to destroy

its structure. If the local flame thickness is smaller than the Kolmogorov length scale, the

flamelet approach is applicable. Since the Kolmogorov length scale varies approximately as

Re-0'75 and non-premixed combustion occurs at high Reynolds number in industrial

combustors, the flamelet model is applicable to those systems.

In this method, the species concentrations can be determined from the solution of laminar

flamelet equations. Finite rate kinetics can be readily included into the flamelet model to

capture detailed kinetics. In this way the chemical reaction is effectively decoupled from the

turbulent flow field computation. In classical flamelet approach the species and temperature in

the flame can be completely described by two parameters, namely the mixture fraction, Z

and the scalar dissipation rate, x The scalar dissipation rate is a measure of the strain on the

flame such as in Eqn. (55) [35]. The governing equations for species and temperature are

transformed by relating them to a conserved scalar, the mixture fraction, denoted Z.

Xst = ^exp{-2[er/c-1(2Zs/)]2J « 4aZst2 \erfc~\2Z'j]a (55)
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The mixture fraction can be derived by summing all species conservation equations, and then

the chemical source terms are cancelled (Eqns. (46-48)). The mixture fraction is a scalar

invariant which defines mixing and is not changed in reaction. The iso-surface of

stoichiometric mixture fraction, denoted Zs/, defines the location of the flame surface. Scalar

profiles, given as functions of the mixture fraction, are assumed to be attached to the flame

surface. In order to extract the scalar profiles from the turbulent flow field, the location of the

flamelets anywhere in the flow field must be known. To be able to describe the location of the

flamelets a new coordinate system has been introduced by Peters [32] and Kuznetsov [33].

For premixed and diffusion flames the flamelet concept has been reviewed by Peters [34] and

Bray & Peters [35]. After applying the following transformation rules:

d_=d_ dZ_j)_
dt dr dt dZ

d d dZ d ,.
„ „x ....

+^^0 = 2'3) (56)
dx dZ dx dZ

i i

ô dZ d

dxl dxl dZ

One can assume that the species diffusivities are equal (i.e., Dj =D), Z is a conserved

quantity (called a Schvab-Zeldovich variable) governed by the convection/diffusion equation:

d
, _

d
, _

d
r ^A

(pZ) + —(p«Z) =

dt dx, dx
pD

,V dxtJ
(57)

The balance equation for temperature is given:

dT dT d
p \-put

dt dx, dx,
, -,v dxtJ

lY.hmi (58)
CPH

By using the assumption of a constant Lewis number, preferential diffusion effects are

neglected, and above transformations the flamelet equations for temperature and species can

be derived by following "Peters technique".
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dT dT dT
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d(pD) dT d(pD) dT

(pD)
rdZ^

\dxaj

dx2 dZ2 dx3 dZ3

dzT
.

dZ dzT

dZ2
+ 2
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- + 2

dZ d2T d2T d2T
- + - - + -

dx3 dZdZ3 dZ2 dZ3
(59)

2_.h.mi
+ 1K +

PCn tt

' '

Cn C„ dt
r p i-i P P

Since the flamelet is assumed to be thin, only gradients normal to the surface of

stoichiometric mixture are large, and all terms without a second derivative in respect to the

mixture fraction Z can be neglected. The term containing the time derivative is important only

if very rapid changes such as extinction or reignition, occur [34]. So the flamelet structure is

to leading order described by the one-dimensional time-dependent temperature equation:

dT dx d2T
P + P T

dt 2 dZ2

1
-

(60)
i=l

By using the same approach and transformed variable Z one can derive the flamelet equation

for the species:

dY dxd2Y •

n

p^ +p——f-m =0

dt 2 dZ2
(61)

Here Ir are the specific heats and mi are the chemical production rates of reacting species.

T and Yt are the temperature and the mass fractions of species i, respectively. The specific

heat capacities are assumed constant and equal to each other, x denotes the scalar dissipation

rate at stoichiometric mixture and defines the influence of the outer flow field on the inner

reaction zone. In other words, it describes the impact of the turbulent flow field on the laminar

flamelet. Scalar dissipation rate decreases due to diffusion, and increases due to strain of the

flow field [34]. It has the dimension of [l/s] and may be interpreted as the inverse of a

characteristic turbulent time. This quantity requires knowledge of the instantaneous value of
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mixture fraction. Except LES and DNS methods in turbulent flow field, statistical average

models need to model scalar dissipation rate. We will discuss this in the next section.

As mentioned in the previous paragraphs, the flamelet concept assumes the turbulent flame as

an ensemble of thin, laminar and locally one-dimensional flamelet structures embedded

within the turbulent flow field. In order to justify this idea some parameters must be

conserved to represent correctly turbulent flamelets using laminar diffusion flames such as the

chemical scheme should be the same for turbulent flamelets and for laminar diffusion flames.

The counterflow geometry, which consists of opposed, axisymmetric fuel and oxidizer jets, of

diffusion flames is widely used in experimental and numerical studies because it leads to one

dimensional diffusion flame structure. The distance between the two concentric counter flow

jets is variable and laminar flame is stabilized near the stagnation plane. The counterflow

diffusion flame is a common laminar flame used to represent a flamelet in the reacting

turbulent flow field. Figure 2.1 shows how the flamelet concept is carried out in practice

interacting with the laminar counterflow flame structures.

2.3.5 The Conventional Coupling Strategy Between Laminar Flamelet and Turbulent

Flow Field

In this section the conventional coupling strategy between laminar flamelet and turbulent flow

is discussed for the statistical averaged models. The method used in this thesis for the LES

formulation of the flow will be introduced. As mentioned before, the flame structure can be

determined by solving the flamelet equations. These solutions for steady or transient flamelets

may be stored in the flamelet libraries. By using the mixture fraction and scalar dissipation

rate the laminar flamelet solutions for species mass fractions may be attached to the turbulent

flow field. Models in diffusion turbulent combustion are often based on the presumed shape

probability density function PDF approach. Typically, turbulent fluctuations are not resolved

and the equations governing turbulent reacting flows are averaged. Accordingly, averaged

variables are determined rather than instantaneous quantities. In order to compensate the

information lost during averaging, a PDF can be generated for fluctuating quantities. With the

known PDF, the probability of the finding an instantaneous value is known and averaging
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techniques can be used to determine mean quantities. This requires knowledge of the Favre

mean mixture fraction Z and its variance Z
"2

.

In the turbulent flow field the Favre averaged mixture fraction equation is expressed:

d(pZ)

dt
+ (p«.VZ) = -V (p« z j (62)

Instantaneous flamelet

t
Oxidizer

Turbulent diffusion flame Laminar counterflow flame

Figure 2.1: The flamelet concept for the turbulent diffusion flames.

with the gradient transport assumption u['Z" = -DtVZ and assuming that the molecular

diffusivity's contribution into the total diffusivity can be neglected. The Favre averaged

mixture fraction equation reads:

dt dx dx
(63)

The Z"2 term can be extracted from its own transport equation:
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d(pZ2)
dt

+ (p«,VZ"2) = -V.(p«/Z"2) + 2pD, (VZ)2 -

px (64)

The scalar dissipation rate is defined as

• |2

Z = -2DVZ (65)

The scalar dissipation rate is modeled in turbulent flow field using the empirical relation

X = C ^Z
2
where k and s are mean turbulent kinetic energy and its dissipation rate

x
k

respectively. C is the model constant and usually it is selected as C = 2.0.

One of the easiest ways to obtain mean values of the reactive scalars is to use the presumed

shape PDF approach. The presumed PDF method takes into account the effects of turbulent

fluctuations on the passive scalar transport process and the chemical reaction rates while

avoiding the prohibitively enormous computation costs. By presumed shape PDF approach,

means of any quantity that depends only on the mixture fraction can be calculated.

{(x,t)= [i//i(Z,t)P(Z;x,t)dZ (66)V>

The beta function PDF is widely used for the Favre PDF in turbulent diffusion flames.

~a-\ ~
„ ,

~ 7 (\ - 7Y

P(Z;x,t) = * '-—T(a + ß) (67)
T{a)T{ß)

a and ß are calculated as

a = Zy ß = {\-Z)y y = Z(1^Z) -1 > 0 (68)

32



If we parameterize x by Xst and use the presumed shape PDF approach for both mixture

fraction and scalar dissipation rate, together with statistical independence, the joint Favre PDF

of Z and x becomes [16]:

P(Z,xst;^t) = hz;x,t)P(zst;^t) (69)

If one knows the fluctuation of mixture fraction and the scalar dissipation rate in the physical

space, by using this knowledge and presumed shape PDF approach, one can determine the

mean quantities of species mass fractions.

YXx,t)=\ YXZ,Zst,t) P{Z;x,t)P{Xst;x,t)dZdXst (70)
n

v

"

' v

"

'

Mixture Fraction Space Physical Space Solution

The information on fluctuations of scalar fields in the physical space are computed in the

turbulent flow field solver and the species mass fractions in mixture fraction space are solved

using laminar flamelet equations and stored in the steady or transient libraries. The probability

distribution of scalar dissipation rate should be a log-normal PDF as argued in Peters [36].

P(Z) = ^7=exp{--1T(ln(^)-//)2j (71)
Xsp-42n I 2a J

where the mean and variance of the scalar dissipation rate are related to the parameters

<x(jc,*)and /j(x,t} by

Xst = exp(ß + 0.5O-2) and xs? = xst [exp(a2)-1] (72)

Experimental data suggest that 2 < a < 4. Effelsberg [37] used the parameter <j = 1 leading to

"^ = 1.31 (73)
Xst
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The log-normal distribution has been found in numerical experiments to provide an accurate

description of gradient magnitude and dissipation rate fluctuations of conserved scalars in

fully developed turbulence [39], although the most appropriate value for sigma is still an open

question. The detailed review can be found in literature [16, 17, and 38].
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Chapter III

The Model Study

The objective of the thesis is to introduce an easily implemented transient laminar flamelet

model coupled with Large Eddy Simulation in order to capture thermo-chemical dynamics of

highly turbulent reacting flow fields. This model validation study was designed to investigate

local extinction and re-ignition effects especially for the lift-off flames. Thus the piloted

partially premixed methane/air diffusion flames (Sandia flames D, E and F) are selected for

the model validation. The detailed discussion of the model validation is in the chapters 4 and

5. The governing equations and their interactions with laminar flamelet libraries used in this

study are discussed in detail in the following section.

3.1. The Governing Equations

The Navier-Stokes equations to which involve the continuity, momentum and energy equation

for unsteady incompressible viscous flows read;

Continuity equation

5p+M^O = 0 (1)
dt dx.

Momentum equation

dput d^pujuj
_

q

dt dx dx

f

ß

V

du, du
- +

J

. dXj dxt 3
'
dx,.

