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Abstract

A large eddy simulation (LES) model has been developed and validated for turbulent
non-premixed and partially premixed combustion systems. LES based combustion
modelling strategy has the ability to capture the detailed structure of turbulent flames
and account for the effects of radiation heat loss. Effects of radiation heat loss is
modelled by employing an ‘enthalpy-defect’” based non-adiabatic flamelet model
(NAFM) in conjunction with a steady non-adiabatic flamelet approach. The steady
laminar flamelet model (SLFM) is used with multiple flamelet solutions through the

development of pre-integrated look up tables.

The performance of the non-adiabatic model is assessed against experimental
measurements of turbulent CH4/H, bluff-body stabilized and swirl stabilized jet
flames carried out by the University of Sydney combustion group. Significant
enhancements in the predictions of mean thermal structure have been observed with
both bluff body and swirl stabilized flames by the consideration of radiation heat loss
through the non-adiabatic flamelet model. In particular, mass fractions of product
species like CO;, and H,O have been improved with the consideration of radiation heat
loss. From the Sydney University data the HM3e flame was also investigated with
SLFM using multiple flamelet strategy and reasonably fair amount of success has

been achieved.

In this work, unsteady flamelet/progress variable (UFPV) approach based combustion
model which has the potential to describe both non-premixed and partially premixed
combustion, has been developed and incorporated in an in-house LES code. The
probability density function (PDF) for reaction progress variable and scalar
dissipation rate is assumed to follow a delta distribution while mixture fraction takes
the shape of a beta PDF. The performance of the developed model in predicting the
thermal structure of a partially premixed lifted turbulent jet flame in vitiated co-flow
has been evaluated. The UFPV model has been found to successfully predict the

flame lift-off, in contrast SLFM results in a false attached flame. The mean lift-off
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height is however over-predicted by UFPV-6 function model by ~20% for methane
based flame and under-predicted by ~50% for hydrogen based flame. The form of the
PDF for the reaction progress variable and inclusion of a scalar dissipation rate thus
seems to have a strong influence on the predictions of gross characteristics of the
flame. Inclusion of scalar dissipation rate in the calculations appears to be successful
in predicting the flame extinction and re-ignition phenomena. The beta PDF
distribution for the reaction progress variable would be a true prospect for extending

the current simulation to predict the flame characteristics to a higher degree.
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Chapter 1

Introduction

1.1 Background

The increasing demand of mankind for a better and enhanced life is forcing the
technology towards the global warming. The basic needs are fulfilled from
automobiles, electric power generation, petroleum industry and many more. The
aftermath of utilizing these facilities have a great effect on the environment. The
increasing emissions lead to many health hazards and increasing global temperatures
every year. Therefore, there is a need for better science to lower the emissions and
increase the efficiency of the engines. In order to achieve this intense research has
started decades ago for enhanced design changes in almost all the energy producing
equipments. A major part of the pollutants are the products of combustion that are
released into the atmosphere through various sources. One of the main sources is the
automobile sector which includes internal combustion engines. On the upper
atmosphere, aero-engine gas turbine emissions are depleting the ozone layer, thus
resulting in various hazards. Also the power sector related processes are increasing the
emission levels. Emissions are the result of hydrocarbon combustion process taking
place in any energy producing equipment. Therefore, an in-depth understanding of the

combustion physics became vital to reduce the emissions.

Any design change on the real specimen to study its effects would lead to increased
costs and time. Computational Fluid Dynamics (CFD) came into existence as a
solution. Numerical methods in fluid flow gave path to a new generation for flow
visualization. CFD is found to be an alternate tool for expensive experimental
methods for implementation of design changes. Despite the fact that modelling
combustion with CFD has its own setbacks, recent modelling in combustion CFD
provides an alternative to experimental processes. Therefore, CFD is considered as a
potential tool to predict and replicate the flow physics for its use to reduce the design

cycle time and cost involved with experiments.
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Numerical simulation involves solving general fluid flow equations using finite
volume or finite element techniques. The three basic conceptual alternatives for
numerical simulation of turbulence are Reynolds Averaged Navier Stokes (RANS)
methodology, Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS).
The three methods can be represented in the well-known Kolmogorov energy
spectrum as shown in Fig.1. The spectrum shows the distribution of the energy among
the various scales of a turbulent flow in wave-number space (i.e., large scales
represented by small wave-numbers and small scales by large wave-numbers). Most
of the energy is initially contained in the large scales of the energy-containing range,
which is then transferred in a cascading process via the inertial sub-range to the scales

of the dissipation range, where the energy is eventually dissipated.

Among the above, DNS provides the highest accuracy as it aims at complete
resolution of all scales in any turbulent combusting flow. Hence, theoretically there
would be no unresolved scales left. But the drawback involved is the utilization of
high computational resources and time to solve the time dependent exact solution of
Navier Stokes equations involving the broad range of length and time scales
appearing in the turbulent flow. Therefore, DNS is applicable to only simple
geometries with low Reynolds number flows. DNS is therefore regarded as an
unfeasible solution for industry based systems such as gas turbine combustors as they
involve with high Reynolds number flows with complex geometries. On the contrary,
RANS based simulation involves modelling and solves time averaged quantities of the
flow which reduces the computational time drastically. Therefore, RANS based
calculations form the eventual solution for industry to produce quick turn around of
results which can include all the geometric complexities. The turbulence closure for
the RANS based simulations uses either the k- or the Reynolds stress model. But the
accuracy provided by RANS is not sufficient for complex turbulent flows. Therefore,
at one end, the adequate computational capacity is not enough for execution of DNS,
while on the other end, inaccurate calculations of RANS gives a promising alternative
for LES. The strategy of LES consists of resolving the large flow structures and
modelling the effect of the small flow structures on the large structures. In contrast to
the use of Reynolds averaging in RANS, spatial filtering is employed in LES to
separate the resolved large scales from the unresolved small scales. A detailed

description of LES and its advantages is discussed later in this chapter.
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Figure 1.1 Representation of DNS, LES and RANS with Kolmogorov energy spectrum,
Energy E(x) related to a wave-number, K

Turbulent combustion systems can be categorized under three different streams based
on the state of mixing of fuel and oxidiser: premixed, partially premixed and non-
premixed combustion. Large amount of work is done in premixed and non-premixed
combustion modelling in the past three decades (Pitsch et al. (1996), Pierce and Moin
(1998), Poinsot and Veynante (2001), Cook et al. (2007), Malalasekera et al. (2008),
Kempf et al. (2008)). Recently, partially premixed mode of combustion is attracting
the gas turbine combustor industry as most of the industrial combustors and furnaces
are prone to partial premixing rather than premixed or non-premixed modes. All the
three modes of combustion have a common phenomena in between which involve the
strong coupling among the chemical reactions, molecular transport and fluid
dynamics. Non-premixed combustion ideally takes place at stoichiometric conditions
leading to high peak temperatures and therefore higher NOy emissions. While in
premixed combustion, fuel and oxidizer are thoroughly mixed prior to reaching the

reaction zone also called as flame front. In contrast to the non-premixed combustion
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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 to flame speed. Premixed combustion can take
place at equivalence ratio other than one and therefore the excess air in the mixture
helps in reducing the maximum temperatures in the reaction zone. Hence the thermal
NOy production can be controlled in this mode of combustion. Partially premixed
combustion is characterized by its degree of unmixedness and helps to achieve
reduction in the maximum flame temperatures keeping the flame stable. Therefore,
flame propagation, lowering emissions and flame stability issues can be handled with

this mode of combustion.

Modelling of turbulent non-premixed flames can be subdivided into two groups in
terms of the assumption used in chemistry and transport phenomenon. The two major
assumptions in the chemistry model studies are infinitely fast chemistry assumption
and finite rate chemistry assumption. Conserved Scalar Equilibrium Model (CSEM) is
the most popularly used combustion model with infinitely fast chemistry for non-
premixed flames. Bray-Moss-Libby Model (Bray and Moss, 1977; Libby and Bray,
1981) is used in the premixed category for infinitely fast chemistry. The combustion
models widely used that are based on the finite rate chemistry are flamelet models,
PDF transport model and Conditional Moment Closure (CMC) model. Table .1 shows
a summary of main combustion models. CSEM is the combination of equilibrium
model with presumed PDF approach with infinitely fast chemistry for non-premixed
combustion. This chemistry model is simplest and most effectively used in the past
but was not able to predict the emissions correctly. In the finite rate chemistry models,
PDF and LEM are the most advanced models used in both premixed and non-
premixed modes. However, the major drawback lies in the computational time
required as it involves high number of chemical reaction mechanisms in its solution.
CMC and flamelet model for non-premixed combustion have proven to be best
ongoing models in research, but CMC model was not considered again for application
in the industry due to its high computational time required to calculate chemistry.
Therefore, the only model that includes detailed chemistry and allows for numerical
separation of turbulence and chemistry calculations in order to reduce the

computational time and gives increased accuracy in the predictions is the flamelet
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modelling approach. The present research is thus focused on advanced flamelet

modelling for non-premixed flames based on mixture fraction.

Table.1.1 Turbulent combustion models (Source: Turbulent Combustion, N Peters,

Cambridge University Press, 2000)

Premixed Combustion | Non-premixed Combustion

Bray-Moss-Libby Model | Conserved-Scalar

e Coherent Flame Model Equilibrium Model (CSEM)

Flamelet Model Based on
Mixture Fraction,
Flamelet Model Based (Peters, 1984)
on the G-Equation, Conditional Moment Closure
Finite Rate Chemistry (Peters, 1986) (CMO),

(Klimenko, 1990)
(Bilger, 1993)

PDF Transport Equation Model, (Pope, 1985)

Linear Eddy Model (LEM), (Kerstein,1992)

Flamelet model treats turbulent and combustion separately. This model assumes a
turbulent diffusion flame to be an ensemble of locally stretched laminar flamelets. The
flamelets maintain the structure even though they are strained and stretched by the
turbulent flow field. Non-premixed combustion process takes place at very high
Reynolds number which indicates smaller Kolmogorov length scales (varies
approximately as Re™*) and flamelet approach can be applied even if the local flame
thickness is smaller than the Kolmogorov length scale and therefore proved to be the
ultimate choice for combustion model. In this approach, species concentrations are
determined from the laminar flamelet solution. Detailed kinetics can be captured by
including finite rate effects in the flamelet model. This makes the chemical reaction
mechanism to decouple effectively with the turbulence model. A flamelet model is
therefore, required to build further to be able to get the predicting capabilities for
extreme finite rate chemistry with extinction and re-ignition physics. Also with the
advancements in Dry Low NOy (DLN) combustion systems emerging in the industry
with effect from the stringent emission norms, there is a need for better combustion
chamber design and thus better combustion model to validate these design changes.

Laminar flamelet model is therefore considered as one of the successful combustion
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models to be improvised for extending and enhancing its capabilities to capture these
emissions for a better design of the combustors. Also the inclusion of the physical
phenomena like radiation coupled with turbulence with flamelet model would be

advantageous.

Progress variable approach of Pierce and Moin (2004) with flamelet theory
incorporated, has spurred the modelling approach for non-premixed flames. This
methodology also termed as Flamelet/Progress Variable (FPV) approach have been
found to excel and overcome the drawbacks of the flamelet model. Although the
inclusion of progress variable equation in the solution procedure increases the
computational time, its predicting capabilities for the partially premixed flames have
given a new dimension for the FPV approach. Recently, FPV approach has been
applied with both the turbulence models like RANS and LES and found to predict
well for partially premixed lifted flames (Ravikanti, 2008). Inclusion of transient
flamelets in the FPV approach for the consideration of scalar dissipation rate
fluctuations to build an improved flamelet model to predict the local extinction and re-
ignition phenomena is the current research interest. This modelling strategy is termed
as Unsteady Flamelet Progress Variable (UFPV) approach. Most recently UFPV has
been attempted with success for the emission predictions (Ihme and Pitsch, 2005).
This new approach towards the modelling of partially premixed combustion is yet to

be explored.

RANS based modelling has been so far the most commonly used tool for turbulence
calculations involving combustion processes due to its lower computational time
involved. But in the recent years, interest has grown in applying LES to reactive flows
due to immense increase in available computational power. LES has started as a
research tool three decades ago but currently is in the implementation stage for all
CFD analysis both in academia and industry. Deardorf (1974) was the first to
implement LES on three dimensional turbulent channel flows. Since then LES was
under various applications and improvisations, undergone considerable progress with
engineering oriented problems with its unsteady solution behaviour from simple flow
configurations to complex turbulent flames, Piomelli (1999), Poinsot and Veynante
(2001). In the recent past, LES is applied in the problems dealing with thermo-

acoustic instabilities in the combustors. LES resolves the large scale turbulent motions
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which contain the majority of turbulent kinetic energy and control the dynamics of
turbulence while small scales or the subgrid scales are restricted to modelling. RANS
on the other end engross in modelling of all scales. In LES, the model coefficients for
the sub-grid scale models can be determined by employing dynamic model (Germano
et al. 1991) embedded in the solution, which is independent of filter size. These
features give LES a better chance to display its advantages with regard to the accuracy
and predictability of turbulence compared to RANS. But in the LES of reacting flows,
chemical reactions take place at the smallest scales and thus resolving large scale
motions cannot be applied to chemical source terms. Therefore, the modelling of
source term is needed similar to RANS based calculations. Considering the merits and
de-merits, LES still have the advantage of calculating intense mixing process and

advanced predicting capabilities with improved accuracy when compared with RANS.

Having gained reasonable success with RANS based flamelet modelling LES with
flamelet theory is the current research issue for modelling turbulent non-premixed
combustion. Application of flamelet model to LES has drawn significant research
interest and still an ongoing process for advanced modelling strategies (Cook & Riley,
1998; Pitsch & Steiner, 2000; Pitsch, 2002; Mahesh et al., 2004; Raman & Pitsch,
2005; Malalasekera et al., 2008). As mentioned earlier, UFPV approach is the
advanced flamelet modelling option (Pitsch & Ihme, 2005) for partially premixed
combusting flames. Therefore, considering the detailed chemistry with finite rate
effects to its extreme limits to capture the flame extinction and re-ignition physics, the
UFPV approach with LES turbulence model proves to be a promising numerical tool

for lifted flames of partially premixed category.

Within the complexities involved with combustion modelling like
turbulence/chemistry interactions, chemical kinetics, coupling of flow turbulence and
heat transfer, radiation is often neglected in numerical simulations of many
combusting flows. This is mainly due to the high computational effort needed to
model radiation and the complexities involved in coupling with turbulence and
chemistry. However, some of the main reasons that enforce for the consideration of
thermal radiation in any combusting flame are (i) radiative heat transfer rates vary
strongly with temperature differences (to the fourth or higher power) and (ii) the

radiation properties of combustion gases exhibit strong and irregular variations with
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wave-number (Modest, 2003). Therefore, inclusion of radiation effects in combustion
models is an important aspect to achieve high standards of accuracy in predictions.
Not only radiation coupled turbulence combustion models predict correct wall heat
transfer but also computes the right flame physics. Radiation is the primary
mechanism of heat transfer in flames that contain large volumes of small solid
particles. These solid particles occur either naturally (soot, pulverized coal) or
introduced to enhance the heat transfer characteristics (metal oxides in natural gas
flames) (Sivathanu and Gore, 1993). Radiation fluctuations provide valuable
information concerning turbulence/radiation interactions in flames. These fluctuations
in-practice affects the temperature variations and absorption coefficients which
contribute to combustion instabilities leading to flame extinction and re-ignition
effects. The time varying behavior of LES turbulence model is well suited for

coupling with radiation fluctuations involved in any practical flame.