^+P», (2)
dx,
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Energy equation

dpe d(peu) . d ( ôt) d(ujP) d(ury)
+ — - = pq+

dt dx dx
k

v dxjy
+

v *'+pbu (3)
dx dx

Where e represents energy, q the heat flux and k the thermal conductivity coefficient, b is

the body force and it was neglected in this study. The LES model splits the quantities into

filtered and fluctuating parts such as.

« = « + «' (4)

where «
,
the large scale part, is defined through volume averaging as:

u(xt ,t)= \ G(xt - jc')m(jc', t)dx[ (5)
V

This filter is a top hat filter that filters all scales smaller than a user defined length scale. In

this study it was selected as the average cell size expressed in the previous chapter. Therefore

LES resolves only turbulent structures that are greater than the cell size determined by the

user. All of the smaller turbulent structures compared to the selected filter size are modelled.

This modelling method is called sub-grid scale modelling and is discussed in chapter 2.

Using predefined filtering method, the Navier-Stokes equations are re-written for continuity

and momentum equations.

â£
+
£^l

= . (6)
dt dx

d (
—

\ d i \ dp du dr

—\pu\ + [puu) = ——+ß
l- (7)

dtv ' dx v ' dxt dx dx dx
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It has to be noted that uu] ^uiu] .
The closure term in momentum equation, t

,
is the sub-

grid scale stress (SGS) tensor and must be modeled. The comprehensive discussions are made

in chapter 2.

3.2. The Transient Laminar Flamelet Model (TLFM)

The transient laminar flamelet model (TLFM) was developed by Ferreira [37] for the

applications for non-premixed flames subjected to high strain rates in unsteady turbulent flow

field. The main advantage of the model comes from an additional parameter, reaction progress

variable, in order to predict the reignition of flame after the local extinction regimes. This

parameter mimics the partially premixing effects in unsteady flow fields. The unsteady

flamelet equations for the species mass fraction and the temperature read;

d&±= _X_J_djti co

dt 2 Le dZ
2+^ (8)

dT x
c — = c —

p dt p
2

rd2T^ AÄ0, ^xdTdc
~2,—L+2—

dZ2j 2 dZ dZ

where cp is the specific heat at constant pressure, h is the enthalpy of the species, 6)i is the

chemical source term, / is the scalar dissipation rate, which is defined as:

x=2D(dz/dXiy
(10)

and Lewis number
,
Le

,
is defined as:

Le = MpcDi (11)

The Lewis number for each species is calculated by CHEMKIN software. The Eqs. (8) and (9)

are solved in the FLATRA code [40]. The finite difference method (VODPK) is used to

discretize the equations in time and space. The solver features backward differentiation
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methods for stiff ODEs and implicit Adams methods for non-stiff ODEs [41]. It combines

features of the earlier codes EPISODE and LSODE. Both use a fixed-leading coefficient

version of the variable step BDF and Adams methods. VODE uses LU factorization, allows

banded and dense Jacobians, and has an option that lets the user keep a copy of the full

Jacobian matrix, as well as the LU factored Newton matrix. For many problems this can

increase performance considerably. VODPK uses a preconditioned Krylov method for the

numerical linear algebra [42].

3.3. Discussions on The Flamelet Assumption

Before implementing some additional parameters to the classical flamelet approach and

improving its capabilities to solve extended problems like partially premixing cases and lifted

diffusion flames, it is important to further discuss the flamelet idea in addition to those made

in chapter 2. Flamelet equations are originally built on the assumption of very large

Damköhler number, or infinitely fast chemistry [36]. The Damköhler number,Da, is the

measure of the competition between chemical reaction and strain rate, which is induced by

turbulent flow field. The reaction zones are deteriorated at low Da. Peters defines the local

Da number as:

1-Z Af

Da =
*--£- (12)

st Xst

where Af is the reaction rate constant.

d^

dz2
If one argues that -—^- value is very large compared to the time derivative in Eqn. (8), the

time derivative term is negligible. This argument has already been used to derive the flamelet

equations by neglecting the contribution of curvature effects i.e. contribution of the gradients

lying on the stoichiometric mixture fraction iso surface (Z = Zst). Therefore the steady state

laminar flamelet equation (SLFM) reads

JLJ_d^=<^
2 Le dZ2 p
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d2à
The argument underlying the large —f value is the thin reaction zone assumption. The thin

reaction zone is defined as

Vr

r
7

V/3
st Xst

Kl~Z«AfJ
«1 (14)

This formula and the argument are supported by a small scalar dissipation rate, xst >
an^ larëe

chemical reaction rate, Af. On the other hand, Meli et.al. [43] discussed the asymptotic

solution of SLFM and ended with the following

dz2
/Lsi

V-z-
Vz„

/ (15)
"st J

This equation contains a contradiction against the thin reaction zone assumption. As discussed

above this assumption argues that a decrease in / supports the thin reaction zone due to the

rs2 l rp'/k

largeness of —f. But as it is seen in Eqn. (15) decreased / causes lower values in —f.

Therefore the order of the magnitude of this value may be closer to the time derivative in

Eqn. (8).

Meli has also showed that decreasing values of scalar dissipation rate leads thinner reaction

zones in mixture fraction space, Z, but thicker in physical space. Three dimensional effects

may have more relevance for reaction zones in which %st is smaller rather than the one

dimensional. Therefore the thinness in Z space alone (i.e. Da» 1) is not sufficient to justify

neglecting the curvature effects in Eqns. (8 and 9). The extended version of the temperature

equation is rewritten here including these curvature effects.

~dr
+ M„

dT

az7
- + M,

dT

dZ.
3 J

d(pD) dT d(pD) dT

dx2 dZ2 dx3 dZ3
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-(pD)
dZ

\dxaJ

d2T
„

dZ d2T

dZ2
- + 2

dx2 dZdZ2
+ 2

dZ d2T d2T d2T
- + - - + -

dx3 dZdZ3 dZ2 dZ3

1 ^. *

qR 1 dP

PS
Zhi^+ ^- + -

cp dt
(16)

This phenomenon encourages us to introduce another parameter to regain the lost information

due to lack of the surface gradients knowledge lying on the iso-surfaces of mixture fraction in

the flamelet equations (8) and (9). This subject will be discussed while introducing the new

parameter, a progress variable.

The steady flamelet assumption based on thinness of reaction zones in Z spaces may not be

justified for many cases such as simulation of partially premixed and lifted flames. Due to this

fact the transient laminar flamelet equations must be used.

3.4. Unsteadiness Nature of Scalar Dissipation Rate and Its Interaction

with Strain Rate

Scalar dissipation rate introduces influences of turbulent flow field into the flamelet equations

and it is originally defined as in Eqn. (10). It represents the rate of reducing scalars in

turbulent flow field (see Eqn. (17)). In this equation J is a scalar in the turbulent flow field.

Its dimension is [1/s] and it may be used to define a characteristic diffusion time. Peters [36]

and Bilger [44] argue that the structure of the reaction zone is strongly coupled to the

underlying strain rate field through the influence of fluctuating strain rate on the scalar

dissipation rate.

r

X =

\

—+ M.V-DV2
\dt j

j2 = -DWjyj (17)
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The studies have showed that for Sc > 1 fluids, regions of high scalar dissipation rates are

v
concentrated in sheet-like structures [46, 97, and 99]. The Schmidt number, Sc =—

represents the competition between momentum and molecular diffusion. The thickness of a

sheet-like scalar dissipation structure is set by the competition between the thinning effect of

compressive strain acting in the direction of scalar gradient and extensive strain acting

orthogonal to the scalar gradient, and the thickening effect of mass diffusion in figure 3.1

[45].

Experimental studies have showed that the largest scalar gradients tend to be aligned with the

principal compressive strain axis, and the dissipation sheets are oriented orthogonal to this

axis (see Fig. 3.2) [102,103]. The regions of high scalar dissipation are sometimes, but not

always, associated with high strain rates. This lack of a strong correlation between strain rate

and sheet thickness is most likely a direct result of flow unsteadiness. This argument was

enhanced by recent studies [46]. It was shown that the strain rate profiles didn't tend to reach

a peak at the same location as the scalar dissipation rate. Kothnur and Clement have showed

that it was not possible to model scalar dissipation sheets in a turbulent flow as an ensemble

of 1-D quasi-steady, strained laminar diffusion sheets [46, 103]. An unsteady 1-D strained

laminar diffusion layer model should be implemented to be more successful in the modelling

study. The importance of the unsteadiness terms in physical and mixture fraction spaces

comes out as a fact of the nature of the problem.

The scalar dissipation may occur at the finest mixing length scales of the flow. The resolution

of LES computations may be selected by concerning the thickness of the dissipation layers.

As a result of unity approximation in the Schmidt number (Sc « 1 ) for the gas-phase fluids,

the scales of velocity gradients are almost the same order of magnitude with scalar gradients.

This scale concerned resolution selection may be vital for diffusion flames because the local

flame extinction might be explained by the scalar dissipation rate exceeding the critical

quenching value. The local quenching is a typical consequence of smaller diffusion time

scales compared to the chemical time scales at that local surface.
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Figure 3.1: Sheet-like dissipation layer (or reaction zone) resulting from principal strain

rates that are compressive in one direction (x, defined as being normal to the layer) and

extensive in the two orthogonal directions (y and z).

Batchelor [47] has introduced the length scale for the scalar dissipation as a function of

Schmidt number and the finest, Kolmogorov, length scale,

AB = AKSc112 (18)

In other words, the ratio of the smallest length scale in the velocity to the scale for scalar

gradient fields in turbulent mixing is of the order of Sc1'2. This definition justifies the

pervious argument on velocity and scalar gradients in the gas phase flows. Nevertheless,

Dowling [48] has found that the smallest dissipation scales observe Batchelor scaling based

on time-resolved single point scalar field measurements. He has suggested that the regions of

highest dissipation observe Taylor scaling. As a consequence of these discussions, the

determination of filters plays an important role in investigating local extinction, re-ignition

and stabilization.
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M Principal compressive
/ strain rate axis

1 / jf Layer normal vector

/ I Dissipation
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Figure 3.2: The orientation of the highest-dissipation layer with respect to the 2-D

principal compressive strain rate axis.

3.5. The Additional Variable

A flamelet spends only a finite residence time in a region of interest in the turbulent flow

field, and therefore it may not be able to adjust to the local conditions and reach a steady state

structure. Therefore the local flamelet structure can be somewhere between initial burning

state and a quasi-steady state. Several studies [49, 50-58] have showed that the instantaneous

unsteady laminar flame structure was a function of the time integrated strain rate history

rather than a strong function of the instantaneous flow kinematics. In summary, the unsteady

model is crucial and apart from this, an integrated time history should be implemented into

the model to adjust the local conditions.

The instantaneous kinematics is not adequate alone to express the unsteady laminar flame

structures. Another variable must be introduced into the model to overcome the limitation of

the kinematic approach for the dissipation rate, and to parametrize the flamelet evolution.

This new variable should not only provide an unsteady response to the changes in dissipation

rate but also transport a thermo-chemical history in its nature.