At high temperatures, heat transfer takes place by thermal radiation process rather
than convective transfer process (Edwards and Balakrishnan, 1973). Most of the
combustion related equipments deal with high temperature flows. Therefore, radiation
heat transfer plays a vital role in turbulence combustion modelling. This also involves
many practical situations like building configurations, complex furnaces, pulse
combustion systems and others. In turbulent reacting flows, the turbulent fluctuations
of the flow field cause fluctuations of species concentrations and temperature which
in-turn influences the radiation field. The combined effects of fluctuating radiation
properties and temperature increase the fluctuations in radiative fluxes reasonably
higher than the estimates based on mean properties. Therefore, in all numerical
simulations, fluctuations in radiation field interact with the fluctuations of flow field.
This necessitates the need for an appropriate model for turbulence radiation
interaction (TRI) (Li and Modest, 2003). Sufficient experimental and numerical
evidence suggests that TRI has a significant influence due to the above mentioned
fluctuations of species and temperature which involves with the non-linear
relationship among temperature, radiative properties and radiation intensity (Coelho et
al., 2003). Hence in order to predict radiative heat transfer accurately in many
practical turbulent flows, it is necessary to couple the radiation calculation with

turbulence calculations.
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Recently, effects of TRI has been studied for both premixed and non-premixed flames
related to industrial combustors and laboratory-scale flames with all the turbulence
models like RANS, DNS and LES, Xu et al., (2006), Wu et al., (2007), Deshmukh et
al., (2008), Goncalves dos Santos er al. (2008). But most of the work involved only
simple chemistry and stressed for implementation of detailed finite rate chemistry in
their TRI studies. RANS based radiation models are based on mean of cell predictions
for the radiation calculations. On the other hand, LES can be utilized for unsteady
calculations of radiation where the quantities are calculated exactly instead of mean
values. Large eddy simulation is coupled with the radiative heat transfer with the data
exchange process in a most portable, flexible and versatile way (Goncalves ef al.,
2008). The two independent solvers are linked through a specialized framework and
are coupled in a required manner for the exchange and calculation of data. Motivated
by the influence of radiation on combustion related turbulent flows, the present
research is focused on direct coupling of radiation model with LES based turbulence
calculations applied specifically to non-premixed flames mainly bearing in mind the

current and future needs of gas turbine industry.

Along with the turbulence-radiation studies for non-premixed flames, the current
research also focuses on the development of advanced combustion models like UFPV

for flame statistics of partially premixed lifted flames.

1.2 Research Objectives
The specific objectives of the current research are to:

1. Develop and validate the predictive capability of Unsteady
Flamelet/Progress Variable (UFPV) combustion model for LES based
turbulent partially premixed combusting flames.

2. Conduct detailed investigation on turbulence coupled radiation calculations
with Non-Adiabatic Flamelet Model (NAFM) and its effect on the flame

structure for swirl and bluff body based non-premixed flames using LES.

The current research is focused to conduct advanced unsteady flamelet modelling
strategy with a developed in-house FORTRAN based LES numerical code. As per the

motivation from TRI (Turbulence Radiation Interaction) studies, research is
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conducted to couple a FORTRAN based radiation code with the above mentioned
LES code. After the achievement of the aforementioned topics under research, it is
expected that this would not only contribute to improve our knowledge in the
predictive capability of the advanced combustion models such as UFPV but also will
enhance the sophistication of the in-house LES code coupled with radiation and
combustion modelling facility to all categories of turbulent combusting and radiating

flames.

In order to attain the objectives of this research the following sub-tasks have been laid
out (also represented in block diagram if Fig. 1.2 in a simplest form):

1. Incorporation of steady laminar flamelet model (SLFM) and unsteady

flamelet/progress variable (UFPV) approach based models in the in-house

LES code with the capability of conducting calculations through a

computationally efficient look-up-table strategy.

1.1 Generation of steady and unsteady adiabatic flamelets using the
FlameMaster code.
1.2 Development of pre-processing tools for generating pre-integrated look-

up-tables for SLFM and UFPV.

2. Development and incorporation of LES based modelling for turbulent non-
premixed bluff-body and swirl stabilized flames with steady flamelet model
for SLFM studies. Later the incorporation of non-adiabatic flamelet model for
LES radiation studies with the introduction of enthalpy defect concept in the

in-house LES code through lookup table formulation.

2.1 Generation of steady adiabatic flamelets using the FlameMaster code and
conversion to non-adiabatic flamelet solution.

2.2 Generation of pre-processing tools for generating pre-integrated look-up-
tables with both adiabatic for SLFM studies and non-adiabatic flamelet
solution with the inclusion of enthalpy defect for coupled turbulence-
radiation studies.

2.3 Incorporation of enthalpy equation in the LES code to calculate the
enthalpy defect in order to couple the radiation code for the studies

involving turbulence.

- 10 -
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Figure 1.2 Block diagram of the research work performed

1.3 Organization of Thesis

The present chapter discussed the background for the research objectives and
motivation obtained from the previous studies. The remaining part of the thesis has

been organized as below:

Chapter 2: Literature in the area of flamelet based modelling of turbulent non-
premixed and partially premixed combustion is reviewed. Also, literature in the field
of turbulence radiation interactions in the context of both RANS and LES is

presented.

Chapter 3: The LES approach of modelling turbulence with the solution technique
involved in solving the governing equations is presented. LES formulation with the
description of filtering technique, models employed for the closure of subgrid stress

and models for closure of subgrid scalar fluxes is discussed in detail.
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Chapter 4: Combustion models used in the LES based modelling is presented.
Application of steady laminar flamelet model, non-adiabatic flamelet model and

unsteady flamelet progress variable model in the LES calculations is discussed

Chapter 5: Radiation models used in the LES-TRI calculations are presented in
this chapter. A detail description of TRI and its coupling with LES involving the data

exchange procedure are discussed.

Chapter 6: The numerical approach adopted in the in-house LES code is presented.
A detailed description of the solution procedures of LES combustion calculations with

the different combustion and radiation models is presented.

Chapter 7: The pre-processing work involving the calculations for the generation
of pre-integrated look-up-tables for LES is presented. A detailed working procedure
for the pre-processing tools developed for the different steady flamelet model, non-

adiabatic flamelet model and the UFPV approach based models is presented.

Chapter 8: Results and discussion pertaining to the LES based modelling of
turbulent non-premixed bluff-body and swirl stabilized flames using the steady
flamelet model and non-adiabatic flamelet model in conjunction for the effect of

radiation on turbulence is presented in this chapter.
Chapter 9: Results and discussion related to LES based modelling of turbulent
partially premixed lifted jet flames with steady flamelet model and the unsteady

flamelet/progress variable approach based models is presented.

Chapter 10: Conclusions from the present studies and scope for the future work is

described in this chapter.

-12 -



Chapter 2

Literature Review

This chapter reviews the literature that has contributed towards the development of
flamelet models in RANS and LES modelling techniques for turbulent non-premixed
and partially premixed flames. Literature related to the development and progress of
TRI and the importance of radiation in turbulence combustion is also presented and
discussed. Section 2.1 presents the research work involving flamelet models for
turbulent non-premixed flames followed by the work on flamelet models specifically
developed for partially premixed flames in section 2.2. Work related to the
development of the flamelet progress variable are discussed in section 2.3 followed by
literature discussions on UFPV which motivated the present research involving
development of combustion model for partially premixed turbulent lifted flames in
section 2.4. Finally, work related to radiation and TRI involving the effects and

importance of TRI in practical combustion systems is discussed in section 2.5.

2.1 Steady Laminar Flamelet Model (SLFM) for
Turbulent Non premixed Combustion

Non-premixed combustion research is focused on diffusion principle where diffusion
is the rate controlling parameter. Laminar flamelet modelling was introduced by
Peters (1984) which is also known as steady or stretched laminar flamelet model
(SLFM). SLFM is based on a concepts developed by Williams (1975) which defines
turbulent diffusion flame brush as an ensemble of discrete, steady laminar stretched
flames, called “flamelets”. Each and every individual flamelet is assumed to have the
same structure as laminar flames obtained by calculations. These laminar flamelets
are embedded in a turbulent flame by the introduction of statistical PDF methods.
Peters (1983, 1984) have validated the theory of existence of laminar flamelets in
turbulent flames in a systematic way through numerical approach. Also, Robert and
Moss (1981) and Drake (1986) have conducted experimental studies to verify the

existence of laminar flamelets in turbulent diffusion flames. The parameter that guides
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the stretch in the flamelets is scalar dissipation rate and all the thermo-chemical
properties of any single flamelet is expressed as a function of conserved scalar
“mixture fraction” and scalar dissipation rate. Thus, the flamelet model describes the
turbulent flame structure as the thermo-chemical flame brush with statistical
distribution of mixture fraction and scalar dissipation rate. The main advantage of
using flamelet model is that realistic chemical kinetics effects can be incorporated into
turbulent flames. Having explained the simplicity of the flamelet model, it is limited
to combustion modelling with relatively fast chemistry. The flame is assumed to
respond instantaneously to the aerodynamic strain and therefore the model was found
to be incapable of predicting deep non-equilibrium effects such as extinction, re-
ignition and slow chemistry processes like NOy formation. This incapability of
flamelet model was improvised with the introduction of flamelets into turbulent flame
by considering their joint probability density function (PDF). The evaluation of the
PDF is simplified by assuming statistical independence of the parameters and
presuming the shape of the PDF for mixture fraction to follow a 3 function and that of
scalar dissipation to follow log-normal distribution in most cases. Scalar dissipation
rate distribution can also take the shape of delta PDF depending on the problem
statement and time. Thus the incorporation of detailed chemistry was possible with
PDF approach with laminar flamelet model which offers tremendous computational

savings by separating the turbulent flow calculations from chemistry calculations.

2.1.1SLFM applied to RANS and LES

This section initially discusses the research works performed on SLFM related to
RANS turbulence model and then later with LES. Development of laminar flamelet
model was performed by Liew et al. (1984) for modelling turbulent methane/air jet
diffusion flames. The effect of the stretch was found to be very minimal in the entire
flow field. However, the model was successful in predicting the observed oxygen
penetration through burning zone due to local quenching. But the predictions with O,
and CO concentrations were distracted and lead to the conclusion that amendments
are required in the model to account for the post flamelet process where probable
partial mixing of reactants occurs. Overall, the potential of their model in the
implications for practical combustors can be judged from the results. Rogg et al

(1986) extended the model to take into account partial premixedness of diffusion
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flamelets. The results depicted reasonable O, concentration predictions to data but
there was no improvement in CO predictions. Haworth et al. (1988a) studied the
application of SLFM on turbulent jet diffusion flames with CO/H,/N, —air mixtures.
Monte Carlo solution algorithm with a two-scalar stretched laminar flamelet
chemistry approach was used. Their predictions were compared with experiments and
found that laminar flamelet approach was reasonably well predicting the fuel rich
regions of the flow, but yielded an overly rapid approach to chemical equilibrium in
the downstream of the jet. The importance of flamelet model towards the coupling
between chemical reaction and molecular diffusion was clearly specified. Lentini
(1994) also applied SLFM to CO/H,/N,; turbulent jet diffusion flame and found that
model’s prediction capability with respect to super equilibrium concentration of OH
radical was superior to that of equilibrium model. Based on the results, Lentini (1994)
also showed that SLFM predicted an overly rapid approach to chemical equilibrium.
Consideration of time varying behavior of scalar dissipation rate could resolve this
issue, Haworth et al. (1988b). In another study by Lentini (1994), SLFM was applied
to methane/air jet flames originally studied by Liew et al. (1984) showed that
inclusion of all the flamelets from extinction to equilibrium and also with
extinguished or mixing flamelet limit, improves the predictive capabilities of reactive
scalars like CO which were over-predicted in the previous studies of Liew et al.
(1984). SLFM was later applied to study the turbulent jet diffusion flame involving
chloromethane-air mixture by Lentini and Puri (1995). The SLFM proved to be in
good agreement than near-equilibrium model. Inclusion of finite rate chemistry
enabled significant improvement in the predictions of species associated with slow
chemical kinetics like CO. However, SLFM in this case had resulted in large

discrepancies in the comparisons with experiments.

Hossain (1999) carried out a similar study based on the flamelet model to a relatively
complicated reacting flame structures for bluff body stabilized flames. The study
included the application of SLFM with inclusion of all the flamelets from extinction
to equilibrium similar to the studies of Lentini (1994). The results included the
performance of SLFM in CO/H,/N, and CH4/H, bluff-body stabilized flames of
Correa and Gulati (1992) and Dally er al. (1998a, 1998b) respectively. The model
capability on various blow-off limits was studied based on the inclusion of finite rate

effects. The results showed a promising predictive capability of SLFM for the above
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mentioned flames operating away from the blow-off limits. But the model was unable
to predict the extinction near to blow-off (70-90 %) as observed in the experiments.
Therefore, the use of transient flamelets was one of the proposed studies to consider
and capture the extinction phenomena in such combusting flames. A similar study for
the capability of SLFM to predict the experimentally observed local flame extinction
and re-ignition has been performed by Ferreira (1996) on methane-air jet diffusion
flames of Masri et al. (1988). Later Ferreira (2001) showed that inclusion of unsteady
effects in the flamelet equations of Peters (1984) for partially premixed region
resulted in better flame behavior when applied to piloted methane-air flame. Partial
premixed state was considered by a simple model based on a single reaction progress

variable.

Hossain and Malalasekera (2005) used SLFM to study the flame structures of bluff
body non-premixed flames operated at different inlet axial velocities. Results showed
reasonably good agreement for temperature and other major species mass fractions.
However, their studies failed to predict the local extinction effect at the necking zone
of the flame. Hossain and Malalasekera (2007) also conducted studies for the
performance of different combustion models on bluff body flames of Dally et al.
(1998b). Combustion models like laminar flamelet model, equilibrium chemistry
model, constrained equilibrium chemistry model and flame sheet models were studied
and based on the predictions, laminar flamelet model was found to outperform
considering the advanced chemistry calculations. Hossain et al. (2001), in a different
study for the effects of radiation on bluff body combusting flames, used flamelet
model coupled with radiation. However, this did not focus on the flame extinction and
self ignition phenomena. Apart from RANS and LES based SLFM modelling,
recently, Liu et al. (2006) conducted a comparative study of laminar diffusion
flamelet model with 2D direct numerical simulation for an axisymmetric co-flow
laminar ethylene-air diffusion flame. Significant differences were found with the
temperature and other species predictions with the above models. The Flamelet model
failed to predict a distinct feature of the co-flow flame structure and the occurrence of
the peak concentrations of the CO, and H,O at different locations. It was found to
predict a rapid approach to equilibrium in the downstream region of the flame in
contradiction with the other model. Neglecting multidimensional convection and

diffusion process and inadequate use of boundary conditions for local flamelets in the
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downstream region was reported to be the main reasons for the above drawbacks of
flamelet model. Flamelet model is thus advised to be used with caution for
multidimensional diffusion flames. Recently, Claramunt et al (2006) investigated the
application of the laminar flamelet concept to the multidimensional numerical
simulation of non-premixed laminar flames. The performance of steady and unsteady

flamelets was analyzed.

Research has been carried out intensely with SLFM for NO modelling. The first ever
use of flamelet model to simulate nitric oxide was carried out by Vranos et al. (1992).
Their studies include the flamelet model for turbulent methane/hydrogen jet flames
for the prediction of NO levels. Large discrepancies were found with the measured
and numerically calculated values of NO. The most possible cause was depicted as the
over-prediction in differential diffusion effects of hydrogen and other hydrocarbon
species. Other reasons like transient effects and flame interactions were also
highlighted. Sanders et al. (1997) also carried out a similar study using flamelet model
for NO formation in turbulent hydrogen jet diffusion flames and suggested that the
discrepancies in over-prediction in NO levels would have been caused as a result of
differential diffusion effects. Previous to the above, a numerical analysis of turbulent
non-premixed hydrogen-air flames was carried out by Schlatter et al. (1996) to predict
the NO formation with laminar flamelet model as one of the models. Suggestions
were made that the chemical processes must be modeled with concepts of progress

variable.

The Flamelet model together with the PDF approach was tested by Chen and Chang
(1996) for turbulent methane-hydrogen jet non-premixed flame. Similar to the above
mentioned studies, the argument continued with the drawbacks of flamelet model in
their studies as well. Modelling of NO formation using flamelet model resulted in
pointing out the various effects like transients, flame interaction, preferential diffusion
and radiative heat loss as the major sources. Their research reported that radiative heat
loss was an important process in the prediction of NO levels especially in the far field
of the jet flame where the residence time of the flamelet is high enough for effects of
radiation to become significant. Also the failure with the flamelet model for the NO
predictions was highlighted when compared with PDF model. In continuation with the

use of flamelet model for NO predictions, Heyl and Bockhorn (2001) conducted
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numerical modelling of a laminar axisymmetric CHg4/air diffusion flame. Results
showed that insufficient resolution of the flamelet library in the low scalar dissipation
rate region has an impact on the predictions of temperature and other species.
Reasonably good predictions were noticed with temperature and all major species
mass fractions except for NO and OH. The influence of the shape of the PDF for
scalar dissipation rate on the species like OH and NO has been reported to be the
reason behind. Prior to the above study, Chou et al. (1998) conducted a detailed
flamelet approach towards modelling of NO formation in laminar Bunsen flames.
Inclusion of detailed chemistry with a range of scalar dissipation rates was
incorporated in the flamelet library along with the radiation modelling for the heat
loss on NO formation. Comparisons were observed to be fairly reasonable with the

experiments with the flamelet model but advised to improve the radiation model.

SLFM based NO modelling of bluff body stabilized CH4/H, flame through a mean
NO transport equation based approach was conducted by Hossain and Malalasekera
(2003). Their studies showed the effect of differential diffusion effects and found that
unity Lewis number flamelet were predicting better rather than with the inclusion of
differential diffusion effects However, Hossain and Malalasekera (2003) showed their
results with large underprediction on modelling works of NO. This was attributed to
the simplified NO chemistry which accounted for only thermal NO and therefore the
need for accounting all possible NO production sources was highlighted. Ravikanti et
al. (2008) conducted flamelet based NOy radiation integrated studies for turbulent
non-premixed flames with the Reynolds stress model. Radiation was coupled with
flamelet with the introduction of enthalpy defect concept. Flamelet model in adiabatic
form was extended to non-adiabatic to account the radiation heat loss along with the
effects of NOy formation. An over-prediction in NOy using different models involving
adiabatic and non-adiabatic flamelet models was observed. However, non-adiabatic
model with multiple flamelet library data proved to be the best among them with
marginal improvement. More recently, Ravikanti (2009) also studied the effect of
chemical mechanism from laminar flamelet based modelling for turbulent bluff body
flames. GRI Mech-2.11 was found to predict more close to the experimental values
for NOx with an over-prediction in the computational results. However, from the
above two studies of Ravikanti ef al. (2008, 2009) it can be concluded that non-

adiabatic flamelet model (enthalpy defect concept) with multiple flamelets with GRI
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Mech-2.11 found to be the optimum flamelet modelling approach for NOy based

calculations.

Based on the reasonable success of the flamelet model on RANS based simulations,
LES was also a popular choice for many researchers for the validation of flamelet
model in its preliminary and advanced stages. Cook et al. (1997) performed the first
ever studies on the sub grid scale combustion model (the so called flamelet model in
LES). Their studies include the application of a presumed shape beta PDF formulation
called the Large Eddy Probability Density Function (LEPDF), for the mixture fraction
and the flamelet profiles were obtained from a single step reaction. The concept of
LEPDF was proposed in their previous work (Cook and Riley, 1994) by the filtered
mixture fraction and its subgrid variance which was obtained from an algebraic model
equation based on scale similarity assumption. This model was found to be reasonably
accurate compared to DNS data of homogeneous, isotropic decaying turbulence. Cook
et al. (1997) used flamelet theory in conjunction with an assumed Large Eddy
Probability Density Function (LEPDF) to derive a model for the filtered chemical
species in an incompressible, isothermal flow with a single step reaction. This model
was named as Large Eddy Laminar Flamelet Model (LELFM). Following their
previous work, Cook and Riley (1998) performed a priori testing of this model by
varying the activation energy of the one-step model and obtained better agreement

with DNS data than models using equilibrium chemistry.

A method for predicting filtered chemical species concentrations and filtered reaction
rates in LES of non-premixed, non-isothermal, turbulent reacting flows has been
demonstrated to be quite accurate for higher Damkohler numbers by De Bruyn Kops
et al. (1998). This subgrid model was based on flamelet theory and used presumed
forms for both the dissipation rate and subgrid scale probability density function of
the conserved scalar. The model was found to accurately reproduce the spatial average

of the filtered species obtained from DNS data.

Pierce and Moin (1998) further extended the work of Cook et al. (1997) to include the
effects of swirl and chemical heat release which required the use of variable-density
transport equations. These studies were successful in predicting velocity and

conserved scalar mixing fields in complex combustor flows but they did not consider
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the effects of finite-rate chemistry or the general issue of chemistry modelling in LES.
Using the dynamic model, they conducted LES of a swirling, confined, coaxial jet
flame and obtained convincing comparisons with experimental data. Branley and
Jones (1999) employed the dynamic model of Pierce and Moin (1998) and conducted
LES of swirling methane flame with a single flamelet profile. Their results showed

good qualitative agreement with the measurements.

A Recursive Filter Refinement Procedure (RFRP) for large eddy simulations of bluff
body stabilized non-premixed flames was carried out by Raman and Pitsch (2005).
This new strategy for LES grid generation with RFRP has been used to generate
optimized clustering for variable density combustion simulations. Methane/hydrogen
fuel based bluff body stabilized experimental configuration has been simulated with
the combustion chemistry using a pre-computed, laminar flamelet model-based
lookup table. A beta function was used for the sub-filter mixture fraction filtered
density function (FDF). This simulation procedure was used along with the steady
flamelet model for subgrid scale combustion and the dynamic model of Pierce and
Moin (1998) for turbulent CH4/H, bluff-body stabilized flames and excellent match
with experimental data was obtained. Kempf et al. (2005) conducted LES of piloted
methane/air jet flame using a steady flamelet model with multiple flamelet libraries
involving detailed chemistry. The subgrid mixture fraction variance was modeled
using the approach of Forkel (1999) while the filtered scalar dissipation rate was
obtained from the model suggested by Girimaji and Zhou (1996) and De Bruyn Kops
et al. (1998). Their calculations showed that for the selected partially premixed fuel,
steady flamelet approach sufficiently describes the major species except for CO which
is over-predicted in the fuel rich region. Following the previous work, Kempf et al.
(2006) conducted LES of CH4/H, bluff-body stabilized flames of Dally et al. (1998a)
and obtained encouraging results for temperature and major species but they reported
significant errors in the computed NO concentration. Application of LES to turbulent
CH4/H, unconfined swirling flames was studied by Ranga-Dinesh et al. (2006)
employing a single flamelet based steady flamelet model. Their work adopted the
scale similarity model of Cook and Riley (1994) to model the subgrid variance of
mixture fraction and employed the localized dynamic procedure of Piomelli and Liu
(1995) to calculate the turbulent eddy viscosity. They showed reasonably good results

for temperature and major species. However, the model failed to capture the vortex
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breakdown downstream of the flame. More recently Malalasekera et al. (2008)
demonstrated that LES with flamelet modelling predicts better flame structure for
swirl based flames. Results conclude a strong modelling capability of SLFM but also
the discrepancies in the comparisons at some locations along the flame suggest that a
better combustion model related to flamelet modelling is needed. The steady laminar
flamelet model was used in two different LES codes from two different research
groups for simulation of swirl stabilized turbulent flames for both non-reacting and
reacting cases, Kempf er al. (2008). Their results highlight good agreement with the
recirculation structures and vortex breakdown. However, the predictions for reacting
flow was less satisfactory. Failure in the accurate predictions of temperature and other
major species allowed for an improvement in SLFM combustion model to incorporate
the transient effects as one of the solutions. Importance of transient effects in the
flamelet solution and its background research works is explained in the next section

related to RANS and LES.

2.1.2Effect of Transient Flamelet Modelling

The first half of this section deals with the research involved in RANS based transient
flamelet modelling and remaining half discusses the LES based transient SLFM. The
drawbacks of single flamelet model of SLFM in the flame predictions could be
overcome with consideration of unsteady effects in the model. The solution of the
flamelet equations of Peters (1984) in general omits the time dependent term in most
of the SLFM models and thereby results in steady laminar flamelets. This involves the
dependency of any scalar which is parameterized in terms of scalar dissipation rate
and stoichiometric mixture fraction. The omission of time variable decreases the
variations in scalar dissipation rate. In general all turbulent combusting flames have
high to moderate fluctuations in scalar dissipation rate which needs to be accounted
for. Therefore, consideration of time variable in the calculation of flamelets attracted
the researchers to include the unsteady term in the flamelet equations. The importance
of time dependent flame structures in laminar flamelet models for turbulent jet
diffusion flames was first shown by Haworth et al. (1988b). They introduced an ad-
hoc modification to the laminar flamelet model through an equivalent strain analysis
and obtained improved agreement with data for CO/H,/N, jet flame. Unsteady

flamelets were employed by Mauss et al. (1990) to simulate flamelet extinction and
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re-ignition effects in a steady turbulent jet diffusion flame. A Lagrangian time was
introduced to account for history effects in the flamelet structure. Unsteady effects
caused by localized extinction in steady jet diffusion flames were studied by Ferreira
(1996). The study developed a transient laminar flamelet model (TLFM) which used a
transient flamelet library parameterized by mixture fraction, scalar dissipation rate,
reaction progress variable and flamelet residence time similar to the Lagrangian time.
TLFM was shown to produce the extent of local extinction and re-ignition behavior

observed in the experimental study of Masri et al. (1988).

Pitsch et al. (1998) developed an unsteady flamelet approach and validated with
experiments for a turbulent jet diffusion flame. The unsteady flamelet was solved
interactively with CFD solver and transient effects were discussed in relevant time
scales. Flame structure was reported to be undisturbed with the inclusion of transient
flamelets and radiation was said to have minimal effect on the flamelets. However, the
study also suggested that transient effects were needed to slow production process of
NO. A qualitative comparison of results with experiments showed that steady flamelet
model performed well with temperature and other species like OH but failed to
reproduce the NO formation. An important observation from their work was
consideration of radiation through a radiation source term in steady flamelet equations
which lead to deterioration in predictions since the omission of time dependant term
lead to inaccurate capturing of effect of radiation heat loss which is a slow physical
phenomenon. However, the same when considered with unsteady flamelet equations
improved the predictions for NO. Pitsch (2000) extended the above Lagrangian
Flamelet Model (LFM) to account for differential diffusion effects in steady turbulent
CH4/H»/N-air diffusion flame and found reasonably good agreement with data. Three
different chemical mechanisms were tested and found to prove identical in the
predictions. Results suggested that a differential diffusion effects were influential
even they were considered only close to the nozzle and switched to unity Lewis
number downstream of the potential core. Flamelet modelling was used to predict the
local extinction and re-ignition in turbulent non-premixed combustion by accounting a
flamelet formulation for transport along mixture fraction iso-surfaces by Pitsch et al.
(2003). A new transport term in the flamelet equations was modeled by stochastic
mixing approach. The time scales appearing in the model is considered with the effect

of changes in the scalar dissipation rate. A new ‘“re-ignition parameter” was defined
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and modified equations were solved with Monte Carlo calculations. Results showed
that re-ignition parameter modified the steady state solution by increasing the scalar
dissipation rate at the lower turning point of the S-shaped curve thereby allowing re-
ignition to the burning state at higher scalar dissipation rates. Earlier to this study,
Kim et al. (2001) conducted flamelet modelling with both steady and unsteady
calculations on turbulent non-premixed CO/H,/N; jet flames for the NOy formulation
in specific. Unsteady flamelet model with Lagrangian approach correctly predicted
the experimental data for conditional mean scalar structure and unconditional means
as well as the full NOy chemistry. Failure in steady flamelet approach has been
mentioned with the potential error involved with the optically thin radiation model;
full NO chemistry model and the error with differential diffusion. Very recently,
Delhaye et al. (2008) conducted detailed simulations for a series of steady and
unsteady non-premixed flames with a specific type of unsteady flamelet simulation

where flamelets were subjected to temporally varying strain rates.

Application of flamelet model to unsteady turbulent flows like internal combustion
engines was also carried out and therefore the importance of flamelet model in these
types of engines should be discussed. Unsteady flamelet models have been applied to
diesel engines in the past. Pitsch et al. (1996) proposed a new concept called
“Representative Interactive flamelet” (RIF) where unsteady 1D flamelet calculations
were interactively coupled with the CFD code. The flamelet parameters that govern
the unsteady evolution of the flamelets were extracted from the solution of the CFD
code by statistically averaging over a representative domain. This model was applied
to an n-heptane fueled diesel engine and was found to be capable of describing auto-
ignition, following the burnout of the partially premixed phase, and the transition to
diffusive burning. NOy data was found to be in good agreement, while soot was
under-predicted. In this RIF model only one interactive flamelet was considered
representative of entire domain and the spatial variation of scalar dissipation rate was
ignored. Barths et al. (1998) extended the RIF model to multiple flamelets which
accounted for the spatial dependence of scalar dissipation rate. The RIF model was
used in the above studies for Diesel engine combustion processes with not more than
two consecutive injections into the combustion chamber. Felsch et al. (2009) recently
studied the extension of RIF model for any number of injection events with the

extended flamelet model. Recently, Cook et al. (2007) developed an enthalpy-flamelet
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based model of auto-ignition with thermal in-homogeneities applicable to

compression ignition engines.

The approach of Eulerian Particle Flamelet Model (EPFM) includes numerical tracer
particles each representing a flamelet history is introduced into the turbulent flow
field. An unsteady convection-diffusion equation is solved in CFD code for each
tracer particle to find probability of local occurrence of flamelet. The current flamelet
solution is then weighted with these local probabilities to obtain scalar concentrations.
This model was applied to turbulent non-premixed DI diesel engine combustion by
Barths et al. (1998) and Barths et al. (2000). They found a significant improvement in
the prediction of partially premixed burning phase and subsequent pollutant
formation, NOy and Soot. The EPFM has also been applied to steady turbulent non-
premixed combustion in a gas turbine combustor by Barths ef al (1998a). One of the
main advantages of EPFM over Lagrangian model is it’s applicability to both
parabolic as well as elliptical flows. In the Lagrangian flamelet model the flamelet
time is computed by integration of the inverse of the streamwise velocity at the
stoichiometric radial position along the streamwise direction which limits its

application to strictly parabolic flows.

Coelho and Peters (2001a) simulated the piloted methane/air jet flame with EPFM.
Unsteady calculations were performed in post processing stage using Eulerian
transport equations for passive scalars to describe temporal evolution of the scalar
dissipation rate. Predictions with EPFM were shown to have significantly better
agreement for NO compared to those with SLFM. Coelho and Peters (2001b) applied
EPFM to a combustor with high air preheating and strong internal exhaust gas
recirculation. Good agreement to data for NOy emissions was achieved. Riesmeier et
al. (2004) applied EPFM to kerosene fueled diffusion flame gas turbine combustor
and encouraging predictions for exhaust emissions, NOy and soot were achieved.
Odedra and Malalasekera (2007) applied EPFM to complex turbulent non-premixed
bluff body flames. Both the steady and unsteady flamelet models were tested. Results
showed that unsteady effects were negligible for almost all major species including
OH. But EPFM proved to be efficient in capturing NO formation. Different chemical
mechanisms were also tested and GRI Mech-2.11 with EPFM showed encouraging

results for NO formulation. Very recently, Kim and Kim (2008) applied EPFM
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approach to turbulent non-premixed CO/Hy/N; fuel jet with different nozzle diameters
mainly to judge the predictive capability of NOy formation. A new approach towards
the modelling of the conditional scalar dissipation rate based on a least square fit
through a mass weighted spatial distribution in order to get the correct estimate of
averaged conditional scalar was proposed. A better agreement with experiments has

been reported with the new approach of EPFM.