All unsteady problems need specified initial conditions to solve the equation of interest and

the final solution in the transient regime depends on these initial conditions. Therefore under

the guidance of previous discussions the flamelet should start from an initial condition that is
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not only defined by a kinematic property, scalar dissipation rate / ,
but also a new variable

which transports the information of probability of ignition to that specific local position such

as a dynamic property can be the progress variable c
.
Then the flamelet evolves starting from

this specified initial condition in the unsteady turbulent flow field with time.

3.6. The Initial Conditions for Flamelet Equations

The initial conditions for flamelet equations are specified in terms of mixture fraction, scalar

dissipation rate, progress variable and time. It is regarded as a composition of unburnt and

fully burnt mixtures according to the BML model. Using the presumed PDF of the progress

variable in the BML model [104] the initial conditions for the unsteady flamelet equation (8),

reads;

fi(Z9Z9C,T=0) = (l-c) 0lwib(Z)+C0lb(Z) (19)

where ^ = 0t(Z,%,T = 0) and $ =$ (Z,^,r = oo) are the species of completely unburnt

state of the pure mixing problem and the fully burnt state respectively and c is the reaction

progress variable. For burnt conditions the steady state flamelet solutions for the given scalar

dissipation rate were used as initial condition to build the transient libraries with an

appropriate progress variable definition [54]. The solutions of Eqs. (8) and (9) were written in

transient libraries for certain values of mixture fraction, scalar dissipation rate, residence time

and reaction progress variable.

3.7. Different Library Approaches for Flamelet Equations

The flamelet equations (Eqns. (8 and 9)) are solved for the pure diffusion flame and the

partially premixed flame conditions for methane-air combustion. The evolutions of the

flamelets with time are depicted in figures 3.3(a-b) for non-premixed and partially premixed

libraries at different scalar dissipation rates. The lower temperatures are read at the

stiochiometric point for a partially premixed case in figure 3.3b where the relatively higher

dissipation rate (/ = 1.0s_1) is imposed by the flow field. On the contrary, there is no
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significant difference between non-premixed and partially premixed libraries in figure 3.3a

that is initiated by a lower dissipation rate (/ = 0.01 s"1). The value of temperature gradient

shows the tendency to local extinction. The higher gradients lead to increased extinction

because of the heat loss out of the reaction zone. Although there is a similarity in the gradients

for fuel lean mixtures of both cases, the higher gradients are observed in the fuel rich parts for

partially premixed flamelets as expected.

The evolution of the different mass fractions is investigated in the mixture fraction space by

time dependent CO2 and CO mass fraction values for the same set of parameters (Fig. 3.4(a-

b)). The mixture fraction space is shown for the partially premixed boundary conditions

because of the convenient comparison of these two cases.

Tims-IE 04

Time-1E 03

Time-1E 02
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a) at ;tr = 0.01[l/s] & c = 0.5 b)at % = ![!/s] & c = 0.5

Figure 3.3(a-b): Time evolution of temperature in transient flamelet libraries for the

given scalar dissipation rate and progress variable both for non-premixed and partially

premixed mixtures.
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Xht=1 [1/s]

a) CO2 mass fraction b) CO mass fraction

Figure 3.1(a-b): Time evolution of species in transient flamelet libraries for the given

scalar dissipation rate and progress variable both for non-premixed and partially premixed

mixtures.

The mass fraction of C02 follows almost the similar trend as the temperature. As the product

species are related to the amount of released heat, the stable species are directly correlated

with the temperature. As it is seen in figure 3.4a (evolution of flamelet from r = le-4 to

t = le - 2 ) time dependence (or response to the unsteadiness imposed by the turbulence in

partially premixed flames) of the partially premixed flamelets is stronger than the pure

diffusion flamelets. Due to the effects of partial premixing, CO mass fraction values are

higher throughout the transient period (see Fig. 3.4b).

Figure 3.5a shows the dependence of temperature on the scalar dissipation rate at a constant

residence time (r = 0.001 ) and progress variable (c = 0.5 ). Due to the local extinction in the

flame structure, the flame temperature has lower values for the higher values of scalar

dissipation rate. Because of the boundary conditions in the laminar flamelet solution of

partially premixed and diffusion flames, they have different gradients in the fuel rich fields

for temperature. The similar trends may be observed for C02 and CO mass fractions in figure

3.5(b-c). The mass fraction of minor species (CO) is detected at higher values in partially

premixed libraries for the non-equilibrium conditions as expected. The CO mass fraction has

a lower value for partially premixed flame compared to the pure diffusion flame at very low

values of the scalar dissipation rate.
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Figure 3.5(a-c): Effects of scalar dissipation rate changes on the scalar field in the

transient flamelet libraries both non-premixed and partially premixed mixtures for the

given progress variable.

Figure 3.6(a-c) shows the dependence on the progress variable of temperature and species

mass fractions at a certain residence time (r = 0.0001). The progress variable defines the

starting point of the following of the possible reactions. Temperature and product mass

fraction increase with higher values of progress variable for both partially premixed and pure
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diffusion libraries. Figure 3.6(b-c) shows that, non-ignited partially premixed fluid particles

have a high probability to ignite in the presence of stable and unstable species. This is the idea

behind the partially premixed phenomenon and it can be illustrated truly by using a

transported progress variable.

2000 -

1580 -

1000

500

Xhl = 1.0[lfe]

a) Temperature b) C02 mass fraction

c) CO mass fraction

Figure 3.3(a-c): Effects of the progress variable changes on the scalar field in the

transient flamelet libraries both non-premixed and partially premixed mixtures for the

given scalar dissipation rate.
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3.8. The Coupling Strategy

In this study a finite volume commercial fluid solver, CFX5.7, was used to solve the

conservation equations [56] and the interface routines for coupling the TLFM were

implemented into this software. Hence, the required information was passed via this software

between flow solver and the flamelet libraries. The scheme of the coupling method is given in

figure 3.7.

In addition to the Navier-Stokes equations, two additional transport equations for mixture

fraction and the progress variable were solved in the flow solver. Therefore the solver

provides vectorial and scalar data at each node in the transient turbulent flow field. Then the

resolved variables were used to extract the required information such as, scalar dissipation

rate, flamelet residence time, and presumed PDF shape in order to read species concentrations

from the laminar flamelet libraries via the interface routines. The four variables were used

with the 5th order interpolation among the libraries to find the mass fractions at each node

[41]. These new species mass fractions result in a different composition of the mixture;

therefore, the new density field may be calculated using the ideal gas assumption. Ideal

mixture properties can be calculated directly from the properties of the components and their

proportions in the mixture.

An arbitrary constitutive fluid property, a, may be calculated from

n

a = Yu$i<*i (20)

where al is the property value for the fluid component i. If the specific volume, 1 /(/?,), is

used as al. Thus the mixture density, p, may be calculated from the mass fractions, $ ,
and

the thermodynamic density, (p^i, of each component.

1 =f 4
(21)
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The new density field will affect the solution of the transport equations in the next iteration

step and the iteration continues until reaching the convergence. The calculations of the

variables used in interface routines to interpolate the mass fractions in the flamelet libraries

are described in the following sections.

3.8.1. Mixture Fraction Variable and Its Variance

The mixture fraction field is solved by a filtered scalar transport equation.

dpZ d

dt -^M^jMfl-sw-^) <22>

The unclosed term in this equation is expressed by using an Eddy Viscosity Model. So the

sub-grid scale fluxes in the mixture fraction transport equation is given by

p(u^Z-uiZ) = -pDtVZ (23)

where Dt is the turbulent eddy diffusivity. Dt can be determined from turbulent viscosity and

a constant turbulent Schmidt number.

V*~Y (24)

Turbulent eddy viscosity is defined by subgrid model in terms of filter size, A, strain rate,

and a Smagorinsky model constant, Cs.

V^iWdSiS,)"2 (25)

The presumed shape PDF method used to obtain mean species mass fraction values in this

study requires the mean value and the sub-grid scale variance of the mixture fraction variable.

Solving the transport equation for the mixture fraction variance causes an extra computational
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expense. Hence, no transport equation for the mixture fraction variance is solved; this value is

modelled. The sub-grid scale mixture fraction variance can be expressed as;

pZ"z = CsAzpVZ2. (26)

3.8.2. Scalar Dissipation Rate

In the classical RANS models the scalar dissipation rate is modeled using the turbulent kinetic

energy, its dissipation rate and the variance of the mixture fraction;

S
rttl

where the time scale ratio C is assumed to be constant. The suggested values are C = 1.0 or
x °° x

C = 2.0 by Jones [57] and Janika [58] respectively.

In the present study a sub-grid scale model is introduced for the instantaneous scalar

dissipation rate in non-premixed turbulent reacting flows. The scalar dissipation and its

dependence on laminar and turbulent fields are described by using scalar and vectorial

quantities estimated locally from the Favre-filtered field. The instantaneous scalar dissipation

rate is generally defined as in Eqn. (10). In the proposed method the diffusivity has been

described by molecular and turbulent diffusivities of the species.

X = 2(Dm+Dt)(vz)2 (28)

where Dm and Dt represent molecular and turbulent diffusivities respectively. In this study,

the molecular diffusion dependence of scalar dissipation is predicted based on well-known

Chapman-Enskog kinetic theory by using the empirical relation [59]. In this formula, the

molecular diffusion coefficient is expressed in terms of temperature, pressure, molecular
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weight of species, Af
,
and diffusion volumes of molecules, Vt. This theory is accurate to an

average of about eight percent [59].

D =10"
^•^(l/Mj+l/Mj)172

.1/3 .1/3
-i2

IX + 5X
(29)

In order to define the turbulent part of the scalar dissipation equation a sub-grid diffusivity

equation is proposed. The sub-grid diffusivity can be determined from equations (24) and

(25).

Mean variables used m LES code

T

Z

Z'*

t = C,
^K

+
x = c1{Dm + Dt%yzJ

p{Z) = z-^{\-zfA r(r)

r(«)r(p)

Local Flame Structure

PCZ)

Presumed PDF of Z

Figure 3.1: Flow chart of coupled TLFM/LES model
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3.8.3. The Residence Time

The introduced residence time of the fluid particles in the turbulent flow field is assumed to

be statistically independent from the local mixture fraction. The residence time of a fluid

particle in the computational grid cell is introduced as:

„
#AA3)

tr=CT
"

(30)

with (7 =1.0, where A13A2,A3 are increments in the spatial directions and V is the

velocity. The post processing results show that turbulent time scales of RANS calculations

such as; r eck Is are greater than the residence time by two orders of magnitude. Actually,

this is the inherent advantage of using instantaneous residence time definition instead of the

turbulent time scales of RANS.