Application of LES based transient flamelet modelling was studied for the first time
by Pitsch and Steiner (2000). The Lagrangian flamelet model of Pitsch e al. (1998)
was applied for the study of LES of partially premixed methane/air diffusion flame
(Sandia flame D) with the dynamic model of Pierce and Moin (1998) for the subgrid
variance of mixture fraction. The unsteady flamelet equations were coupled with the
LES solution to provide the filtered density and other filtered reactive scalar
quantities. The scalar dissipation rate required to solve flamelet equations was
determined from a method proposed by Bushe and Steiner (1999). Inclusion of
complete chemistry with unsteady effects helped to reproduce the NO formation

predictions close to experiments.

The LFM model was reformulated to account for the local inhomogeneities of the
scalar dissipation rate and to demonstrate their effect by Pitsch (2002). He conducted
an advanced subgrid scale flamelet combustion model where flamelet equations were
rewritten in Eulerian form with complete coupling with LES to enable the solution for
resolved fluctuations of the scalar dissipation rate. This new model was written in
Eulerian coordinates and hence given the name Eulerian Flamelet Model (EFM).This
model was used for the study of LES piloted methane/air jet diffusion flames.
Significant improvements in the CO predictions have been reported in comparison to
the Lagrangian flamelet model based calculations of Pitsch and Steiner (2000) and
steady flamelet model calculations of Kempf (2005). Recently, Ferraris and Wen
(2008) used the Laminar Flamelet Decomposition (LFD) approach for conditional
source term estimation applied to LES of Sandia flame D. An unsteady flamelet
formulation was used with unity Lewis number assumption. Failure to predict local

extinction and re-ignition effects were reported with steady laminar flamelets.
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The above literature review shows the importance of transient flamelets that
encourages the present research to consider the unsteady term in solving the flamelet

equations for better representation of flame structure.

2.2 Turbulent Partially Premixed Combustion

Partial premixed mode of combustion is achieved when fuel and oxidizer enter the
combustion zone (non-premixed) but get influenced with the turbulent flow structure
resulting in mixing to its desired quality in the immediate region of the fuel and air
inlet thereby naming it as partially premixed before combustion zone. Lifted flames
studied in the present work is categorized with partial premixing nature due to
combustion products at higher temperature are introduced in the oxidizer stream.
Whereas, the geometric features originally developed for non-premixed combustion,
in which combustion occurs in a stratified medium upon ignition in the zone
thereafter. This mode of combustion is also referred to as partially premixed
combustion. Modern gas turbine combustion systems originally manufactured for
non-premixed mode of combustion is prone to partial premixing due to geometric
features are the best example for this kind. Partial premixed mode has advantage over
non-premixed and premixed modes. Non-premixed combustion regime has the
drawback of attaining high temperatures which effects the emission formation like
NO. On the other end, lean premixed combustion is prone to generate combustion
instabilities with high pressure fluctuations. Most of the modern day gas turbine
combustors are subjected to partial premixed mode. The two common features that are

concern for this mode of combustion are flame stabilization and lift-off.

Flame stabilization was studied experimentally by Vanquickenborne and Van Tigglen
(1966) with respect to lifted turbulent diffusion flames. They concluded that
stabilization was obtained only based on the location of stoichiometric composition
similar to turbulent premixed flame front where the turbulent burning velocity
balances with the gas flow velocity. A similar argument was provided by Eickhoff et
al. (1986), Kalghatgi (1981, 1984) and Lee et al. (1997). Other theories proposed the
stabilization mechanism based on (i) the quenching of laminar non-premixed
flamelets, Peters and Williams (1983), (ii) large scale motion generated in jets,

Brodwell et al. (1984); Dahm and Dibble (1988); Miake-Lye and Hammer (1988);

-26 -



Literature Review

Pitts (1988,1990), (iii) distributed reaction zone, Schefer et al. (1990) and (iv)
reactedness and mixedness, Bradley et al. (1990). For lifted flames, the flame stability
and blowout of lifted flames have been investigated by Savas and Gollahalli (1986).
Apart from these studies, the concept of “tribrachial” or triple flamelets on flame
liftoff and the importance of Schmidt number of fuel on mixing process with air have
been demonstrated by Chung and Lee (1991). Lifidan (1994) and Veynante et al.
(1994) have shown theoretically that in a laminar flow lifted flames are stabilized by a
triple flame configuration. Domingo and Vervisch (1996) showed that the triple flame
was more robust than a diffusion flame. With the wide variety of conclusions from the
above researchers on stabilization of liftoff height for turbulent lifted partially
premixed flames, it is rather difficult to focus on one specified theory to model

combustion for the prediction of lifted flames.

A flamelet model was proposed by Bradley et al. (1990) called a reactedness-
mixedness model for non-premixed flames. This model employs premixed laminar
flamelets rather than the conventional diffusion flamelets and allows for a degree of
premixing before combustion occurs. The lift-off height was determined as the
location of onset of heat release rate. The predicted lift-off heights compared
favorably with the experimental data of Kalghatgi (1984). This model was later
improved by Bradley et al. (1998a, 1998b) by allowing for flame extinction at both
positive and negative strain rate. The model was found to not only predict the lift-off
heights of Donnerhack and Peters (1984) but also the blow-off velocity as a function
of nozzle diameter as reported by Kalghatgi (1981). Sanders and Lamers (1994)
formulated a model based on diffusion flamelet extinction. The stretch on the flame
was accounted by a strain rate rather than scalar dissipation rate. This model
reproduced approximately the correct slope of linear dependence of lift-off heights on

exit velocities in turbulent natural gas lifted diffusion flames.

Miiller et al. (1994) developed a model for partial premixed turbulent combustion
using the G-equation approach similar to that adopted by the premixed laminar
flamelet model of Peters (1986). The G-equation formulation used for flame
propagation differs from the level-set approach of Peters (1986) in that the laminar
burning velocity was taken as a function of scalar dissipation rate as well as mixture

fraction. For the turbulent burning velocity, Miiller et al. (1994) proposed a model
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containing three terms: a term for premixed flame propagation, a term accounting for
partial premixing, and a flamelet quenching term. By including the three terms, they
claimed to have accounted for both the premixed flame propagation and diffusion
flamelet extinction theories. Miiller et al. (1994) claimed that the premixed flame
propagation term controls the upstream flamelet propagation while the modelling of
the flamelet quenching term controls the lift-off height. However, it was later
concluded that the diffusion flamelet extinction was not the mechanism that has been
modeled. Henceforth, Peters (1999) modified the formulation and based it entirely on

the premixed flame propagation mechanism.

The partially premixed flamelet model of Peters (1999) combines the flamelet models
for non-premixed and premixed combustion. The level-set, G equation, approach was
used to calculate the location and geometry of the premixed flame front while mixing
was accounted by mixture fraction. The dependence of scalar field on mixture fraction
was accounted by a diffusion flamelet structure. The turbulent partially premixed
burning velocity was based on the premixed flame propagation but takes into account
the partial premixing via a conditional turbulent burning velocity based on mixture
fraction. This model was successfully applied to turbulent methane and propane jet
flames by Chen et al. (2000) and it was shown that the mean structure of the lifted
flame was similar to that of a laminar triple flame and the lift-off heights were found
to be in good agreement with measurements. Later, the extension of the partially
premixed flamelet model of Peters (1999) to LES has been carried out by Duchamp
de Lageneste and Pitsch (2001). They carried out LES studies of turbulent Bunsen
burner flames as well as turbulent partially premixed combustion in a dump
combustor. Their research showed the ability of their approach to handle both
premixed as well as partially premixed combustion. Successful application of the
above model to LES of turbulent lifted methane/air flames was performed by Pitsch
and Duchamp de Lageneste (2001). Lyons et al. (2007) conducted a detailed
understanding of turbulent lifted hydrocarbon jet flames and the conditions under
which they are stabilized. Stabilization mechanisms with respect to laminar lifted
flame are discussed. Theory behind types of turbulent lifted flames were also
presented. Experiments supporting the importance of variety of effects, including
partial premixing, edge flames, local extinction, streamline divergence and large scale

structures were presently in detail.
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The present research is different from the above studies as the partially premixed
combustion is attempted to be modeled namely with UFPV approach which is
primarily developed for turbulent non-premixed combustion. However, the use of
scalars like mixture fraction and progress variable formulation with the unsteady
flamelet solution suits more towards the partially premixed mode. Therefore, the test
case chosen for the simulation of partially premixed combustion is that of a turbulent
lifted methane-air jet flame where the fuel is premixed (Cabra et al., 2005). This
flame has an additional feature where the fuel jet is surrounded by high temperature
vitiated co-flow. This is a new flame stabilization mechanism in the form of auto-
ignition in addition to the premixed flame front propagation. The present research
aims mainly at the ability of the UFPV model to capture the gross characteristics of

the lifted flame applied with LES.

2.3 Flamelet/Progress Variable (FPV) Approach

This model was originally developed and implemented on mainly LES based
numerical calculations by Pierce (2001) and Pierce and Moin (2004). The
fundamental concept behind the model is from typical SLFM based flamelet theory
but differs in the approach of its modelling. The FPV approach uses a reaction
progress variable instead of a scalar dissipation rate to parameterize the flamelet
library. In order to involve the local extinction and re-ignition flame physics, this
method potentially gives the advantage over the SLFM. In SLFM, with scalar
dissipation rate as a parameter, only the steady state solutions lying below the
extinction limit and the fully extinguished state are considered in the generation of
flamelet library. Therefore, consideration of partially extinguished states is not
possible since they result in a non-unique parameterization of the flamelets. But with
the FPV approach, adopting reaction progress variable addresses the above mentioned
problem and thus the full range of steady state solutions can be considered in the
library. Apart from the advantages of FPV, LES requires to solve the transport
equation for progress variable along with mixture fraction. The definition of progress
variable is undoubtedly the question which is under research. But it has been
considered as the sum of product mass fractions by many in the past. The closure for
the model has to be provided with the joint PDF of mixture fraction and reaction

progress variable. Pierce and Moin (2004) studied this model on confined coaxial jet
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swirling non-premixed flame, where they employed a delta (8) function for the
filtered PDF of reaction progress variable. They showed significant improvement in

the flame stabilization region with the FPV approach in comparison to SLFM.

A priori tests using DNS data for turbulent non-premixed combustion in isotropic
turbulence was carried out by Thme et al. (2005) with the concern for improvement of
the FPV model. Their study concentrated on the model for the presumed filtered PDF
for reaction progress variable. The beta () function was proposed as a possible
improvement for the FPDF of reaction progress variable and a closure model for the
reactive scalar variance has been provided. They also showed that the steady state
assumption of the flamelet solutions especially during re-ignition at low scalar
dissipation rates is inaccurate. lhme and Pitsch (2005) extended the use of FPV model
with an unsteady flamelet formulation. They employed the unsteady FPV model in
LES of turbulent confined swirling flames previously studied by Pierce (2001) and
obtained notable improvement in the distribution of CO mass fraction. Later, [hme
and Pitsch (2008) developed the new model for reactive scalar FPDF with the
application of statistically most like distribution (SMLD). FPV approach was tested
for the first time on lifted flames with both FPDF for reaction progress variable taking
the form of beta (B) and delta (8) functions by Ravikanti (2008). Numerical validation
of RANS and LES based FPV model was carried out with the experiments conducted
by Cabra et al. (2005). Both the turbulence models were found to predict reasonable
lift off height but the prediction of flame extinction and re-ignition characteristics was
found to fail with FPV approach. Therefore, the present work aims to include the

unsteady effects in the FPV approach to predict the lifted flame better.

2.4 Unsteady Flamelet/Progress Variable (UFPV)
Approach

Partially premixed flames are better predicted with the inclusion of unsteady effects in
the flamelet solution with the model’s potential to predict local extinction and re-
ignition phenomena and especially the flame lift-off. Therefore, unsteady flamelet
progress variable (UFPV) model, which combines the unsteady flamelet formulation
with the progress variable approach, has been used to predict emissions like CO mass

fraction by Ihme and Pitsch (2005) with reasonable success. With this confidence, the
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present study considers the unsteady flamelet approach with the variations in scalar
dissipation rate coupled with the progress variable approach. Here the model is used
mainly to predict the lift-off height and flame properties of partially premixed flames.
With the beta PDF for progress variable, the inclusion of scalar dissipation rate and
beta PDF for mixture fraction in the lookup table considerably increases the
computational space and time. In our work presented here, as a preliminary step
towards developing the unsteady flamelet progress variable (UFPV) approach, a delta
PDF for reaction progress variable is selected to keep the computational cost
manageable and UFPV model is applied to predict lifted flames. The objective of the
present work is to validate the UFPV combustion model for partially premixed lifted
flames and test the model with two different fuel compositions namely CHa4/Air and
H,/N, where experimental data is available. In the current work, UFPV model
employed in LES framework to study the accuracy with which the model can
envisage the partially premixed mode of combustion without the benefits of resolution
of large scale motion provided by LES. The details of the FPV and UFPV modelling

strategies are presented in Chapter 4.

2.5 Turbulence Radiation Interaction (TRI)

In the recent past, effect of radiation is felt to be an important issue in turbulence
involved thermo-chemistry related problems. Radiation plays an important role in
predicting the flow field with temperature and other major species distribution.
However, radiation requires considerable resources for the solving of the radiative
transfer equation (RTE). Solving this equation directly along with other equations
makes the simulation process time consuming for medium to complex geometries.
The alternative solution of coupling the radiation with LES when it requires is the
optimum way to implement radiation in turbulence chemistry calculations. Solving
radiation itself is quite a cumbersome procedure when it is applied to complex flame

structures such as swirl or bluff body flames.

Importance of radiation and its effect on combustion gases was studied by Edwards
and Balakrishna (1973) who concluded that heat transfer takes place by thermal
radiation process rather than convective process when gases are at high temperatures.

Based on the importance of radiation on gases, Cox (1977) suggested that turbulent
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flames fluctuate in temperature and emissivity and studied their effect on radiation
heat transfer. Following these research findings, Kabashnikov and Kmit (1979) found
that local values of temperature and concentrations of radiative components fluctuate
irregularly about their average values in any turbulent flow. They attempted to
examine the influence of turbulent fluctuations on the transfer of monochromatic
thermal radiation. Kabashnikov and Myasnikov (1985) used different approaches to
account for the mean thermal radiation in turbulent flows and found that accounting
the turbulent fluctuations substantially increased radiation. Thus the interaction of
radiation with turbulence was the research topic under high priority. Song and
Viskanta (1987) studied the TRI effects in order to provide better fundamental
understanding of temporal aspects of radiative transfer applicable to combustion
systems. Importance of radiation heat transfer to any combustion system was
highlighted by Viskanta and Mengue (1987) who argued that an adequate treatment of
thermal radiation heat transfer is very much essential to mathematical models of any

combustion process and to the design of combustion systems.

TRI effects were then started to be examined for non-premixed flames, Kounalakis et
al. (1988). It was found that intensity of radiation fluctuations of 20-110% provided a
direct evidence of TRI in such flames. Having observed the significance of TRI, Gore
et al. (1992) conducted a detailed study on coupled radiation-structure analysis for
turbulent non-premixed strongly radiating acetylene/air flames. Using the concepts of
TRI, Adams and Smith (1995) tried to develop a three dimensional combustion model
which couples turbulent flow statistics with chemical reactions and radiative heat
transfer to evaluate the effect of soot and turbulence radiation coupling on radiative
transfer in an industrial scale furnace. Discrete ordinate method (DOM) was used in
their radiation intensity field calculations. A new approach based on formulation of
equations for statistical moments was presented for modelling turbulence radiation
interaction by Johannes et al. (1995) where it was used for confined combustion

systems.