3.8.4. Progress Variable

In order to complete the intrinsic information about the chemical reactions and to account for

the finite rate chemistry variations within iso-surfaces of the mixture fraction field, a last

variable introduced to the model is the reaction progress variable. The mixture fraction cannot

account for chemical variations in the directions perpendicular to gradient of mixture fraction

even though assumptions such as fast chemistry or steady flamelet state relationships are

needed to associate a chemical state with the mixture fraction. So the chemical variations

must be mimicked and tracked by a new non-conserved variable, the progress variable, which

is defined independently from the mixture fraction. It is obtained from an additional scalar

transport equation with a source term designed to capture the local re-ignition states.

dpc dpüc d |7__ pAdc] d ,-~
~~

p-J— + J—
= \ pD + J-1 \ (p(uic-uic)) + Sc (31)

dt dXj dXj[{ ScJdXj\ dxj

The unclosed term is modelled as it is in the mixture fraction transport (Eqn. (23)).
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p(uic-uic) = -pDtVc (32)

The source term is defined so as to imitate the competition between extinction and re-ignition

states [60].

S = 7
•
(c

„

-
c) if c

„

- c > 0
/t

V fl ) fl

p2)

Sc = 0 if c„- c <0

where cfl is a given state of reaction progress, which is evaluated from the transient library.

YF (Z,x,c,t)
c„ = 1 \

L (34)

where F, and ««6max denote fuel, and maximum mass fraction of the unburned state at the

inlet respectively. The source term in Eqn. (31) has the function to make the transported

value of c equal to the local value cfl , Eqn. (34).

3.8.5. The Presumed PDF Method

The presumed shape PDF method is used to obtain mean values of the reactive scalars, $ .

The mean of any scalar quantity, which depends on the mixture fraction, may be calculated as

i

4 (x, t) = j £ (Z)P(Z; x, t)dZ (3 5)
0

Using the previously defined four variables instead of the mixture fraction variable alone,

Eqn. (35) can be extended to Eqn. (36).

1 1 00 00

ii = J J J j^(Z,c,x,T)P(Z,c,x,T)dZ dcdx dx (36)
0 0 0 0

The joint probability density functions of the four variables are considered to be independent

of each other. Therefore, it is assumed that the probability density functions of them are not
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correlated [36]. This assumption seems a priori very crude. In fact, statistical independence is

verified very well in direct numerical simulations. The mixture fraction Z measures the

reactants mixing and is mainly related to large-scale flow motions. On the other hand, x is

linked to the local flame structure and corresponds to a local Z gradient and measures the

local diffusion zone thickness and is governed by small-scale features. The progress variable,

c, tracks the non-conserved scalars and transports the information of thermo chemical

history. It also shows the probability of possible reactions. The residence time, x, reflects the

unsteady feature of the interactions between strain rate, which is imposed by the turbulent

flow field, and thermo chemical effects. The new form of the equation reads:

1 1 00 00

Û = ||{ J^(Z,c,)c,x).P(Z).P(c).P(5c).P(x)dZ dcdZ dx (37)
0 0 0 0

P(Z) represents the fluctuations of the mixture fraction and is assumed as a ß-distribution

function. The scalar dissipation rate, x, and the reaction progress variable, c, and the

residence time, T
,
are represented by a delta function. The mass fractions of the species are

computed locally at each node by applying an interpolation algorithm among the unsteady

flamelet libraries of the FLATRA code [41].

3.9. The Alternative Coupling Strategy

The introduced alternative coupling strategy is different from the normally used flamelet

coupling models. The disadvantage of the classical method is the computational expenses due

to the integration of the presumed shape PDFs. The transported values of turbulent flow

variables are solved and model parameters are calculated at each node. These variables and

parameters are firstly interpolated between flamelet libraries and then the findings of these

interpolation processes are integrated at each node using Eqn. (37). These interpolations and

following integration steps which depend on mixture fraction variance only take most of the

computational time and make the computation very expensive.
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Because of the vast number of processes at each node, the number of the species and that of

nodes are limited in the classical coupling strategy to keep the computation time in reasonable

limits. The introduced alternative coupling method is a good solution to reduce computational

costs while increasing the number of nodes and species used in the simulation study. Apart

from that, this method creates a great opportunity to increase the nodes in discretization of the

parameters such as as,Z, Z"2, x •>
c and T

.

In this new method, several hundred thousand

different artificial solutions are created for the discretized interface parameters. The detailed

schematic description of the coupling strategy is given in the figure 3.8.

In this method the user determines the discretized data points for the interface parameters with

respect to the requirements of the problem. The user can select as many data as he wants

according to his own criteria. There is no limit for the amount of data points. It might be only

limited by the maximum size of the data set, which can be stored in the memory of that

specific machine. The number of the discretized data for the interface parameters do not

create extra load during the computational process. The discretized parameters within the

selected ranges defined for the problem such as in table 3.1 are combined with each other.

Then, using these combinations, interpolations between the flamelet libraries and the

integration of those interpolated parameters have been calculated in Eqn. (37). In this study,

70x9x11x13x9 = 810810 artificial possible solution sets are created and stored in the pointers

for the different combination of the parameters, which are listed in table 3.1, to find the mass

fractions of the species corresponding to those discretized values. This work is completed

before starting to solve Navier-Stokes (NS) equations in the flow solver.

The flow solver solves NS equations with additional two scalar transport equations for

mixture fraction and reaction progress respectively and creates the interface variables to the

libraries such as, Z, Z"2, x •>
c and T at each nodal position. Then, using these variables

the solution field is determined and a 6th order interpolation is applied to get mass fractions of

the species at that node (see Appendix A). The mass fraction of these new species results in a

different composition of the mixture. Therefore, the new density field may be calculated using

ideal gas assumption. The new density field will affect the solution of the transport equations

in the next iteration step and the iteration is continued until reaching the convergence.
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Variable Name Selected Range Total number of values

Mixture Fraction (Zmix) [0,0.1563] 70

Mix. Frac. Variance (Zvar) [5E-5, 1E-3] 9

Progress Variable (c) [0,1] 11

Scalar Dissipation Rate (x) [1E-3, 15] 13

Residence Time (T) [1E-5, 0.1] 9

Table 3.1: The combination of the variable in the artificial solution field.

Our simulation studies show that the new method considerably increases the speed of the

simulation up to 30 times compared to the classical method. The saving of the computational

time gives the possibility to invest more computation time in finer grids. The filter size of the

LES is the grid size in this study. Eddies which have smaller turbulent length scale than the

filter (grid) size are modelled, whereas the bigger size eddies are solved directly. So the finer

mesh makes the simulation more reliable while solving the turbulent flow field equations in

LES. The alternative coupling strategy offers this opportunity to its users.
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Figure 3.8: The new flow chart of coupled TLFM/LES model using pre-calculated

solution fields.
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Chapter IV

Analysis of the Sandia Flames (D, E, F)

4.1. Burner Types

Turbulence, chemical kinetics, thermal radiation and pollutant formation interact

simultaneously with spaces of complex geometries and boundary conditions inside a

combustor. The burners used in the combustion research studies tend to simplify these

complex geometry and boundary condition problems. Various burner types used to study

turbulent diffusion flames are described in this section. These are jet burner, pilot-stabilized

burner and bluff-body burner.

The jet burner is the simplest have been performed most common burner on which the

original studies of turbulent non-premixed flames. It consists of a simple stream of fuel

surrounded by a co-flowing stream of air. There are several studies with this type of burners

to investigate transition to turbulence and associated instabilities [61-63]. This burner has

been also used to study the effects of differential diffusion on the flame structure [64]. The jet

burner is used to study soot formation and thermal radiation if the jet velocity is small enough

to create laminar flames. If the jet velocity is very high, it is possible to reach blow off

conditions and study the lifted flame stabilizations [65].

The piloted jet burner produces a simple streaming flow. The stabilization of the main jet is

issued using a heat source from a set of premixed flames. The burner consists of an

axisymmetric jet centered in an annulus in which a number of premixed flames are stabilized

on a flame holder. The burner is centered in an unconfined co-flowing stream of air. This type

of burners is useful for studying the effects of the interaction between turbulence and

chemistry in flames without added complications of soot formation and thermal radiation.

Very high main jet exit velocities force the flames to be extincted in certain downstream
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regions where turbulent mixing time scales become the same order of magnitude as in the

chemical time scales. Further downstream of the extinction zone reignition of the flame may

occur due to less intense turbulent mixing rates.

Bluff-body burners show a great similarity to practical combustors used in industrial

applications. This type of burner provides a flame suitable for the study of turbulence

chemistry interactions. The burner is centered in a co-flowing stream of air and usually

consists of a circular bluff-body with an orifice at its center for the main fuel. The

recirculation zones provide stabilization of the flame. These recirculation zones are created by

the turbulent flow field inside the burner due to the configuration of burner boundaries and

inlet velocity profiles. The length of the recirculation zones is about one bluff body diameter.

As it was discussed in piloted jet flames, extinction and re-ignition states in the flame may

also be detected in the bluff body burners.

4.1.2. Experimental Details

A detailed understanding of the combustion mechanisms requires an accurate diagnosis of the

combustion system with well-organized measurement techniques. Techniques which have

been used to generate extensive time-resolved data in flames include: Laser-Doppler

Velocimetry (LDV) for velocity; Absorption and Phase-Doppler methods for measuring

particle number density and size distribution; Raman-Rayleigh scattering for mixture fraction,

temperature and the concentration of major species; and Laser Initiated Fluorescence (LIF)

for the concentration of radicals and some minor species.

Under the enlightment of the previous discussions in order to capture unsteady thermo

chemical dynamics of highly turbulent flow fields and investigate local extinction and re¬

ignition states, a set of piloted flames provided by Sandia Laboratories were selected in this

work. The model validation study for the introduced model was performed on the Sandia D, E

and F flames (see table 4.1). These partially premixed methane/air flames have different

velocities in the main jet and pilot. The possibility of local extinction increases from flame D

to F. Selected flames have significant probability of local extinction above the pilot region,

with flame F being close to global extinction of the downstream part of the flame [66]. The

measured scalars in the Sandia flames include temperature, mixture fraction, N2, O2, H20, H2,
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CH4, CO, C02, OH, and NO concentrations. The data set includes axial and radial profiles of

Reynolds- and Favre-average mass fractions and rms fluctuations, conditional statistics at

each streamwise location, and complete single-shot data for all measured scalars. Two

component laser-Doppler anemometry (LDA) measurements in flames D, E, and F were

performed at the Technical University of Darmstadt [67].

The burner geometry is the same as used in numerous previous investigations of piloted

flames at Sydney University and Sandia Laboratories [66,68]. It is given in figure 4.1. The jet

fluid is a mixture of three parts air and one part CH4 by volume. Partial premixing with air

also reduces the flame length and produces a more robust flame than the pure CH4 or the

nitrogen-diluted CH4. The equivalence ratios are high enough for these flames to burn as

diffusion flames, with a single reaction zone near the stoichiometric mixture fraction and

there is no indication of significant premixed reaction in the fuel-rich CHi/air mixtures. Flame

D (Re=22400) has a small degree of local extinction [66]. Flame F is close to global

extinction of the downstream part of the flame. The pilot is a lean (<|)=0.77) mixture of C2H2,

H2, air, C02, and N2 with the same nominal enthalpy and equilibrium composition as

methane/air at this equivalence ratio.

The piloted burner has a main jet diameter of d,=7.2 mm and a pilot jet diameter of dp=18.2

mm (see Figs 4.(1-2)). The detailed flow parameters are given in table 4.1. The measurements

provide the users with the axial profiles of scalar measurement in these three flames includes

locations x/d = 5, 10, 15,...,75. The radial profiles were obtained at x/d = 1, 2, 3, 7.5, 15, 30,

45, 60, and 75 in each flame.
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Main Jet

Fuel-Air Mixture

Pilot Jet

Leanpremixture

Pilot Jet

Lean premixture

Figure 4.1: Schematic configuration of piloted jet flames (d,: main jet diameter, dp: pilot

jet diameter, dco: coflow diameter).

Figure 4.2: The picture of Sandia piloted jet flames.
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Flame Name Jtemainjet *-> mainjetywS) f^/to r»i/*> Uco-flow(m/s)

D 22400 49.6(+/- 2) 11.4(+/- 0.5) 0.9(+/- 0.05)

E 33600 74.4(+/- 2) 17.1(+/- 0.75) 0.9(+/- 0.05)

F 44800 99.2(+/- 2) 22.8(+/- 1.0) 0.9(+/- 0.05)

Table 4.1: Sandia flames flow parameters.

4.2. Computational Domain

4.2.1. Initial and Boundary Condition Setup

The computational domain covers a cylindrical area with a radius of 20d, (20d) in radial

direction and length of 70d in axial direction (see Fig. 4.3). The challenge in the Sandia E and

F flames is the simulation of high gradient regions. The orthogonality in the computational

domain is guarantied by using O-grid [100]. In the selected geometry, the main and the pilot

jet regions are considered as critical regions that cover a circular area of (~10d). Therefore the

square of the O-grid is placed in this region and 51 uniform nodes divide the edges of the

square. The co-flow region is meshed with coarser grids relative to main and pilot jets. Two

hundred nodes are distributed parabolically along the centerline.

Several steps have been followed while generating the initial conditions. Firstly, the

commercial codes flamelet model based on the classical flamelet approach and RANS model

is used with all additional reactive and non-reactive scalars. The central difference advection

scheme is not selected at the early stages of the simulation because of the convergence

criteria. A varying blend between upwind and central difference schemes is chosen using a

blending factor. In flow regions with low gradients, the blend will be close to second order

advection scheme for accuracy. In areas where the gradients change sharply, the blend will be

closer to first order advection scheme to prevent overshoots and undershoots to maintain

robustness. After the robustness is established, the result of the last time step is used as an

initial condition in the final simulation. The transient scheme is defined by the second order

backward Euler transient scheme. The simulation is started with 1.0e-4 second constant time

step and then it drops to the level adjusted to the CFL conditions given in Eqn. (1).
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Figure 4.3: The front and bottom views of the computational domain.

CFL=uti +
vAt

Ax Ax
(1)

The inflow boundary is introduced by using mean quantities according to the experimental

data field given in the Sandia database [68]. Superposing random perturbations on individual

mean velocity component mimics the stochastic components of the flow at the velocity inlet

boundaries. Similar calculations are repeated without the stochastic components and only

slight changes in the flow field are noted as discussed in [14]. The stochastic components of

the flow at the velocity-specified inlet boundaries are accounted for by superposing random

perturbations on individual velocity components as:

ut =<ut >+\y/ u (2)

where I is the intensity of the fluctuation, \y is a Gaussian random with y/ = 0, and

W=1-
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Figure 4.4: Normalized inlet velocity profiles.

The Reynolds normal stresses «'«' and vV are inferred from experimental data of 2D-LDV

measurements [67], the other normal stress is taken to be equal to «'«72. Figure 4.4 presents

the inlet boundary conditions normalized by their local centreline velocities (u,, up, uco ) and

main jet diameter, d. The co-flow air boundaries are set wide enough (20d) to be sure that the

boundary specifications do not influence the main jet profile. The constant pressure gradient

is applied at the exit plane as it is described in the experiment [66]. The detailed inflow

boundary conditions are presented in table 4.2 for the scalar variables.

Boundary conditions other than the inlet conditions include non-reflective boundaries with

zero inflow and free slip boundaries, which are implemented at the outlet and the sides

respectively.
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Scalars Main Jet stream Pilot stream Co-flow stream

Temperature [K] 294 1880* 291

Pressure [atm] 0.993 0.993 0.993

CH4** 9.7472E-3 0.0 0.0

02** 6.1407E-3 1.6997E-3 7.3718E-3

N2** 2.3101E-2 2.6220E-2 2.7053e-2

H20** 0.0 5.2311E-3 3.4773E-4

C02** 0.0 2.4960E-3 0.0

CO** 0.0 1.4506E-4 0.0

H2** 0.0 6.4026E-5 0.0

jj** 0.0 2.5010E-5 0.0

OH** 0.0 1.6507E-4 0.0

Table 4.2: Specification of inlet boundary conditions for D, E and F flames.

* The main jet inlet temperature for F flame is given as 1860 [K].

** Specific mole numbers (Yt IW^) .

The same geometry and mesh are used for all the flames worked on in this thesis. The

different time steps are selected by considering CFL numbers and the main jet velocities of

each flame. These time steps are At = lxlO-4 s, At = 0.67xl0~4 s and At = 0.5xl0~4 s for

flames D, E, and F respectively. The CFL number was computed based on axial convection

and diffusion in Eqn. (1). The runs were performed in HP Superdomes Stardust and Pegasus

machines. These machines have Itanium-2 processors at 1.5GHz speed and totally 96

processors. Because of user limitations we could not exceed 14 processors at a time. So, one

iteration for a simulation with 917,420 nodes takes almost six minutes depending upon the

load of the machines.

4.3. Results and Discussions

Time averaged results of the simulation are discussed and compared with the experimental

data in the following sections. The comparison studies are summarized under two topics, the

first pertains to the the axial profiles and the second to the the radial profiles. The averages

have been calculated from the instantaneous flow field solutions by sampling over two flow-
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through times, where the flow-through times is defined as the time a fluid particle travelling

along the centerline would reside within the flow field [14].

Mixture fraction is also a conserved scalar that is representative of other conserved scalars in

the flow. Almost all of the experimental data sets are configured in terms of the normalized

mixture fraction instead of the transported one. The Sandia piloted jet flames data fields

contain mixture fraction data in terms of Bilger mixture fraction definition [68]. This mixture

fraction is normalized for the partially premixed situation. They use a bit different form of

mixture fraction rather than the classical Bilger mixture fraction definition by adding the

elemental mass fractions of hydrogen and carbon into the equation. In the case of neglecting

differential diffusion, as it is in our study, hydrogen and carbon based mixture fraction

presents the same results compare to the original definition introduced by Bilger [68].

F=
0.5(YH-YHa)/WTH+2(Yc-Yca)/WTC

0.5(YHl -YHa)/WTH + 2(FC4 - Yca)/WTC

where

YH = H element mass fraction in the measured sample

Yc = C element mass fraction in the measured sample

YH l

= H element mass fraction in main jet stream

Ycl = C element mass fraction in main jet stream

YH 2

= H element mass fraction in co-flow stream

YC2 = C element mass fraction in co-flow stream and

WTH = 1.008
, WTC = 12.011 are atomic weights.

The stochiometric value for the given mixture fraction definition lies at F = 0.351.
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4.4. Flame D

4.4.1. Centerline Axial Profiles

The mean axial velocity profile along the centerline is given in figure 4.5a. The good

agreement of the velocity flow field has also aided the prediction of the conserved scalar, the

mixture fraction. This is a clear advantage of LES approach. The mixture fraction has the

ability to account for turbulent advection in diffusion flames (Fig. 4.5b). The mixture fraction

is a conserved scalar that is representative of other conserved scalars in the flow such as total

enthalpy or the mass fraction of a particular chemical element. Therefore the quality of the

prediction of the mixture fraction field strongly affects the temperature and mass fraction of

the species in the far downstream field region of the jet. At this region (x/d > 45) the

important phenomenon is mainly turbulent mixing rather than the chemical kinetics. Because

most of the reactions have been completed, the mixture fraction and dissipation rate control

the mixing process and the temperature in the far downstream flow field. Actually good

agreement in the mixture fraction field gives an early indication of better prediction in the

mixing dominated part, the far downstream region, for temperature and the main stable

species, CH4, 02, C02, and H20. On the other hand, to map the partially premixed process in

the fuel rich part of the domain (x/d < 40), an extra parameter has to be taken into account,

herein the progress variable. The progress variable can account for chemical variations in

directions perpendicular to mixture fraction gradient [98]. Because of the lack of detailed

information of reaction progress or the information of transported burned and unburned

structures in the flame front, the classical flamelet libraries, which are determined by mixture

fraction and scalar dissipation rate alone, may not reflect the partially premixed and partially

reacted processes [14, 69]. The model, which is used in this study, can be viewed as a remedy

to mimic the partially premixed effects in the fuel rich zones (see Fig. 4.5c).

Figures 4.5b and 4.5c present the calculated scalar fields both from our simulation and

Pitsch's flamelet model. The results of Pitsch's simulation are scanned from his paper [14] by

using free software WinDig [101]. The predictions of the mixture fraction field along the

centerline are almost the same for these two models. The near downstream results of Pitsch's

model for the mixture fraction show a better agreement as compared to our model (see Fig.

4.5b). When two calculated temperature data are compared with the experiment, it is very
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clear that the near downstream region temperature predictions are in agreement with the

presented model. Although the mixture fraction field is predicted better in Pitsch's model, the

partial premixing phenomenon is captured better in our coupling model. This is mainly due to

the additional chemically dynamic parameter which is called progress variable in our model.

A new definition is introduced in our model for post-processing of the study of chemical

dynamics: the reactedness parameter. This parameter gives a measure of reaction progress as

a composition of reactive scalars in Eqn. (4). This parameter may follow the chemical

dynamics and show their deviations from the quasi equilibrium state. It should be noted that

the classical steady state flamelet models assume that this parameter is always equal to one.

R = 1-

min -*Y,
CH,

Yco, +min >Yr
J}

(4)

The reactedness of a mixture is defined in terms of mass fraction of main stable species and it

varies between zero for frozen and one for fully burnt mixtures. Therefore a proper way of

tracking interactions between the turbulent flow field and chemical dynamics is implemented

into the model as a part of post process study. There are similar studies in the literature to

detect the locally extinct fluid parcels [70, 71]. However, they mainly focus on a kind of

progress variable definition based upon the premixed combustion theory and the conditional

PDFs of this defined variable. Detailed studies on those definitions are made in chapter 5.