TRI has been studied on confined diffusion flames by Hartick et al. (1996) where
chemistry was coupled with two dimensional PDF of mixture fraction and heat release
rate. Importance of TRI in turbulent diffusion jet flames has been quantified by Li and

Modest (2003). They strongly concluded that TRI effects account for about 1/3 of
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the total drop in flame peak temperatures caused by radiative heat transfer.
Importance of complete absorption coefficient-Planck function correlation was also
discussed. Not only pertaining with reacting flows, Mazumdar and Modest (1999)
performed detailed studies on effect of TRI on non-reacting flows of combustion
products like CO, and H,O. They have interestingly concluded that for most of the
situations of practical interest, TRI effects are indeed negligible on the wall heat
loads. Malalasekera et al. (2002) have reviewed some of the currently available
radiative heat transfer calculation techniques suitable for both complex and simple

CFD applicable geometries which could be used to include TRI effects.

Based on the above research developments in the field of radiation and its effect on
turbulence, it is indeed necessary to incorporate radiation in turbulence calculations
for all types of flames ranging from medium to high luminosity. But the chance of
implementing RTE in any general turbulence model would be expensive in terms of
time and computational resources when they are applied to complex combustion
systems. In a different approach to tackle radiation, non-adiabatic flamelet model
came into existence. The sections below highlight some of the basic research that was
carried out in the development and utilization of NAFM applied to both RANS and
LES based turbulent flows.

2.5.1Non Adiabatic Flamelet Modelling in RANS

Accounting for the effects of radiation heat loss on the thermo-chemical structure of
the flame through a radiation source term in the flamelet equations is the simplest
method. Bray and Peters (1994) suggested that it is more appropriate to consider the
effect of emission and absorption over a wide range of length scales present in a
turbulent flame. They introduced a parameter called ‘enthalpy defect’ (difference
between the adiabatic and actual enthalpy) to provide the coupling between the non-
adiabatic turbulent flow and the flamelet structure. The flamelet library is then
parameterized by mixture fraction, scalar dissipation rate and additionally the
enthalpy defect. Based on this concept, Marracino and Lentini (1997) developed a
non-adiabatic flamelet model to study the effects of radiation in turbulent methane/air
jet flames. Considering an optically thin medium assumption for the gas phase

radiation, they obtained noticeable improvement in mean temperature predictions.
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This non-adiabatic flame model was extended by Giordano and Lentini (2001) to
account for turbulence-radiation interaction. Hossain et al. (2001) extended SLFM to
a non-adiabatic model using the enthalpy defect concept and the methodology of
Marracino and Lentini (1997). Calculations based on the DTM have been used for
radiation source term calculations. They validated the model for turbulent CH4/H,
bluff-body flames and found marked improvements in OH radical concentrations.
However, no notable improvement in temperature or major species was reported.
Enthalpy defect based non-adiabatic flamelet modelling has also been reported by Ma
et al. (2002) who extended the premixed flamelets based mixedness-reactedness
flamelet model of Bradley et al. (1990) to account for thermal radiation in laboratory
scale and large scale natural gas flames. Reasonable improvements in the mean

temperature have been reported with the non-adiabatic model.

Coelho et al. (2003) developed a non-adiabatic approach based on steady flamelet
model for studying the spectral radiative effects and turbulence/radiation interaction
in turbulent jet diffusion flames. This approach employs steady flamelet equations and
ignores the effect of radiative heat transfer on flamelet chemical composition. Effect
of radiation heat loss on flamelet temperature was however accounted through an
implicit equation which was a function of temperature, conditional averaged scalar
dissipation rate and radiation heat loss factor which was obtained from calculations
based on Discrete Ordinates Method. Later Coelho (2004) employed this approach to
study the different methods of accounting for turbulence-radiation interaction in
turbulent jet diffusion flames. Recently Xu et al. (2006) developed a non-adiabatic
form of Lagrangian flamelet model. In this model, the effects of thermal radiation on
thermo-chemical structure of the flame were accounted through a radiation source
term in unsteady flamelet equations which was obtained from CFD using detailed
radiation calculations based on finite volume correlated k method. They applied this
model to methane/air Sandia D jet flame and showed promising improvements for

temperature and other major species.

2.5.2Non Adiabatic Flamelet Modelling in LES

Turbulence radiation interaction studies pertaining to direct numerical simulation

(DNS) have been intense in the recent past rather than using LES. DNS applied for
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premixed combustion was performed to study the effect of TRI on combustion
systems, Wu et al. (2005). However, their studies include very simple geometry with
Monte Carlo method for the solution of radiative transfer equation. Soon after Wu et
al. (2007) developed advanced high-order photon Monte Carlo method for radiative
transfer using DNS. The compatibility of this method with high fidelity DNS for
chemically reacting flows was tested. Deshmukh ez al. (2008) have also used DNS to
study TRI effects in a one dimensional non-premixed system. Here too photon Monte
Carlo method was implemented to solve the RTE which was coupled with the flow
solver. Research has been very scant with the utilization of LES as the turbulence
model to test any complex configuration with radiation. Most of the LES turbulent
flows ignore radiation because partly due to the additional complexity and
computational requirements inherent to radiative transfer calculations and partly due
to the flames studied are laboratory based. Very recently Coelho (2009) attempted to
solve the filtered RTE to incorporate TRI using LES. SANDIA flame D was
considered with a semi-casual stochastic model used to generate a time-series of
turbulent scalar fluctuations along the optical paths. A few modelling studies based on
LES to account radiative heat transfer were performed but none of them has
considered the TRI effects. One such coupled calculation on LES with radiative heat
transfer on turbulent combusting flames were studied by Goncalves dos Santos et al.
(2008). Two independent codes working on LES and radiation were coupled in a
systematic manner in order to exchange data when ever needed through a specialized
language. Radiation code received the temperature and mass fraction field from the
combustion code and returned the radiation source terms. This code was found to be
very versatile, portable and flexible to use. Due to the complexities involved with
flames like swirl and bluff body configurations, the present study is focused on the
coupling of turbulence with radiation. Therefore, similar to the strategy of Goncalves
dos Santos et al. (2008) present work tries to implement the coupling of radiation
(DTM ray tracing method) with LES with a simple data exchange process with the
inclusion of enthalpy defect concept. Complete details of coupling of LES and DTM

can be found in Chapter 5.

The non-adiabatic flamelet model carried out in this thesis extends the work carried
by Ravikanti (2008) who has applied NAFM on RANS based calculations. NAFM is

now applied to LES as an attempt to judge the effect of radiation on turbulence as
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LES always has the advantage over RANS based simulations. Steady non-adiabatic
flamelets have been developed for integration with the non-adiabatic flamelet model.
The non-adiabatic model in this work employs a detailed chemical kinetic mechanism
of GRI 2.11. Developments with regard to the computational efficiency of the model
have also been carried out where the CFD calculations with the non-adiabatic model
run on a look-up-table strategy. Further details about the non-adiabatic model are

given in section 4.3.

2.6 Motivations For The Present Study

Two most important physical criteria involved in any combustion system have been
considered for improvements in combustion modelling. One such intricate problem is
predicting the lifted flames and other complicated issue is the inclusion of radiation

effects to study the importance of radiation in any highly fluctuating turbulent flames.

1. UFPV modelling is undertaken as the task for developing the combustion
model for the first time for turbulent lifted flames which are supposed to be
partially premixed in nature. This code was developed and tested for Cabra
flame (Cabra et al. (2005)) with two different fuel compositions and flame
conditions.

2. Although it is known that TRI would be the most complex process in studying
the effect of radiation on turbulence, an attempt is made to couple LES and
DTM radiative code first of its kind to learn the importance of radiation on
turbulent flames in a more simplistic procedure than solving for filtered RTE
in LES. Enthalpy defect as a parameter defines the inclusion of radiative
properties and other scalars like temperature and species mass fractions are
calculated in the coupling procedure for LES with DTM. This code is tested
with two different flames (swirl and bluff body flames) to report the effect of

inclusion of radiation.

2.7 Closure

This chapter dealt with the literature related to the flamelet modelling at the first
instance. Detailed review of the work performed in the past regarding the SLFM and

transient based solutions from unsteady flamelets was discussed. Development of
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FPV and UFPV combustion models were presented with a complete review of the
past work done on these models. Importance of TRI and its aftermath were discussed.
An approach to handle coupling of LES with DTM, based on the past studies on
enthalpy defect in the form of NAFM strategy was concluded as one of the research

targets. Detailed review on NAFM applied to both RANS and LES was presented.
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Chapter 3

Large Eddy Simulation -
Turbulence Modelling

3.1 Introduction to LES

In LES, the scales of turbulence are separated into large scales and small scales or
sub-grid scales (SGS). The scale selection that LES works is a separation between
large and small scales, Ferziger (1977), Lesieur and Metais (1996), Mason (1994),
Rogallo and Moin (1984). In order to define these two categories, a reference or
cutoff length has been determined. Those scales that are of a characteristic size greater
than the cutoff length are called large or resolved scales and others are called as small
or subgrid scales. The large scales are completely resolved and hence directly
computed while the influence of small scales on the large scales is modelled with
appropriate SGS mathematical models. LES therefore employs ‘filtering’ of the
instantaneous governing equations such that they provide description of the space and
time dependence of the resolved large scales. Since chemical reactions occur at the
smallest scales, there is no resolved portion of chemical source term in LES and hence
combustion needs to be modelled similar to RANS. Since LES can predict the
turbulent mixing which is key to chemical conversion, more accurately than RANS, it

is capable of bringing improvements to predictions of turbulent reacting flows.

During the last three decades, this technique has developed considerably while
developing underline theories, new models and more efficient numerical schemes,
Piomelli (1999). The first LES calculation on turbulent channel flow has been carried
out by Deardorff (1970). Since then LES has been applied to variety of flow problems
from simple turbulent channel flow to complex aircraft gas turbine combustors. The
turbulent flow is usually dominated by large scale structures (large eddies), which
depend strongly on the boundaries and nature of the flow and responsible for most of
the transport of mass, momentum and in flows involving mixtures of gases, species

concentrations etc. At the same time, the small scales formed by the interaction of the
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large scales whose main function is to dissipate fluctuations of transported quantities
which affect the mean characteristics of the flow only slightly. These small scales are
more universal in nature and therefore more amenable to modelling than the large
scales. This strong observation leads to find an approach, whereby scales which
cannot be represented on the numerical grid are removed from the description of the
turbulence in the simulation leaving only the large energy containing eddies whose
evaluation is calculated directly. This approach is referred to as the so called large

eddy simulation (LES).

3.2 Spatial Filtering Technique

The governing equations are subjected to spatial filtering to differentiate the solution
space into resolved and unresolved scales. Scales are separated by applying a scale
high-pass filter, i.e. low-pass in frequency to the exact solution. This filtering is
represented mathematically in physical space as a convolution product. The resolved
part ?(x, y, z, t) of the space time variable f (x, y, z, t) is defined formally by the
relation, Leonard (1974):

400 400 4o

7(x,y,z,t)=j j IG(x—X',y—y',z—z')f(x,y,z,t)dxdydz (3.1)

—00 —00 —0o

where G is the convolution kernel which is the characteristic of the filter used and is

associated with the cutoff scales in space and time, A and T_Crespectively. The

difference between the filtered field (resolved field) ?(x, v, z,t) and the original field

f(x y, z t)is described as small unresolved scale f'(x, y,z,t) :

f(x’yazat)_?(x5yaz’t):f,(x5y’z5t) (32)

The three convolution filters ordinarily used for performing the spatial scale
separation are the Fourier cut-off filter, the Gaussian filter and the box filter. Each
filter has a length scale A associated with it and is taken to be intermediate between
the Kolmogorov length scale and the integral length scale. Eddies of size larger than
A are classified as large eddies while the ones smaller than A are classified as the
small eddies which need to be modelled. In the present LES, a box filter has been

adopted, as this filter fits naturally into a finite volume discretization. The process of
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finite volume discretization of the continuous governing equations is equivalent to

applying a box filter of width A .

Box or Top Hat Filter

This filter fits naturally into a finite volume discretization. The process of rewriting
the continuous equations in discrete form using a finite volume formulation is

equivalent to applying a box filter of width to the equations.
A = 2(AxAyAz)'"? (3.3)

where Ax,Ayand Agzrefer to the width of the finite volume in the three coordinate

directions and A is the characteristic width of the filter. A typical top-hat filter

(rectangular filter) of the three widths A; can be defined as:

4 3 1 ’ A.
o — if Ix I £ —=
Hz:l A[ f 1 2

G(x,—x. )= < (3.4)

0 otherwise

-~

3.3 Filtered Governing Equations

The filtered governing equations are obtained by applying the spatial filtering
operator. The filtering operator removes the small scales (below than the filter width)
that cannot be resolved by the numerical method and appear through a subgrid scale

(SGS) model.

3.3.1Mass Conservation

The Favre filtered equation for conservation of mass is represented as:

Q-F@:O

ar " ox, G-
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3.3.2Momentum Conservation

The Favre filtered equation for conservation of momentum or Navier-Stokes

equations gives to:

al;ﬁl_}.a;@-; —_@_’_i s aﬂ/ alzl _gi al
ot axj ox, axj

—L+ LS |+ pg, 3.6
P vaxi vaxj 3pvaxk ”] PE; -0

The diffusion term is given by the following expression
v—L=p—L (3.7)

The filtered momentum equation includes unknown terms. Because of the

nonlinearity of the convective terms in filtered Navier-Stokes equations, the Favre

filtering introduces an unknown term ;1 ; leaving the equations unclosed.

This non-linear correlation u;u; can be decomposed into resolved part u;i ; and a

. SGS
residual stress 7,

(3.8)

The residual stress T,.]S.GS also known as sub-grid stress represents the shear stress of

the small scale (unresolved) turbulent motion. Therefore, the filtered momentum

equation can be re-written as follows

7+7
ot 8xj ox, axj

dpi,  0pid, _ 9P [pv{aﬂj aﬂ,) 2— i,
37 ox,

—+ ~Z ook - pr’%® |+ pg, (3.9)
ox, " ax, pv i — P } P8
The additional sub-grid stress 7, term has to be modeled in order to represent the sub-

grid contribution on resolved velocity field.

3.3.3Species Conservation

The Favre filtered transport equation for mixture fraction is obtained by applying the

filter as
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apf |, 2(pfu)) J’[fafJ (3.10)

a ox ;

ot ox ; ox

i
The convection term in this case ;}uvj has the non-linear relation and therefore needs

to be decomposed into resolved part fiij and subgrid part F* which contribute the

small unresolved flux of turbulent motion:
fu,=f i, +F (3.11)

Substituting equation (3.11) into (3.10) the Favre filtered transport equation for the

mixture fraction is obtained as:

apf+ (pf u})_i faf
ot ox; ox;

/A F.SGS] (3.12)
ox; /

All the above filtered governing equations subjected to the implicit grid filter for mass
(Eq. 3.5), momentum (Eq. 3.9) and mixture fraction (Eq. 3.12), form a set of coupled

partial differential equations which can be numerically solved. The instantaneous
subgrid fluctuations 7, ; “ and F jSGS are modeled through the known resolved field and

added to close the equations.

In order to close the filtered mixture fraction equation (3.12), the unknown term

F jSGS has to be modelled. Again the turbulent term is incorporated into mixing like
additional diffusion and hence F ].SGS is modeled by using eddy diffusivity approach,

which is similar to eddy viscosity approach. To model the term F jSGS , turbulent

diffusivity I, is used along with the gradient of the filtered mixture fractionai :
X .
J

. %, (3.13)

Substituting this into the filtered mixture fraction equation (3.12) and rewriting the

right hand side gives as follows:

3 (= of
g((”n)a_xj (3.14)

J
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The diffusion coefficients I" and T’ can be written in terms of the laminar viscosity

U and the dynamic viscosity v, and are only scaled by the Schmidt number . The

Schmidt number defines the ratio of momentum transport due to viscosity to mixture

fraction transport due to diffusion and is written as:

v/ )

o=vlp _vip (3.15)
r r

and also,
v/;

=TT (3.16)

Substituting the above into (3.12), the filtered equation for the mixture fraction

becomes

api , Apf ”f):i(é[ﬂr&}ai} (3.17)
ot ox; o, | plo o, )ox,

3.3.4Energy Conservation

Numerical simulations involving radiation coupling with the non-adiabatic flamelet
modelling with the concept of enthalpy defect, { needs the enthalpy equation to be

solved in LES along with all the above. The filtered enthalpy equation can be written

as follows

oph 9 (.~ o0|1(D v \oh| .