Figure 4.5d presents the reactedness both for calculated from simulation and inferred from

experimental data. Our model tracks the chemical dynamics very well at the near downstream

region mainly up to x/d < 25. This behavior is also observed for the temperature field (Fig.

4c). The overprediction of fuel, CH4, may cause the underprediction of the products at the

near downstream region, (Fig. 4.5e). The correlation between experiment and simulation data

field is observed at the far downstream region, x/d > 45, where the main reactions have been

completed.
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All flamelet models are based upon the thin reaction zone assumption. It implies a fast

chemistry in the reaction dynamics. So the radicals, or unstable species, such as CO may not

be predicted in a perfect sense. These species are produced and consumed during relatively

very slow reactions. One way to capture these reactions can be to solve separate transport

equations for these species as a post processing procedure. On the other hand, the mass

fractions of the interim species are predicted at higher values than the experimental results in

Reynolds average models [41]. This is mainly due to definition or modeling approach of

scalar dissipation rate and the residence time. The scalar dissipation rate is expressed in terms

of the instantaneous scalar gradients in LES unlike to combination of the averaged scalar

variance and turbulent time in RANS. Our post-process studies show that the ratio between

those two scalar dissipation rate definitions is the order of 100. The higher dissipation rates in

LES pick up lower minor species mass fraction values from the libraries (see Fig. 3.5c).

The calculated higher interim species mass fraction values may also be observed in LES

simulations [14], if one uses a conditional residence time definition or a kind of integrated

time definition along the line of stiochiometric mixture fraction values such as in Eqn (5).

X

o \Uz Zst)(x',t)
dx'

(5)

This type of time definitions tracks the flamelets in the physical space only along with the

stoichiometric mixture fractions. The stoichiometric mixture is found inside the piloted jet

region at the downstream zone not along the centerline (Fig. 4.5h). The higher velocities are

expected and observed along the centerline rather than the radial directions. This method

implies much lower velocities in the formula, Eqn. (5), than reality. So the model assumes

longer residence time and as a consequence of this longer residence time it promotes the

slower reactions to produce interim species. One of the drawbacks of this type of model may

be observed in terms of overprediction of temperature along the centerline at near downstream

region due to the estimation of a longer residence time.
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4.4.2. Radial Profiles

The comparison between radial profiles of the mean values of simulated scalars and the

experimental data are presented and discussed in the following paragraphs. The comparison of

the radial profiles at x/d=15 for the species mass fractions and temperature with experimental

data shows good agreement in figures 4.6(a-d). There is an overprediction in temperature

profile around its peak value in figure 4.6a. However, if the fuel, CH4, mass fraction curve is

checked in figure 4.6b, the calculated CFL mass fraction reaches its minimum value at exactly

the same radial location where the temperature peak occurs. Apart from this, there are not

enough experimental data points in the neighborhood of these maximum and minimum values

in figure 4.6a and 4.6b respectively. The mass fractions for the minor species were under

predicted on the fuel rich side because of the reasons discussed previously.

Figures 4.7(a-f) present the radial profiles at x/d=30 both for simulation and experiments. The

partial premixing starts to affect the chemical dynamics in this region and leads to the

classical flamelet models to predict higher temperature profiles especially in the fuel rich

region [14, 68, and 72]. On the other hand, the models considering partial premixing

phenomena may predict the temperature field on the fuel rich side (Fig. 4.7a). Except the

interim species, H2 and CO, the quality of the predictions for other scalars in the fuel rich part

is in agreement with the experiment. This is not only the effect of the progress variable

definitions used to mimic the partial premixing process, but also the definition of residence

time individually for each cell to reflect the unsteady feature of the interactions between strain

rate and thermo chemical effects.
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The radial profiles at x/d=45 are depicted in the figures 4.8(a-d). The partial premixing still

affects the species distribution due to the diffusion of the species. The effect of the diffusion

process compared to convective transport becomes stronger when the fluid parcels travel

downstream. This phenomenon is discussed in bimodality analysis in the chapter 5. It is

obvious that the quality of the predictions along the centreline affects the radial profiles

directly. The higher and lower time averaged values in mean scalar quantities at this radial

profile are the main consequence of over and under predictions of those scalar quantities at

x/d=45 axial distance (see Fig. 4.5(a-h)).

4.4. Flame E

4.4.1. Centerline Axial Profiles

The same post processing methods used in the flame D are followed for the analysis of the

flame E. There are two differences between the models used for the simulation of those two

flames. These are the definition of progress variable and reactedness. Apart from this, the

flamelet libraries used in the simulation of E and F flames are designed for the partially

premixed flames unlike to diffusion flamelet libraries used in flame D. All changes have been

done to improve the prediction of scalars in the fuel rich mixtures where the partial

premixing, local extinction and reignition phenomena are frequently observed. The dynamic

analysis of local extinction and reignition phenomena are comprehensively investigated in the

next chapter.

The definition of progress variable is replaced by a new definition based upon the reactedness

(Eqn. (6)). The definition of reactedness used in the post process study of flame D, is replaced

by the definition in Eqn. (6) for the analysis of the flame E and F.

R = 1

m in -*Yr

Yco +YHn+YH +Fco+min -*Y,
CH,

J )

(6)
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This new definition for both reactedness and progress variable is more complex and includes

more information due to the addition of minor species in the denominator. It might be a better

way to track the partially premixing of stable and interim species in the unsteady reacting

turbulent flow field.

The time-averaged results calculated from reacting turbulent flow field are compared with the

experimental data along the centerline. The same method described in the post processing

study of the flame D is applied here. The mean axial mixture fraction profile along the

centerline is given in figure 4.9a. It presents a good agreement with the experimental data.

There are slight underpredictions at around x/d=10 and 45. The agreement between

experimental and calculated data fields for mixture fraction variable along the centerline

increases the quality of prediction of the other scalar fields such as temperature in figure 4.9b.

The overpredicted temperature at far downstream region correlates with the overprediction of

mixture fraction at the same region.

The agreement between calculated and experimental data for reactedness parameter along the

centerline demonstrates the quality of the tracking of reaction kinetics in the partially premix

region (Fig 4.9c). Due to the mismatching of the mixture fraction at very near downstream

location x/d=10, the CH4 mass fraction is underpredicted in the same region. The

consumption of the fuel is generally captured well along the centerline (Fig 4.9d). The other

main products CO2 and H20 are estimated very well except the underestimated H20 mass

fraction around the stoichiometric mixture in figure 4.9(e-f).

The improvements in the quality of the prediction of scalar fields may be due to the combined

effects of the changes in the reactedness, the progress variable, and especially the changes in

the flamelet libraries. The detailed discussions on different types of libraries were made in

chapter 3. Very clear indication of the effects due to the changes in the flamelet libraries from

pure diffusion to partially premixed may be observed in the prediction of interim species, CO

and H2 in figure 4.9(e-f). So the under-estimated interim species along the centerline in the

flame D (Fig.4.5(f-g)) may be due to the lack of the true information of higher scalar

gradients in the pure diffusion laminar flamelet libraries for the fuel rich side (Fig. 3.4,

chapter 3).
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4.5. Flame F

4.5.1. Centerline Axial Profiles

The coupling method and the definitions used in the simulation of the flame F are the same as

in the flame E. The existence of a turbulent field with high Reynolds number (Re=44000)

offers a challenging study in the simulation of the flame F. One of the main challenges in this

study is to capture the local extinction and reignition regions in the unsteady reacting

turbulent field. In order to capture those regions the partial premixing feature of the species

should be simulated truly. Although the stable species, or main products, may be expressed

using the kinematic parameters, the flame radicals may exhibit some flame history. Thus the

flamelet history should be tracked down using dynamic parameters such as progress variable

or reactedness parameter.

The axial mean velocity along the centerline is in agreement with the experimental data (Fig.

4.10b). The overpredicted region near to the nozzle is due to the selected inlet boundary

conditions in the simulation. For this simulation study, the inlet velocity profile was

calculated and selected by multiplying the inlet velocity profile of the flame D with factor

two. Except for the far downstream region, estimation of the mean mixture fraction values

along the centerline presents a very good agreement (Fig. 4.10a). The overpredicted mixture

fraction values further downstream affect the quality of the prediction for main stable species

and temperature in figure 4.10(c-g).

The calculated axial main temperature may be investigated in two different parts (Fig. 4.10c).

The first overestimated mean temperature values at certain downstream region between

x/d=10&35 may be expressed due to the overpredicted C02 production in those regions (Fig

4.1 Of). The second overestimated region is placed in the far downstream region due to the

overpredicted mixture fraction value in figure 4.10a. The reactedness, or progress variable,

follows the chemical dynamics perfectly at x/d > 25 region (see Fig. 4.10d). The main

products C02 and H20 are predicted well in the region of x/d < 40. In other words, stable

species are estimated well in the fuel rich side compare to the fuel lean side (Fig. 4.10(f-g)).

The discrepancies in the estimation of main scalars for the fuel lean side may be due to the

overprediction of mixture fraction values far downstream region.
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The stoichiometric length of the flame F is given approximately as 47.5d in the experimental

documents based on the interpolation of axial profile of Favre average mixture fraction [68].

The stoichiometric mixture fraction value equals to 0.351 for the piloted Sandia flames. The

error level in this estimation for the stoichiometric flame length is around 4% in the flame F.
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4.5.2. Radial Profiles

The calculated and the experimental data are compared in the following figures regarding to

the radial distribution of different scalars. Although the nature of the flame F shows higher

turbulent features as compared to the other flames, the prediction of the scalar fields is in

better agreement not only for the main species but also for the interim species in figures 4.(11-

13). So, one should focus on the changes against the flame D made for modeling of E and F

flames.
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There are two main differences between the models used in the simulation of the flames D

and F. The first difference is in the definition of progress variable and the second difference is

the modification in the flamelet libraries. Instead of the pure diffusion laminar flamelet

libraries used in flame D, the partially premixed flamelet libraries bounded with the inlet

boundary conditions are used in the simulation of the flame F.

Figure 4.11a shows experimental and calculated radial profiles of temperature at x/d=15. The

agreement between the experimental and the calculated data fields is the consequence of the

true calculation of the mass fractions of main and minor species shown in figure 4.1 l(b-d).

The only discrepancy in these figures appears the in the prediction of H2 at the fuel rich side

(Fig 4.lie).

The temperature and mass fractions of main products are slightly overpredicted at x/d=30 in

figure 12(a, c-d). These overpredicted values are related with the overpredicted values along

the centerline. The agreement between experimental and calculated mass fractions of minor

species is noticeable in figure 4.12 (c-d).

Due to the overpredicted scalar fields along the centerline, the predictions of the scalars at

x/d=45 exhibit various level of deviations from the experimental values (Fig. 4.13).
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Figure 4.13(e-f): Radial distribution of mean values of scalars at x/d=45 (lines:

simulation; symbols: experiments).
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Chapter V

Dynamic Analysis of the Flames

5.1. Extinction and Reignition

Extinction and reignition phenomena in the investigated flames are discussed in this chapter.