P2 (piah)=| = =+ |2 3.18
or ' ox (7i/) ax[p(PﬁPrJaxj}Qm G189

In the above equations p is the density, u,is the velocity component in x, direction, p is
the pressure, f is the mixture fraction, 4 is the enthalpy, v, is the dynamic viscosity,
D is laminar viscosity, o is the laminar Schmidt number, o, is the turbulent Schmidt

number, Pr is the laminar Prandtl number and Pr; is the turbulent Prandtl number. An
over-bar in the above equations describes the application of the spatial filter while the
tilde denotes Favre filtered quantities. The laminar Schmidt number is set to 0.7 and
the turbulent Schmidt number for mixture fraction is set to 0.4. Similarly, laminar

Prandtl number is set to 0.7 and the turbulent Prandtl number for enthalpy is set to 0.4.
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The reason for selecting the Schmidt numbers less than 1.0 is to have a stabilized code

as observed from the past research experience (Ravikanti (2008), Ranga-Dinesh

(2007), Kirkpatrick (2002)). The term O is the radiation source which is calculated

rad
from the discrete transfer (DT) method radiation code and is given as the input for
source in the above enthalpy equation. The details of DT method and coupling

strategy are explained clearly in Chapter 5.

3.4 Modelling Subgrid Scale Stresses

To close the system of filtered equations like the filtered momentum equations which
govern the evolution of the resolved scale motion, a parameterization is needed for the

subgrid terms. This results in the subgrid scale contribution on the momentum
equation 7 ;GS which is not solved on the filtered governing equations. Therefore,

subgrid scales must be modeled as a function of known resolved values. Also the
prime requirement of SGS model is to ensure that the energy cascade is from large
scales to small scales. The cascading procedure is considered as an average process.
Locally and instantaneously the transfer of energy can be much larger or much
smaller than the average. Energy cascade can also occur in the opposite direction (i.e.
from smaller scales to larger scales) known as backscattering (Piomelli et al., 1996).

Therefore, SGS model should also be accounted for this local instantaneous transfer.

Leonard’s Residual Stress Decomposition
The subgrid stress can be expressed by substituting a decomposition of the velocity
field of the form as shown below into equation (3.8)

’

u, =u, +u, (3.19)

1

Where, ul’ is the subgrid scale velocity. The subgrid stresses is decomposed into three

parts, Leonard (1974):

7565 =uu, —ui, =L, +C,+R, (3.20)
Where,
L =iiii —iiii (3.21)
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C,=uu, +uu, (3.22)

i
and R, =, (3.23)

Lij 1s termed as the Leonard stress, Cij is called as the cross stress and Rij 1s the
subgrid scale Reynolds stress. The Leonard stress represents interactions between
resolved scales that result in subgrid scale contributions. The cross term represents
interactions between resolved and unresolved scales, whereas the subgrid scale
Reynolds stress represents interaction between small unresolved scales. The
representation of turbulent stresses through the use of simplified linear models based
on the eddy viscosity approach is well known among the turbulence modelers. The
classical model of this group was introduced by Smagorinsky (1963). From an
historical point of view, the progenitor of all subgrid scale stress models is the so
called Smagorinsky model. The introduction of dynamic modelling concept Germano
et al. (1991) has spurred significant progress in the subgrid scale modelling in non-
equilibrium flows. In this dynamic model the coefficient(s) of the model are
determined as the calculation progresses, based on the energy content of the smallest

resolved scales rather than input a priori as standard Smagorinsky model.

Concept of Eddy Viscosity Model

Almost all subgrid scale models used in the present day research are eddy viscosity

models that parameterize the SGS stress in terms of an eddy viscosity by assuming

that the anisotropic part of the SGS stress tensor 7;; is proportional to the large scale

rate tensor S ; :
gsos _2 O, 1.0 =0, [—’ + —’J (3.24)

Since small scales have more universal and homogeneous behavior than the large

scales, we can summarize that simple algebraic models can describe the accurate
physics of turbulence. The eddy viscosity U, is calculated algebraically to avoid

solving an additional equation. Finally, since the SGS stresses only account for a
fraction of total stresses, modelling errors should not affect the overall accuracy of the

results as in the standard turbulence modelling approach.
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In eddy viscosity approach the SGS stress term 7; is modeled by adding a turbulent
viscosity term v, to the molecular viscosity v, resulting in an effective viscosity as

Vy =0+, (3.25)

Substituting the effective viscosity v, in the filtered Navier-Stokes equation yields,

87 ,~+a;ﬁiﬁj :_E_l_i - %_i_aﬁi _g— %5 1 a o
at axj ax,- axj pveﬂ axi axj 3pveﬂ axk ij 38 prkk pg,

(3.26)

Where as for incompressible flows, the isotropic part of the SGS stress tensor 7, is

absorbed into the pressure:

- — 1=
p :P_gpz-kk (3.27)

Substituting equation (3.27) in (3.26) the filtered momentum equations becomes

S|

Bpﬁﬁ_ ap J |— [di, aﬁ,. 22— di,
3p1)eﬁ ax, "’

: 9 5 |+ pe, 3.8
o ax, oy ax,|”| o ox, ]+pg' (328

Smagorinsky Model
Effective viscosityy,, is designed based on the calculation of eddy viscosityv,. The

Smagorinsky model is based on the equilibrium hypothesis, according to which small
scales of motion have shorter time scales than the large energy carrying eddies. Thus
it can be assumed that small scales adjust more rapidly to perturbations than the large
scales and recover equilibrium nearly instantaneously. Energy is generated at the large
scale level and transmitted to small scales, where the viscous dissipation takes place.
The equilibrium hypothesis based Smagorinsky model is described in the following

section.

By dimensional analysis eddy viscosity is the product of length scale /, and the
velocity scale g, . For unresolved scales the most active term is the cutoff which in

the natural length scale in LES modelling is the filter width that determines the size of
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the smallest structure in the flow and is proportional to the grid size, Piomelli and

Chasnov (1996)
v, ~ g, (3.29)

The viscous dissipation term in equilibrium condition is given as

g L[oa; ad | _ . (3.30)
"2\ ox, ox; '

So we obtain,

dii . il
Qs ~ 1 %( i au,J (3.31)

ox, E

Assuming [ ~ A for the grid size, the eddy viscosity can be written as

1(90&. 9i
=(C AV|= Iy 20 3.32
or
v, =(C,A)[S| (3.33)

s =1 [a”f L J (3.34)

i =~ +—
72| dx; oy,

Dynamic Procedure

The classical Smagorinsky model has a significant number of problems. The model
coefficient Cs is not a constant value. It is flow dependent, with different values
typically in the range C; = 0.05 — 0.25. Lilly (1967) suggested that the C; ~ 0.17 for
homogeneous isotropic turbulence with a filter cutoff in the inertial sub-range based
on equilibrium argument. Piomelli and Chasnov (1996) found C; = 0.065 to be the
optimal for a turbulent channel flow. Transitional and shear flows require a different

value of C;. Piomelli and Chasnov (1996) showed that transitional flows that contain
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large regions in which energy flows in the reverse direction, namely from the subgrid
scales to the resolved scales termed as backscatter process cannot be represented in

the classical Smagorinsky model.

To surmount the above problem Germano et al. (1991) presented a procedure to
calculate the Smagorinsky model coefficient dynamically using local instantaneous
flow conditions. In this method, the model coefficients are computed dynamically as
the calculation progresses (rather than imposed a priori) based on the energy content
of the smallest resolved scale. The procedure involves the application of two filters. In

addition to the grid filter, which defines the resolved and subgrid scales, a test filter

(denoted by a caret) is used, whose width A s larger than the grid filter width A.
Along with the grid scale filtering, the test filter defines the new set of stresses leading

to a test level subgrid stress tensor known as the subtest scale stresses.

e~

1, =, -5 (335)

L

Also Leonard stress term is modified as

o~

Lij:ﬁ(l/

)

i) (3.36)

<

U, —

N

L;; represents the contribution of the smallest resolved scales to the Reynolds stresses

which can be computed from the resolved velocity and is related to the SGS stresses,

T, by the identity, Germano et al. (1991)

L. =T —%. (3.37)

i ij ij

The subgrid and subtest scale stresses are then parameterized by eddy viscosity

approach

S, -
Ty = T = —2CN[S[S, = -2¢p, (3.38)

y

A
~

0, " 2
T, —?’Tkk =-2CN’|S|S, =-2Ca, (3.39)

)

where
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~

S

—25,5, (3.40)

Substituting (3.38) and (3.39) into (3.37) yields

> 1 da:  di
Sj=—| —+—="| and
! Z(axj axij

~

L =2C°A*|S|S; +2C°A"[S|S, (341

Ideally, C can be chosen such that
L, - L’;"d =0 (3.42)

But since the Eq. 3.42 is a tensor equation, it can only be satisfied in some average
sense. Lilly (1991) proposed the minimization of the root mean square of the left-

hand-side which yields:

LM, —-1/3L,M,
2N (M M, ~1/3M M)

C*(x,y,z,t)=— (3.43)

is the ratio of test filter to grid filter.

> >b

Where M, = o ,%\5 Sy-piS]S, and a=

For an incompressible flow, Eq. 3.43 simplifies to

LM,

Cloyat)=-gm
[/}

(3.44)

Thus, with the dynamic procedure, the Smagorinsky co-efficient can be dynamically
calculated at every spatial grid point and time step with only & as the only input to
the model. The dynamic procedure ensures correct behaviour near wall without any
damping functions by automatically reducing the value of the co-efficient near to the
wall. However, the values of model co-efficient tend to fluctuate considerably in
space and time thus requiring some form of averaging to maintain stability of the
numerical simulation. Typically, L; and M; are averaged in spatially homogeneous
directions in space. However, this requires the flow to have at least one homogeneous
direction. An interesting feature of this Germano et al. (1991) model is that it can
calculate negative values for the model coefficient, which is inconsistent with the
Smagorinsky model. The negative Smagorinsky coefficient leads to negative eddy

viscosity v, , which then results in negative effective viscosity v, . This destabilizes

the numerical schemes and results in counter gradient species diffusion if a gradient
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flux approach is used for species transport. Various methods have been developed to
avoid negative peaks in the Germano et al. (1991) procedure. Kempf (2003) gives a
more detailed picture of the above. But the present work uses an alternatively less
expensive method known as localized dynamic procedure of Piomelli and Liu (1995),
which involves finding an approximate solution to the integral equation by using the
value of C at the previous time step to give a first approximation C". This method
offers the advantage of smoothing in space without any homogeneous direction

required and hence is adopted in the present LES code.

3.5 Closure

This chapter highlighted the concepts of LES and its development for the present
research work. The basic theory behind the filtering technique and its application to
governing equations of mass, momentum, scalar (mixture fraction and progress
variable in the present case) and enthalpy was discussed. Closure of SGS terms were
also focussed with Smagorinsky model and Dynamic procedure of Germano et al.
(1991). Chapter 4 deals with the combustion modelling related to SLFM, NAFM and
UFPV approach.
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Chapter 4

Combustion Modelling

Solving the transport equations for all the species involved in any fuel and oxidiser
with the set of chemical reaction mechanism makes a huge task. Considering the
computational time and resources, the most efficient way to simulate the non-
premixed turbulent combustion process is by conserved scalar mixture fraction
methodology. Also when coupled with a reaction variable like the “reaction progress
variable” suits for the simulation of partially premixed flames. Progress variable
approach for partially premixed flames with flamelet model has proved to predict

better with the LES rather than RANS (Ravikanti, 2008).

With diffusion as the rate controlling parameter, non-premixed combustion is also
referred to as diffusion combustion. The pioneering work of Burke and Schumann
(1928) is based on the fast chemistry assumption. Application of this model to non-
premixed combustion has received recognition to predict the flame global properties.
Consideration of the conservation of element mass fraction of all species results in a
balanced equation which will be free from the chemical source term. This eliminates
the need to evaluate mean reaction rate. With the assumption of unity Lewis number,
equal diffusivity and adiabatic conditions, the enthalpy equation of any process takes
a form identical to that of element mass fraction. These conserved scalars can be

related to a single normalized conserved scalar called the mixture fraction.

In the present chapter, the role of mixture fraction in non-premixed combustion is
discussed in section 4.1 as a preface to the classical steady laminar flamelet model
which is discussed in section 4.2. Details of the non-adiabatic flamelet model
(NAFM) with the advanced formulation for non-premixed combustion to account the
radiation heat losses are discussed in section 4.3. Introduction to flamelet progress
variable approach and its formulation is presented in section 4.4. Finally, the unsteady
flamelet/progress variable approach which is the current research topic is discussed in

section 4.5.
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4.1 Mixture Fraction Space

Under the assumption of unity Lewis number, equal diffusivity and adiabatic
conditions, the conserved scalars such as the element mass fraction of species can be
related to single normalized conserved scalar, the mixture fraction, and the problem
can be reduced to the solution of a single transport equation for the mixture fraction.
All the species mass fractions and temperature can then be calculated from mixture
fraction concentrations using functional relationships. This forms the basis of the
conserved scalar approach. This approach is introduced through the main formulation
of flame-sheet model which is the simplest of the conserved scalar models. The
conserved scalar approach and its formulations have been extensively discussed by

Williams (1985).

With the inclusion of differential diffusion the mixture fraction becomes sensitive to
the particular element on which the definition is based. The element mass fraction no
longer has a linear dependence with flame position (Drake and Blint, 1988). To
overcome this problem, Bilger (1988) suggested a definition for mixture fraction

which is based on a linear combination of elemental mass fractions of C, H and O:

f= 2(fC_fC,2)/WC+(fH _fH,Z)/sz _(fo_fo,z)/Wo

= “4.1)
2(fc,1 _fc,z)/Wc +(fH,l _fH,2)/2fH _(fO,l _fo,z)/Wo

where, subscripts 1 and 2 denote fuel and air streams and W represents the molecular
weight. This formulation preserves the stoichiometric value of the mixture fraction,
independent of the effects of differential molecular diffusion. This definition of
mixture fraction has been widely adopted (Dally, 1998a; Pitsch and Peters, 1998;
Hossain, 1999; Barlow et al., 2000; Liu et al., 2005) and is therefore employed in the

present study.

4.1.1Combustion and Chemistry

The basic models that are used to relate the chemical state and mixture fraction are
based on the general assumption of ‘fast’ chemistry, the condition that chemical
kinetics are infinitely fast in comparison to other processes in the flow. One of the
well known models is the Burke-Schumann limit or Flame sheet model, where the

chemistry is described by a single step irreversible reaction and the reactive scalar
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variables are determined directly from the given reaction stoichiometric conditions,
with no reaction rate or chemical equilibrium information required. The Flame Sheet
model requires minimal calculation effort but is limited to the prediction of only
major species of the single step reaction. It provides no information on intermediate
species or dissociation effects thereby often resulting in an over-prediction in flame
temperatures. Equilibrium chemistry model assumes that the chemistry is fast enough
for the chemical equilibrium to always exist at molecular level. The reactive scalar
variables are expressed as a function of mixture fraction using the minimization of
Gibbs free energy. This model offers the advantage of predicting intermediate species
even without the knowledge of detailed chemical kinetic rate data. In each of these
models, the reactive scalar variables are expressed only as function of mixture

fraction:

¢=0(f).0=pT.Y, (4.2)

In turbulent reacting flows, the instantaneous relationship between the mixture
fraction and the reactive scalars is non-linear due to fluctuations. Hence the mean

scalar variables cannot be obtained by the above relations by simple substitution of a
mean mixture fraction f instead of f. To overcome this problem, a presumed shape

probability density function P(f) is introduced and the mean reactive scalar variables

in the turbulent field are obtained from:

§=[0(r)P(f)df 4.3)

Fast chemistry/Equilibrium chemistry models are limited to situations where chemical
kinetics does not play a significant role. However, they provide basis for the

development of more capable models.