As the jet velocity is increased, extinguished parcels appear more frequently in the region of

high mixing rates. One of the clear indications of existence of extinguished fluid parcels in the

reaction zones is the high probability of low temperatures (see Fig. 5.2). There would be some

experimental error in these graphs as usual, but the points indicating extinguished fluid

parcels, at 1200 [K] and less, can be regarded as reliable because of low chemiluminescence

at low temperatures [66,72]. After the local extinction regimes, the flame reignites further

downstream where the mixing rate is more relaxed. Reignition can occur if there are burnt

fluid parcels convected from the intense mixing region.

Figure 5.1 presents the stoichiometric mixture fraction iso-surfaces colored for different

scalars. The following sets of figures depict different scalars and species mass fractions

attached on the stoichiometric mixture fraction. In figure 5.1a the local extinguished regions

may be identified by high quenching scalar dissipation rates. The red colored regions are

subjected to the local extinction due to the high mixing rates. Those extinguished layers might

be identified by low temperature values observed at the regions subjected to intense

turbulence. These low temperatures correspond to increases in mass fractions of the minor

species in the mixture (Fig. 5. le). Excess amount of the minor species indicates a delay in the

reaction. The higher CO levels coincide mainly with the lower temperature regions and are

observed at high mixing rates due to the low residence time at those regions (Fig. 5. Id).

87



The combustion at fast chemistry limits is a local phenomenon and depends on the local

stable compositions of the mixture regardless of the fluid's history [58, 62]. On the other hand

minor species, such as CO, do not seem to correlate well with the mixture fraction and exhibit

some history effects (Fig 5. le). The level of the reactedness value shows not only the rate of

partial premixing in the specified turbulent flow field but also the level of local kinetic

reactions (Fig. 5.If). The transported progress variable integrates the dynamic reaction rates

and carries the reactive turbulent flow field history (Fig 5.1c). By using only kinematic

parameters such as scalar dissipation rate and local reactedness value, the regions containing

relatively high CO concentration cannot be truly identified. So the transported progress

variable and its competition with a kinematic parameter, local reactedness value, would be a

better approach for this problem.

When the flames approach extinction, the data points are highly populated at the domain

between the flamelet profiles and the frozen limits. It is not clear whether fluid parcels are

partially burnt or simply mixed with hot combustion products in this region. Figure 5.2

illustrates the scatter plots of three Sandia flames (D, E, and F) which exhibit local extinction.
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Figure 5.1: The instantaneous variations of the scalars on the stoichiometric mixture

fraction iso-surface
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The scatter plots at 15d for Sandia flames in figure 5 2a indicate the probability of the local

extinction, which is characterized by the depressed temperature samples Although the flame

D has small local extinction probability, other two flames E and F have a high level of

extinction at 15d (see Fig 5 2a) Though the local extinction is still an important phenomenon

for the flame F at 3Od, the scatter plots show low extinction probability for the flames D and

E at the same radial position (see Fig 5 2b) At far downstream region, say 45d, the scatter

plot of the flame F presents very low level of probability for extinguished fluid parcels

(Fig 5 2c) This might be due to the reignition process following local extinction at near

downstream regions

In this study, we used three different approaches to investigate the partial premixing, the local

extinction and the reignition phenomena Bimodality and conditional probability function are

the ones most commonly used to express extinction and reignition regimes [14, 61, 72, and

73] The reactedness parameter can be also used for the same purposes [70, 72]
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Figure 5.2a: Scatter plots of experimental and simulation temperature fields for Sandia

flames atx/d=15
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Figure 5.2c: Scatter plots of experimental temperature field for Sandia flames at x/d=45
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5.2. Bimodality

Several studies have been done to express locally extinguished fluid parcels and following

reignition processes [14, 71-78]. Locally extinguished fluid parcels and following reignition

processes are expressed by indicating the interactions between frozen (unburned) or burned

fluid structures. Therefore characteristic bimodality of the temperature distribution can be

created in lean and near stoichiometric samples [71].

We carried out the bimodality analysis for different mixture fraction intervals as indicating in

table 5.1.

Mixture Type Normalized interval (Zmix/Zstoic.)

Very Lean [0.5, 0.7]

Lean [0.7, 0.9]

Stoichiometric [0.9, 1.1]

Rich [1.1,1.3]

Very Rich [1.3,1.5]

Table 5.1: The classified mixture fraction intervals for bimodality analysis.

In this study, we followed the similar method employed by Masri [70] for the analysis of our

simulated reacting turbulent flow field. The definition of the reactedness in Eqn. (1) is not the

same definition used in the previous chapter 4 (Eqn. (4)). Hence, we demonstrated this

reactedness with a different symbol, 9Î. However, both definitions give a measure of reaction

progress in one way or other.

P - P

SR =— ^- (1)
1

P -P
b,i unb,i

Reactedness, 9îî, can be calculated for any scalar at any data point depending on reaction in

the computational domain. Pt is the calculated scalar and represents temperature or species
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mass fractions. Punb t

and Pb t
are unburned and fully burnt values of the scalar which fall into

the specified mixture fraction interval, (Table 5.1). The steady state flamelet values were

chosen as the fully burnt limit in each selected mixture fraction interval.

The values of 9?; vary between zero for unburnt and one for fully burnt mixtures. For any data

point, differences in the values of 5t; calculated from the two different scalars reflect a

variation due to turbulence interaction in the progress of the reactions related to that scalar.

All scalar data fields used in this study were conditioned with respect to mixture fraction

intervals given in table 5.1. The calculated 9Î values using Eqn. (1) were allocated for each

selected mixture fraction interval. The conditional probabilities of those 5R values were

calculated using Eqn. (2). The probability of 91 at the interval bounded by x and y was

calculated as follows:

p(x < 9t < y)
=

1 "*'x'y
(2)F *'

AM N
J

where % is the number of data points falling in the range x < 9? < y and N is the total

number of data points sampled in the mixture fraction range. The width of the interval

bounded by x and y is A9lx .
The area under each conditional probability density function

(cpdf) curve bounded by the horizontal axis is equal to one when computed over the whole

range of 9? for which /?(9t) is defined as;

—/»(9t)A9t = 1.0 (3)
SR

The data collected in the simulation at certain radial positions for the flames E and F were

used in this study to identify and express the bimodality features of these flames. More than

100 data points were found in each mixture fraction interval. The cpdfs were calculated for

temperature and CO2 mass fraction in each mixture fraction range using the equations (1) and

(2).
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Figure 5.3: Conditional probability density function of the reactedness calculated from

temperature for the flame E atx/d=15 (lines: simulation; symbols: experiments).

Figure 5.3 and 5.4 illustrate the cpdfs reactedness as a function of temperature at x/d=15 for

the flames E and F in the predefined mixture fraction intervals respectively. Initially, it can be

considered that the reactedness of temperature for the flame F exhibits clear bimodality from

very lean mixture to stoichiometric mixture (Fig. 5.4). This trend is less distinct on the fuel

rich side. However, the cpdf is still broad due to the existence of the partially premixed

flamelets. Although we expect similar bimodality feature in the flame E, there is no clear

evidence of bimodality for this flame (Fig. 5.3).

The reactedness of temperature for the flame E is accumulated around fully burnt state

(SR = 1) from lean to very rich fuel mixtures in figure 5.3. There is a certain level of partial
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premixing in all selected mixing intervals except the stoichiometric mixture. On the other

hand, the different levels of mixing show a clear indication of partial premixing in figure 5.4

for the flame F.
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Figure 5.4: Conditional probability density function of the reactedness calculated from

temperature for the flame F atx/d=15 (lines: simulation; symbols: experiments).

The other radial profiles (x/d=30 & 45) of the flame E do not show any distinct bimodality

and the partially premixing trend throughout the lean and the rich mixtures. Because of the

clear bimodality trends in figure 5.4 it would be worthwhile to discuss the other radial profiles

(x/d=30 & 45) of the flame F. The reactedness of temperature at x/d=30 is given in figure 5.5

for the flame F. Except for the very lean mixture, there is still a probability for unburnt or
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partially burnt states. Very lean and very rich mixtures show dominant partially premixing

features compare to the other three. The reactedness of temperature for lean, stoichiometric

and rich mixtures concentrated around the fully burnt state

V«cy Lean Mixture

Very Rich Miaim

Figure 5.5: Conditional probability density function of the reactedness calculated from

temperature for the flame F atx/d=30 (lines: simulation; symbols: experiments).

The characteristic shape of the bimodality is lost further downstream (x/d=45) (see Fig.5.6).

Apart from this, there is no more dominating partial premixing in any mixture fraction

interval for the reactedness of temperature except for very lean mixtures. All reactedness

values fall into the range of 9?>0.8. This means that the main reactions have already
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completed at this point. This behaviour is also very clear in the time averaged temperature

distribution along the centerline (see Fig.4.10c). Based on the previous discussion, one may

conclude that the feature of bimodality shifts from the unburnt to the burnt side when the fluid

parcels flow to the further downstream regions in the unsteady turbulent field.
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Figure 5.6: Conditional probability density function of the reactedness calculated from

temperature for the flame F atx/d=45 (lines: simulation; symbols: experiments).

The reaction progresses of various species present different bimodality characteristics. Here,

we take sample specie, CO2, to represent the final products. As it is discussed above, the

flame F exhibits more bimodality than the other flames. So the flame F is selected to create

the characteristic bimodality figures of the selected specie.

97



Ver? LIM Hutu»

- I

02 04 fl« Ofl

Ver» Rich Mature

_l ,_i , 1 . t < __J
02 0« fl« 08 1

Figure 5.7: Conditional probability density function of the reactedness calculated from

CO2 for the flame F atx/d=15 (lines: simulation; symbols: experiments).

The reactedness of CO2 mass fraction which is understandable follows almost the same trend

with temperature's bimodality at x/d=15 in figure 5.7. It comes out from the theory that the

main species mass fractions increase or decrease monotonically with the temperature. When

the fluid parcels flow to further downstream regions (x/d=30 & 45) the shape and the intervals

of bimodality slightly deviate from those of temperature (Figures 5.8 & 5.9). Except for very

lean mixtures one may easily detect the bimodality characteristics for all mixture fraction

intervals at x/d=30 in figure 5.8. Partially premixing is evident in all type of mixtures at this

downstream radial profile. The reactedness of CO2 mass fraction loses its bimodality feature
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when the fluid parcels reach a position at x/d=45 in figure 5.9 and they start to exhibit less

partially premixed behavior.
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Figure 5.8: Conditional probability density function of the reactedness calculated from

CO2 for the flame F atx/d=30 (lines: simulation; symbols: experiments).
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Figure 5.9: Conditional probability density function of the reactedness calculated from

CO2 for the flame F at x/d=45 (lines: simulation; symbols: experiments).