4.2 Steady Laminar Flamelet Model (SLFM)

Flame-sheet model considers single step irreversible reaction with infinitely fast
chemistry and therefore the reactants cannot co-exist and the reaction occurs in an
infinitely thin zone. The thermo chemical state is a function of only the mixture
fraction. In this model the fluctuations of variables like temperature and species mass
fraction are taken into account by incorporating a probability density function (PDF)

to calculate the mean quantities. In the PDF approach, which resembles the turbulence
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modelling technique where the average value of a thermo-chemical scalar variable is
obtained by weighting the instantaneous value with a probability density function for
mixture fraction f. But this model is not capable of predicting intermediate species.
Equilibrium model overcomes this problem but fails in accounting finite rate effects.
Partial equilibrium models predict well to an extent by implementing reduced reaction
mechanisms. Finally, the laminar flamelet model was found to deal with non-
equilibrium effects with detailed chemistry and is considered as an extension of

conserved scalar approach.

The SLFM replaces the equilibrium states of the thermo-chemistry by the set of
solution space consisting of steady one-dimensional diffusion-reaction equations
called as the flamelet equations. SLFM is considered as a turbulent flame which is an
ensemble of large laminar diffusion flamelets. Flamelets are thin reactive-diffusive
layers embedded within an otherwise non-reacting turbulent flow field. For a fixed
level of stretching, all the thermo-chemical properties of flamelets are function of
conserved scalar i.e., the mixture fraction. Hence a flamelet is a function of mixture
fraction and scalar dissipation rate. These parameters are statistically distributed in
turbulent flows. To predict non-equilibrium effects in turbulent diffusion flames,
introduction of these flamelets into turbulent flow is performed by considering their
joint probability density function. Flamelet modelling has the advantage of separating
the numerical effort associated with the resolution of small chemical time and length

scales from CFD computations of turbulent flow field.

4.2.1Definition of Flamelet Equations

Peters (1984) was the first to derive the flamelet equations for describing the reactive-
diffusive structure in the vicinity of flame surface as a function of mixture fraction. A
co-ordinate transformation, applied at the flame surface is introduced as a first step.

This is illustrated in Fig. 4.1 for a two feed turbulent jet diffusion flame.

The field equation for the mixture fraction that determines the flame surface location

is given by:

D e (1= 2 or
a—t(pf)Jra(Pukf)—axipr } (4.4)
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Figure 4.1 Surface of stoichiometric mixture for a turbulent jet diffusion flame

Solution to the above equation provides information about the mixture fraction f as a
function of space (x) and time (). Combustion essentially takes place in the vicinity of
the stoichiometric surface (f=f;,) if the local mixture fraction gradient is sufficiently
high, Peters (1984). This thin layer with the surrounding inert mixing region is termed
as laminar diffusion flamelet. An orthogonal coordinate system is attached to this
stoichiometric surface (Fig 4.1-right hand diagram) in such a way that f is normal to
surface while the other two coordinates lie tangential to the surface as shown.
Transformation from coordinate system (x;, x2, X3, t) to (f, f> f; ©) is implemented in
balance equations for species and temperature and the modified equations after

simplifications are used for the solution domain.

With the basic assumption that the reactive scalars in the tangential directions to be
negligible when compared in the normal or f direction, the equations are simplified

further and represented for unity Lewis number as below

Y,  x[(oY ) .

Zhi AT . 4.5
ook 3 v n
oT x[asz X [aTaC,,j y xcpi[ay ar] 1Y . 0.,
P—=—p= -p — 2P| o s T e =0
o 2\ af? 2¢,\ of of ZI: 2C,\of of C,,,.Z_I: C,

(4.6)

where, p is the density, T is the temperature, C, is the specific heat at constant
pressure, Mis the reaction rate, & is the enthalpy, Q.4 is the radiative source per unit
volume and the subscript i refers to the i™ chemical species. The symbol y in the
above equations is the instantaneous scalar dissipation rate and represents the

influence of flow field on local flame structure.
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The value of y in the above two equations is given by the expression below,

2
The scalar dissipation rate accounts for non-equilibrium effects caused by both
convection and diffusion (Bray and Peters, 1994). The above equations (4.5) and (4.6)
describe the one dimensional flamelet structure in mixture fraction space. In above
equations, curvature effects are neglected i.e. spatial gradients tangential to flame
front are considered negligible compared to the one normal to surface. A functional
dependence of scalar dissipation rate on mixture fraction is modelled according to
Peters (1984) by considering laminar counter flow diffusion flame configuration to

solve the above mentioned equations.

4.2.2Probability Density Function

In order to control the non-linear fluctuations between the instantaneous mixture
fraction and scalars a presumed probability density function P(f) is introduced and the

mean scalar variables in a turbulent field can be expressed as

o=|o(f)P(f)df 4.8)

o t—

The shape of the probability density function for the mixture fraction in the present
work is assumed to be B-PDF function (Jones and Whitelaw, 1982). The B-PDF is
given in terms of mean mixture fraction and mixture fraction variance. The latter two
are obtained from the solution of their respective transport equations. Mean mixture

fraction and its corresponding variance transport equation are given as:

a(,of)+ 0 (pukf) i{i‘i} (4.9)

o a - ox | Sc;, ox,

(o172 (o )= 2| 1" |y (aﬁlz—ﬁx (4.10)

ot ox, o, Sc};ét ox, Scf\,ét ox,

A transport equation (4.9) for filtered mixture fraction is solved and the subgrid
variance is modelled in LES. Such an approach has been established for LES after

significant testing carried out by several works in the past (Cook and Riley, 1994;
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Branley and Jones, 2001; Pierce and Moin, 1998). Cook and Riley (1994) suggested

the following model based on a scale similarity hypothesis.
— = a2
f”2=CZ(f2—f j @.11)

The filter operator with the cap in the above equation indicates the test filtering
operator by dynamic procedure. The value of the constant C, = 1.0 is considered to be
a reasonable assumption. The hypothesis behind scale similarity is that the largest
unresolved scales have a structure similar to the smallest resolved scalars. Laminar
flamelet modelling includes all the scalar variables as function of mixture fraction and
scalar dissipation rate. Mean values of these scalar variables are given by the

following expression:
o=[[o(f:2,) PP, df dg, 4.12)
00

Flamelet calculations provide the scalar profiles as a function of mixture fraction and
scalar dissipation rate. In turbulent flow field these parameters are statistically
distributed. In order to predict non-equilibrium effects in turbulent diffusion flames, it
is therefore necessary to predict the joint probability distribution function of f and .
In the present study, the joint PDF is modeled by assuming statistical independence

between fand ), and presuming the shape of their marginal PDF as

P(fx.)=P(f)P(x,) (4.13)

The shape of the mixture fraction equation is assumed to be f-PDF distribution and

that of scalar dissipation rate j is assumed to delta function in the present study.

- a-1 1_ b-1 1—‘ b a-1 1_ b-1
B(f)=—LT0=D" (a+r()£ FEb) /)
[rota-pyar

(4.14)

where, the coefficients a¢ and b are functions of mean mixture fraction and its

variance.

a=f|——"2 (4.15)
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b=(1-f)| —=—-1 (4.16)

The marginal PDF for scalar dissipation rate is assumed to follow a log-normal
distribution in case of NAFM approach towards radiation coupled LES calculations.
The presumption of log-normal distribution for scalar dissipation rate has been

experimentally found to be valid by Effelsberg and Peters (1988).

- 1 1 2
Py )=——exp| ———(Iny. — 4.17
(%) T p{ 202( X ﬂ)} (4.17)

where the parameters 4 and o are related to the first and second moments of ¥ by
0.2
fc=exz9[ﬂ+7J (4.18)

=7 ewp(0® -1) (4.19)

Therefore, f’(x” ) can be evaluated from the knowledge of % and o . For the present

study a value of ¢ =2.0 has been chosen after experimental results by Sreenivasan et

al. (1977).

Cook and Riley (1998) suggested that filtered scalar dissipation rate can be derived
using the effective viscosity and filtered mixture fraction gradient. The model
equation is given by

The effective viscosity is obtained from a localized dynamic procedure while the
laminar and turbulent Schmidt numbers take the values of 0.7 and 0.4 respectively.
Current LES calculations adopt the above model for filtered scalar dissipation rate
calculations. The scalar dissipation rate and the strain rate are the two parameters
which directly represent the flow dependent effects in the laminar flamelet
calculations. Scalar dissipation rate can be expressed in terms of the strain rate, a, and

mixture fraction f as below:
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2, =2epf-2erfe (2£,)T] @421)
T
Here y, is the stoichiometric scalar dissipation rate and erfc']is the inverse of the

complementary error function.

4.2.3Flamelet Quenching

The scalar dissipation rate is used to describe local extinction according to the
flamelet concept. As the scalar dissipation rate is increased, the stretch on the flamelet
is increased and at a particular limit the heat loss from the reaction zone balances the

heat generation from chemical reaction. This is the quenching limit, ¥,  and is

obtained from the flamelet calculations. Beyond this limit, the flamelet extinguishes.

The fraction of burnable flamelets in the turbulent flame may then be calculated as

probability of ¥ < 7, :
Iny /%+1/26°
F, =;+; erj{ Xy \XE J (4.22)
(o)

The value of P, lies between zero and unity depending on the extent of non-
equilibrium in the turbulent flame. For a zero mean scalar dissipation rate
corresponding to equilibrium condition Py is unity. As the scalar dissipation rate
increases the chemistry shifts away from equilibrium, probability of occurrence of
flamelets decreases and P, becomes less than unity. Flamelet after quenching is

assumed to follow pure mixing state.

4.2.4Limitations of SLFM

The incapability of SLFM to handle local extinction and to predict NOx emissions is a
concern for its application towards turbulent flames. The assumption of considering
steady-state solutions of the flamelet equations has been advocated by Peters (1984)
with the view that away from extinction, the changes in scalar dissipation rate are
slow enough for the flamelet structure to be considered as in steady state. However,
this assumption becomes invalid for the slow chemistry of NOy and the complex
physical phenomena of radiation. Pitsch ef al. (1998) have shown that considering the
radiation heat loss through the source term in the steady flamelet equations results in

large discrepancies in the reactive scalars. Considering solutions of unsteady flamelet
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equations and therefore resorting to a transient flamelet modelling has been advocated
by them to resolve the issues with both radiation and NO,. However, from a practical
application perspective, employing a transient flamelet modelling is significantly
more expensive than the steady flamelet modelling especially when CFD calculations

are coupled with flamelet calculations.

Hence in the present work, attempts have been made to extend the steady flamelet
model to a LES based non-adiabatic formulation which while using steady flamelets,
is able to consider the effect of radiation heat loss through enthalpy defect concept.
The current work also focuses on implementing unsteady flamelet calculations for

modelling partially premixed lifted flames.

4.2.5Advanced Flamelet Modelling

With the restricted utilization of SLFM, combustion modelling is required to develop
by considering the flame instabilities. Figure 4.2 shows the maximum flamelet
temperature as a function of the stoichiometric scalar dissipation rate. The inverse S-

shaped curve includes three major portions.

1. Stable burning branch
2. Partially extinguished unstable branch

3. Fully extinguished limit

The upper branch describes the fully burning solutions and the lower branch the non-
burning state. The intermediate branch comes from solutions of the steady flamelet
equations, but the solutions are unstable. In the steady flamelet model, we use only the
upper branch of the curve. Even though the lower branch also describes physical
solutions to the equations, incorporating these solutions in the model leads to large
jumps in temperature and density for dissipation rates around the extinction limit and

also results in numerical instabilities.
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Figure 4.2 Solution space of laminar unsteady flamelet equations for CH4/Air flame

(Berkeley lifted flame) Fuel CHy-Air (25%-75%) at 323 K and Oxidizer (vitiated co-

flow) at 1355 K.
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The point of maximum flame temperature at scalar dissipation rate near to zero
represents to the state of chemical equilibrium. An increase in the scalar dissipation
rate corresponds to an increase in the mixing of the reactants. Thus, on the stable
burning branch, the maximum flame temperature decreases with increase in the scalar
dissipation rate due to the dilution of the product concentrations with the increased
concentration of reactants. As the quenching point is reached, the flame temperature
drops to a level where Arrhenius rate factors in the chemical kinetics begin to limit the
reaction rates and thereby results in the complete extinction of the flamelet from
thereon. Along unstable branch, dissipation rate decreases with decreasing flame
temperature to keep the mixing in balance with the lower reaction rates. On the lower
branch of completely extinguished states, the effect of chemical kinetics is negligible
and the chemical states are independent of dissipation rate. All the chemical states on

the lower branch thus point to pure mixing of the reactants.

4.3 Non Adiabatic Flamelet Model (NAFM)

The laminar flamelet model of Peters (1984) describes the thermo-chemical structure
of a laminar flamelet in terms of a conserved scalar given by mixture fraction (f) and
scalar dissipation rate ()(s) which is conditioned on stoichiometric mixture fraction is
used in the present study. But for the case of non-adiabatic flamelet model, flamelet
structure will have the effect from radiative heat loss which should be accounted for.
Bray and Peters (1994) and Ravikanti ef al. (2008) have suggested solving a transport
equation for enthalpy with radiation source term with the introduction of a new
parameter called “enthalpy defect” ({) to couple the flamelet structure with non-

adiabatic flow. Enthalpy defect  is defined as the difference between the actual
enthalpy h and adiabatic enthalpy ﬁad which can be directly related to the mean

mixture fraction:

C=h=hy=h=(I+f(h,~1)) (423)

In the above expression, h, and h; represent the enthalpy of fuel and air streams
respectively. Enthalpy defect provides a measure of the local non-adiabatic conditions
in the turbulent flame. By imposing enthalpy defect as an additional parameter onto
the flamelet solution, coupling between the non-adiabatic conditions in the turbulent

flame and the thermo-chemical structure of the flamelet is achieved. As the effect of
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radiation on flamelet structure is not handled through a source term, steady flamelet
equations can be used to obtain the thermo-chemical structure of the flame. Therefore,

any scalar variable (¢) in the non-adiabatic flamelet model is a function of mixture

fraction f, stoichiometric scalar dissipation ratey, , and the enthalpy defect C.

6=0(f:x%,:¢) (4.24)

Turbulent mean value of a scalar ¢ can then be obtained by integrating the

instantaneous values with joint PDF of the three parameters f, ), and C.

C e 0 1

o= [ [[o(rx,:Q) P(£x,-Cxr) df dx,,dC (4.25)

Conin 00

A statistical independence between the three parameters (f, % ,and ) has been

assumed and a presumed PDF approach has been adopted. The PDF for mixture
fraction is assumed to follow £ function distribution, PDF for scalar dissipation rate
assumed to follow log-normal distribution and a ¢ function has been assumed for
enthalpy defect. Bray and Peters (1994) argued that fluctuations in enthalpy are
mainly due to mixture fraction variations and therefore strengthens our selection of ¢
function for enthalpy defect and f function distribution for mixture fraction.
Therefore, any filtered scalar can be represented in the integral form which is

represented as

Cinge o0 1

6=[ [[o(£:2.:0)B(£)P(x,)8(5~T)df dx,dg (4.26)

Coin 00

The present simulation studies include density as a function of mixture fraction alone.
But all other scalars like temperature and major species are assumed to take the above
integral form with a function of mixture fraction, scalar dissipation rate and enthalpy
defect. This non-adiabatic version of steady laminar flamelet model (SLFM) has been
referred as NAFM (non-adiabatic flamelet model with multiple scalar dissipation
rates) in the present study. The present model involves the variation in non-adiabatic
structure with respect to scalar dissipation rate for each enthalpy defect. Hossain et al.
(2001) contributed to the development of this model considering only a single
flamelet per enthalpy defect. Such a simplification drastically reduces the flamelet

generation effort as well as pre-integration effort. However, the present work aims at
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incorporation of all flamelet solutions for each enthalpy defect in order to include the

scalar dissipation rate fluctuations.