5.3. Reactedness Parameter

Although a mixture is composed of different species in different proportions, it has a unique

mixing fraction value at each node in the turbulent flow field. The given reactedness

definition in Eqn. (1) produces different bimodality shapes for different scalars. The

reactedness of different scalars implies different levels of reaction at each node (Figures 5(3-

9)). In order to create a single characteristic bimodality shape for a given mixture fraction
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value, we introduce a new reactedness parameter for the bimodality analysis. The idea is to

use a single global reactednesss definition, which includes all species in its formulation. It

would be a better method for the bimodality analysis to represent partially premixing, local

extinction and re-ignition processes. Here, we propose a reactedness definition in Eqn. (4) as

it is in chapter 4 (Eqn. 6).

R = 1-

min -*Y,
CH,

Y
co +YHn+Yco+YH,+min ->Yr

J J

(4)

The reactedness R takes a value between zero and one for frozen and fully burnt mixtures

respectively. It reflects the progress of the reaction in the turbulent flow field. In order to be

consistent with the previous bimodality analysis, the intervals are selected as they are given

in table 5.1. The probability of R being in the interval bounded by x and y is calculated as

follows:

p(x < R < y) =
n^^-
N

(5)

where nRx is the number of data points falling in x < R < y and N is the total number of

data points sampled in the mixture fraction range which is considered. The area under each

cpdf curve bounded by the horizontal axis is equal to one.

The calculated data of the flame F at different radial positions (x/d=15, 30, and 45) are used in

the analysis of the new reactedness. The radial profile at x/d=15 is also selected for the

analysis of the flame E. This radial profile has more suppressed temperatures in the

experimental data field compared to the other radial positions for all flames (see figure 5.2 for

the distribution of experimental scattering data field).
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Figure 5.10: Conditional probability density function of the reactedness calculated from

Eqn. (4) for the flame E at x/d=15 (lines: simulation; symbols: experiments).

The conditional probability density function (cpdf) of the reactedness for the flame E at

x/d=15 does not exhibit strong bimodality (Fig.5.10). This may be due to the contribution of

interim species in Eqn. (4). As it was discussed in the previous section, different scalars

showed different levels of bimodality at different radial profiles for varying mixture fraction

intervals. One of these scalars can mask the others bimodality characteristic if they are used in

a combined equation as given in Eqn. (4).
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Although there is no observed strong characteristic bimodality in the flame E, there are some

indications of partial premixing when the mixture fraction interval varies from very lean to

very rich mixture. The reactedness level is equal to one (R = 1) when one of the reactants is

depleted. If a reaction takes place and products are formed, the reactedness level starts to

increase until one of the reactants is consumed.
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Figure 5.11: Conditional probability density function of the reactedness calculated from

Eqn. (4) for the flame F atx/d=15 (lines: simulation; symbols: experiments).
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The analysis of cpdf of R is extended to the flame F that showed highest bimodality in our

previous analysis This flame is studied for different axial positions from near to far

downstream regions (x/d=15, 30, and 45) Except for very rich mixtures, the other mixture

fraction intervals show distinct bimodality at near downstream region (x/d=15) in figure 5 11

The partially premixed nature of the mixtures is significant when the mixture interval changes

from very lean to very reach mixture
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Figure 5.12: Conditional probability density function of the reactedness calculated from

Eqn (4) for the flame F atx/d=30 (lines simulation, symbols experiments)
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The shape of the bimodality is more distinct for stoichiometric, rich and very rich mixtures at

x/d=30 (see Fig. 5.12). The partial premixing still plays a role for all mixture fraction

intervals. The very rich mixture fraction interval exhibits the highest partial premixed feature.
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Figure 5.13: Conditional probability density function of the reactedness calculated from

Eqn. (4) for the flame F atx/d=45 (lines: simulation; symbols: experiments).

Figure 5.13 presents the cpdf of reactedness parameter at x/d=45. The stoichiometric flame

length value for the flame F is equal to 49.25 d [68]. Therefore the calculated reactedness

value shown in Eqn. (4) approaches one at x/d=45. The bimodal shapes are disappeared at this
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radial position for ail mixture fraction intervals. Some partial premixed fluid parcels are still

observed in the very rich mixture.

As a result of the reactedness analysis for the flame F, we observed the formation of bimodal

shapes at near downstream. When the fluid parcels flow into further downstream the

characteristic shape of the bimodality was lost. The amount of the partial premixed fluid

parcels in the mixture was increased, when the mixture fraction intervals vary from lean to

very rich mixture. The bimodal features generally were observed for lean, stoichiometric and

rich mixtures at the same axial position.

In this chapter, the clasical bimodality and the new reactedness analysis were performed on

the experimental and the calculated data. The comparisons were made at the different radial

profiles for the predefined mixture fraction intervals. The conditional probability density

functions of calculated data are consistent with those of experimental data. These results

verify the introduced model which is able to capture the dynamic interactions between

unsteady turbulent flow and the finite rate chemistry.
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Chapter VI

Summary and Conclusions

The objective of the thesis is to introduce a transient laminar flamelet model coupled with

Large Eddy Simulation (LES) in order to capture unsteady thermochemical dynamics of

highly turbulent flames at low Damköhler numbers.

In this study, we used upgraded version of the transient laminar flamelet model (TLFM)

which was developed at LTNT/ETH for non-premixed flames subjected to high strain rates in

an unsteady turbulent flow field. The pre-calculated laminar flamelet libraries in TLFM were

implemented to the commercial flow solver LES model to simulate a series of turbulent

nonpremixed methane piloted-jet flames, Sandia D, E, and F flames.

Statistical turbulence models (RANS) are time independent models. Therefore the resolved

scales do not reflect any temporal information. Large Eddy Simulation has advantage of

producing time dependent predictions. LES captures average flow field and turbulent mixing

(mixture fraction field) much better than RANS approaches. This is an important requirement

for any successful combustion modelling. The large scale structures are solved and the small

scale structures are modelled in this method. Strong effects of unsteady turbulent fluctuations

on chemical reactions may cause local extinction in turbulent diffusion flames when the

reactions are slow compared to the turbulence time scale. After local extinction, the flame

reignites further downstream where the mixing rates are more relaxed. The accuracy of the

modelling of local extinction and reignition phenomena requires a model that captures the

non-linear interactions between chemistry and turbulence.

Dynamic analysis of diffusion flames is one of the analysis tools to identify extinction and

reignition phenomena in the reacting turbulent flow field. Time dependent feature and better

turbulence solution capacity of LES allow this analysis. Although the model presented in this
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paper is not very complicated for implementing it to any system, it captures the chemistry and

turbulent flow field interactions sufficiently well. The results show that the model can be a

candidate for the simulation of diffusion flames, which have regions being governed by

partially premixed processes.

Partial premixing of the fluid parcels is widely observed at highly strained reacting turbulent

flow fields. After local extinction of the fuel-air mixture, some extinguished fluid parcels may

flow further downstream and mix with fuel and air to reignite as a partially premixed mixture.

In order to investigate partially premixed features of the flames, the pure diffusion and

partially premixed diffusion flamelet libraries were used and discussed. Partially premixed

libraries were created due to the mixing ratios of fuel and air at the inlet of the piloted Sandia

flames. The differences between those two flamelet libraries were studied in chapter 3. The

simulation results of three Sandia flames with those two different flamelet libraries were

investigated in chapters 4 and 5.

The major advantage of using partially premixed libraries in these simulations was observed

in prediction of the interim species. The underpredicted interim species mass fractions as a

result of using pure diffusion libraries were replaced with quite accurate predictions due to the

corrected reduced scalar fields in the partially premixed libraries especially in the fuel rich

mixtures.

The main difference between the introduced coupling model and the classical flamelet model

is the additional progress variable used to follow dynamic interactions between turbulence

and finite rate chemistry. The unsteady effects might be included in to the flamelet models by

solving the transient Peters equations with an initial guess that represents a partially premixed

state. Partial premixing might be considered by an appropriate progress variable as it was

modeled in the reactedness definition in chapter 4.

The reaction is triggered by the initial conditions due to the introduced progress variable and

developed by the residence time of the fluid parcels in the control volume. This definition

makes the simulation more sensitive to instantaneous changes in the turbulent flow field. Our

simulation studies showed that the averaged turbulent characteristic time definitions in RANS

on the basis of the turbulent kinetic energy and its dissipation rate led runs to select steady

state flamelet libraries because of the calculated longer characteristic turbulent time.
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The scalar dissipation rate expresses the influence of the turbulent flow field on the flamelet

equations. The level of the scalar dissipation rate plays a critical role in the determination of

the locally extinguished regions in the reacting turbulent flow field. The introduced scalar

dissipation rate describes the contributions of the diffusion in two parts, molecular and

turbulent diffusion parts. The model captures the effects of both turbulent fluctuation and

molecular diffusion in the flow field. The contribution of the molecular mixing into the scalar

dissipation rate at the near downstream is more important as compared to the far downstream

and this contribution should be taken into account.

The interface routines and their coupling with the flow solver are some of the critical tasks in

the flamelet modelling studies. The new and more efficient coupling strategy was developed

and implemented during this study. In contrast to the classical flamelet models coupling

method, the presented coupling strategy makes the library interpolations and then calculates

the PDF integrals that are stored as a part of the libraries as they were described in chapter 3.

This improvement is very crucial in terms of computational costs since it increases the speed

of the simulation up to 30 times compared to the classical models. In this method, there is

almost no limitation for the number of the simulated species and types of the integrals in PDF

calculations. Flexibility is also offered for the number of the nodes in the computational

domain due to the drastic decrease in the computational cost.

The time averaged results were compared with the experimental data for velocity, mixture

fraction, temperature and mass fractions of the species at the centreline and various radial

profiles. The main and minor species profiles are in agreement with the experimental data. It

is important that the simulated temperature fields in the fuel rich part of the flames indicated

that the local extinction and the reignition phenomena are predicted well with this modeling

approach. The hybrid flamelet model overcomes the limitations of the fast chemistry and

steady flamelet models by using a dynamic chemical variable, namely progress variable, in

addition to the kinematic variable, dissipation rate, in order to parameterize flamelet

evolution.

The comprehensive comparisons of the basic dynamic characteristics of the Sandia flames

between measurements and calculations were performed by using scalar statistics conditional

on the mixture fraction and the bimodality analysis. Those analysis and the results of the time
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averaged comparisons certified that the presented model can account for the local extinction

and the reignition phenomena in the unsteady reacting turbulent flow fields.
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Appendix

Interpolation Scheme

The function / defines the mass fraction of any species as a combination of five variables.

X,y,z,ß,0 are the variables that are computed in the computational domain.

X-,yi9Zi tßitOi are the values of the variables at the vicinity of the computed

x9y,z9ß,0.

xi->yi->^i->ßi->^i are determined by the user in the definition of the problem. Those values

are used in order to create artificial solutions.

xt<x<x2, yx<y<y1,zx<z<z1 ,ßx<ß<ß10x<0<01
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