4.4 Flamelet/Progress Variable Approach

The FPV model first developed by Pierce and Moin (2004) was specifically for LES
to address flame lift-off and re-ignition issues. All filtered scalar quantities are
evaluated from a flamelet library and a presumed joint filtered PDF (FPDF). This is
similar to the steady flamelet model, but the two quantities that are used to
parameterize the flamelet solutions are the mixture fraction f and a reaction progress
parameter A, which is related to the reaction progress variable C. Also the presumed
joint FPDF that is used in the model has to be formulated for these two quantities.
This flamelet parameter replaces the scalar dissipation rate. But when the fluctuations
in the scalar dissipation rate are considered, the problem becomes more complicated.
A transport equation is solved for the filtered reaction progress variable. The reaction
progress variable can be defined in different ways. The present case study is involved
with CH4/Air partially premixed flame in vitiated co-flow. The vitiated co-flow in this
flame, which also acts as the oxidizer, has significant levels of H,O and H,.
Therefore, in order to keep the definition of progress variable as simple as possible,
the mass fractions of CO, and CO are considered. The progress variable is thus given

by:
C=Yco, +Yco 4.27)

The definition of flamelet parameter is considered as the maximum value of the
progress variable from each flamelet (C,..,) as depicted in Fig. 4.4. Each flamelet has
its own flamelet parameter and therefore it is independent of mixture fraction. Thus
easing the task of integration with individual PDF shapes considered for mixture

fraction and flamelet parameter to be solved. Therefore, any filtered values of the

reactive scalars gz; in large eddy simulation can be obtained as
Lk _
6=[ [ 6(£:X) P(f N xt)drdf (4.28)

0 A

But the Favre filtered joint PDF in the above expression is independent of its

parameters, can be written as
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P(f.Mxt)=P(f)P(A) (4.29)

Early works of Pierce and Moin (2004) and Pitsch and Thme (2005) involving the
marginal FPDF of flamelet parameter was assumed to be a §-function PDF. Thme et
al. (2005) have proved to predict better with the f-function PDF for the same flamelet
parameter under DNS calculations. The present study uses a o-function PDF for
flamelet parameter considering the computational cost involved with the inclusion of
scalar dissipation rate fluctuations where the scalar dissipation rate is assumed to
follow a Jfunction PDF. This forms the basis for modelling of Unsteady
Flamelet/Progress Variable (UFPV) approach.

Flamelet parameter space is converted to progress variable space, thereby converting
any scalar ¢ in-terms of mean mixture fraction, mixture fraction variance and mean

progress variable.
6=9(7.77.C) (4.30)

The transport equation for the reaction progress variable can be derived from the
definition of C which has the assumption of unity Lewis numbers for the species

involved in its filtered form is given as

0 /-~y 0 (—- = o ((u  H |oC| _:

C u,C ||t 4.31
ot (,0 ) ox, (,0 ‘ ) ox, H Sc Jaka P (530
Here the filtered reaction source term @, is calculated from the chemical states

predicted by the steady flamelet equations which is the summation of the production
rates of product species involved in progress variable definition i.e., CO, and CO. The
laminar and turbulent Schmidt numbers in the above equation takes a value of 0.7 and
0.4 respectively. The progress variable from the steady laminar flamelet solution can

therefore be expressed as

Cop H M) B( 1 7177)8(r-X)dndr 4.32)
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Cslfe

is the value of the progress variable obtained from the solution of steady laminar
flamelet equations. The methodology adopted in the present study is taken from the

work carried out by Ravikanti (2008) for the constraint equation which satisfies

é:cw (4.33)

This eliminates the need for direct computation of the filtered flamelet parameter & in
turbulence modelling. The re-mapping or re-interpolation technique employed in the

present thesis originally developed by Ravikanti (2008)
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Figure 4.4 Definition of flamelet parameter for scalar dissipation rate of 0.1s™ for

Berkeley lifted flame.

4.5 Unsteady Flamelet/Progress Variable
Approach

4.5.1Motivation

The UFPV approach derives motivation from some of the fundamental problems with
the steady flamelet model for non-premixed combustion (SLFM) and flamelet
progress variable (FPV) approach in addressing the most complex features of flame
extinction and re-ignition. Partially premixed flames are better predicted with the

inclusion of unsteady effects in the flamelet solution. Therefore, unsteady flamelet
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progress variable (UFPV) model, which combines the unsteady flamelet formulation
with the progress variable approach, has been used to predict emissions like CO mass
fraction by IThme and Pitsch (2005) with reasonable success. With this confidence, the
present study considers the unsteady flamelet approach with the variations in scalar

dissipation rate coupled with the progress variable approach.

Here the model is used mainly to predict the lift-off height and flame properties of
partially premixed flames. With the beta PDF for progress variable, the inclusion of
scalar dissipation rate and beta PDF for mixture fraction in the lookup table
considerably increases the computational space and time. In the work presented here,
as a preliminary step towards developing the unsteady flamelet progress variable
(UFPV) approach, a delta PDF for reaction progress variable is selected to keep the
computational cost manageable and UFPV model is applied to predict lifted flames.
The objective of the present work is to validate the UFPV combustion model for
partially premixed lifted flames and test the model with two different fuel

compositions CH4/Air and H,/N, where experimental data is available.

4.5.2Formulation

An unsteady flamelet/progress variable model was developed and formulated as an
extension of the steady flamelet/progress variable model, Thme and Pitsch (2005). A
large number of unsteady laminar flamelet simulations are performed for the various
scalar dissipation rates and the solutions are recorded as function of time. The
flamelet library is generated later which provides the filtered quantities of all scalars
as a function of the filtered mixture fraction, the mixture fraction variance, the filtered
reaction progress variable and the filtered scalar dissipation rate. UFPV was applied to
co-axial burner for testing emission predictions (Ihme and Pitsch, 2005) in the past,
but is applied to partially premixed lifted flames for the first time in the current
research. Theory behind this model is explained below. This model is yet to be tested

for any lifted non-premixed flames.
The transient solution of the flamelets is expected to predict the flame extinction and

re-ignition phenomena in turbulent flows. The instantaneous drastic change in the

scalar dissipation rate cannot be neglected for the turbulent flow which might not
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follow the instantaneous change in the temperature. In UFPV approach, flamelet
parameter and scalar dissipation rate are independent parameters along with the
mixture fraction for the construction of flamelet library. Therefore, each scalar
dissipation rate has an individual distribution of flamelet parameter and mixture
fraction. The flamelet library is constructed with all the extinguished and re-igniting
flamelets. Figure 4.2 shows the vertical dots that represent the unsteady flamelet
solution, which are calculated with respect to time for different scalar dissipation rates
from equilibrium to extinction. The flamelet library consists of all scalars which are
dependent on mean mixture fraction, mixture fraction variance, progress variable and
scalar dissipation rate. The flamelet library is produced from the flamelet generation
methodology adopted by Pitsch and Fedotov (2001) where the rate of change in
temperature is positive on the left of S-shaped curve (Fig. 4.2) and negative on the
right side. Here, in the present case we considered the flamelets till extinction.
Therefore, we are focused on the left side of the S-shaped curve including the
extinction limit. Flamelet calculations are performed using the steady state solutions
on the unstable branch of the S-shaped curve as initial conditions. The value of the
scalar dissipation rate is assumed to be slightly lower than that of steady state for the
unsteady calculations. Because of the unstable nature of the middle branch, the
maximum temperature from the flamelet solution tries to increase and reach the stable
branch. Similarly the unsteady solution below the middle branch is obtained with a
slight increase in the scalar dissipation rate as the initial solution. The vertical dots in
Fig. 4.2 and Fig. 4.3 represent the unsteady solution space which is later converted to
a pre-integrated PDF table. The variable parameter here is time which is eliminated in
UFPV approach, similar to elimination of scalar dissipation rate in FPV approach with
the flamelet parameter A. Thus the flamelet solution is now parameterized with

mixture fraction f, flamelet parameter A and stoichiometric scalar dissipation rate ¥, .

The flamelet space for any scalar can be expressed as

¢=9(f.4.2.) (4.34)

The flamelet parameter and scalar dissipation rate are independent of mixture fraction
and the three parameters are assumed to be independent of each other and thus the

joint PDF can be expressed as

P(f.Ax,)=P(f)P(A)P(z,) (4.35)
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Similar to FPV approach, the distribution of mixture fraction is assumed to be beta
PDF and a delta PDF distribution for flamelet parameter. The scalar dissipation rate is
assumed to follow a delta PDF distribution. Hence the above equation can be

represented as
P(f.Az,)=B(f:7.77)8(2-2)6(x,-x.) (436)

The complexity of solving the property variables of the delta function, A" and ¥ is

eliminated by replacing the value of flamelet parameter A by progress variable C and

stoichiometric scalar dissipation rate ¥, by mean scalar dissipation rate ¥ , Pitsch and

Thme (2005).

The LES model solves the equations of conserved scalar and progress variable to

obtain the mean values of mixture fraction f , its variance ]775 , progress variable C and
scalar dissipation rate ¥ . Flamelet parameter is normalized to vary from O to 1. The
re-mapping technique of Ravikanti (2008) is used here for conversion of flamelet
parameter to progress variable. The mean progress variable obtained from the LES is

made equal to the progress variable calculated from the pre-integration PDF table as

the only constraint. We thus obtain the filtered scalars as a function of f , ]?"/2, Cand 7.
These four parameters are obtained as the mean values from LES which are
interpolated for obtaining the mean scalars from the PDF lookup table. The variables
such as the density, temperature and other species will be a function of the above

mentioned quantities and thus,

o, =6, (F.17.Cx) e (437)
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During the LES calculations, the variables are read from the lookup table for every
time step. Density and progress variable source term (Tz)c are read for all inner

iterations in order to solve the transport equation for progress variable from the
lookup table. This makes the computational time increase by a small amount but the
solution covers the entire flamelets in order to capture the re-ignition and extinction

phenomena.

4.6 Closure

The basic concepts of combustion modelling were discussed in the present chapter.
Conserved scalar approach also called the mixture fraction approach was presented in
brief following the theory behind the steady laminar flamelet model. Advanced
flamelet theory with flamelet progress variable approach and unsteady flamelet
progress variable methodology was discussed when applied to partial premixed
turbulent lifted flames. Also the coupling of combustion-radiation modelling, well
known as non-adiabatic flamelet model for reviewing the effects of radiation heat

losses was presented.
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Chapter 5

Coupling of Turbulence and
Radiation

Radiation is often neglected in the turbulence reacting flow simulations applied
to both automotive and gas turbine industry. The main reason for such neglecting
it is the amount of effort needed to model radiation and the time involved in the
overall solution procedure. However, in the recent past, effect of radiation is
considered to be an important parameter in turbulence involved thermo-
chemistry related problems. Radiation plays an important role in predicting the
flow field with temperature distribution. Emissions are directly related to the
temperature and heat release in any advanced gas turbine combustor and all other
energy producing equipments. Therefore, better prediction in temperatures lead
to better results in emissions such as NO, and CO. Inclusion of radiation in
turbulence chemistry flows, have shown to predict accurate temperature patterns,
lower than those considered without radiation effects in general. Hence radiation
calculations cannot be neglected for the proper flow and emissions prediction

applied to any combusting related design.

Turbulence and radiation interaction is considered as a two way process.
Turbulent fluctuations affect the radiation fluxes and in a similar manner
radiation may in turn influence turbulence fluctuations. Most of the work on TRI
has been performed to study the influence of turbulence on radiation. In the
present work, turbulence is coupled with radiation to consider the non-linearity
functional relationship of temperature and species concentration with the
radiative flux. The radiative properties of the medium like the absorption
coefficient depend on the temperature and species concentrations. A systematic
approach for data exchange process between LES and radiation is performed and

discussed later in this chapter.
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Combustion and radiation are two different complex phenomena. In contrast to
combustion process, radiation involves in long distance interaction phenomena
and therefore was so far considered to be difficult for implementing radiation
along with combustion chemistry. But the present day computer resources help to
incorporate radiation in turbulence chemistry related problems through various
radiation techniques such as DOM, DTM and Monte Carlo methods in solving
the radiative transfer equation (RTE). Inclusion of radiation in RANS is
disadvantageous as this turbulence model cannot provide the instantaneous
values for scalars like temperature, mole fraction of CO, and H,O. DNS and LES
thus become the favourites for study of interaction between turbulence and
radiation. Due to cost and time constraints, DNS remains expensive and is
limited to simple flow configurations with relatively small Reynolds numbers.
Hence, LES emerges as the preferred tool to inspect TRI effects in complex flow

structures.

5.1 Introduction to TRI

Inclusion of radiation effects in combustion models is very important to achieve
good accuracy in combustion modelling and estimation of correct wall heat
transfer in the design equipment. Combustion and radiation are two different
phenomena which need to couple with turbulence. The three giant physical
processes are attempted to combine for better flow physics in the present work.
Solving radiation alone involves considerable modelling effort. Approaches like
Discrete Ordinate method (DOM) (Coelho et al., 2003), Monte Carlo simulations
(Tesse et al., 2004) and Discrete Transfer method (DTM) (Coelho, 2004) ray
tracing techniques are commonly used for radiation calculations. These methods
are considered to be very expensive in terms of computational cost and time. But
with the appropriate coupling strategy, these methods can prove very beneficial
in the near future with the drastic growth in computer power. Radiative power is
considered to be highly non-linear and varies at the first order as the fourth
power of the local instantaneous temperature and thus requires information on
local spatial correlations which can be obtained from large eddy simulation
(LES) turbulence model. This problem of turbulence radiation interaction (TRI)

has been addressed in the past and most recently by several authors (Coelho
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(2003), Giordano and Lentini (2001), Li and Modest (2003), Wang et al. (2005)).
SANDIA flame (Flame D) was most commonly used in studying the TRI effects
and validation (Coelho (2003), Coelho (2004)). Direct numerical simulation
(DNS) and LES gives the advantage to access the instantaneous spatial
distribution of temperature and species which is the key input to radiation
models. However, DNS will remain out of reach for practical industrial
combustion systems for a long time as its application is limited to small
configurations. TRI effects are best suited with LES for accounting the
instantaneous spatial distribution. The subgrid scale contribution towards
radiation may be eliminated or modeled. Solving the full filtered equation of
RTE is a challenging task to be performed in LES. In a different approach,
coupled LES of turbulent combustion and radiative heat transfer was performed
by Goncalves dos Santos et al. (2005). A data exchange process within two
different codes (radiation and LES) was performed to study the effects of
radiation on turbulent combustion. A similar strategy is used in the present work
with application of non-adiabatic flamelet model (NAFM). The details of this

approach were depicted in Chapter 4.

Fluctuations in temperature and absorption coefficients result in radiation
fluctuations which affect and contribute to combustion instabilities, extinction
and re-ignition effects in all practical combusting situations. Radiation
fluctuations have been studied and recognized to be an important issue in a
number of studies (Tan and Foster, 1978), (Kounalakis et al., 1988), (Porscht,
1975), (Koch et al., 1975), (Sivathanu et al., 1990), (Hartick et al., (1995),
(Sivathanu and Gore, 1993), (Cox, 1977), (Faith et al., 1989), (Gore and Faith,
1986). Radiant intensity is found to increase by 24% with turbulent fluctuations
in flames channeled under a corridor ceiling by Cox (1977) based on his
theoretical studies. Experimental and theoretical work of Faeth et al. (1989),
Gore and Faeth (1986) and Kounalakis ef al. (1988) have shown that fluctuation
of radiation intensity can be 100% of the mean values. Nelson (1988) showed
that temperature fluctuations are dominating in TRI effects and Kiritzstien and
Saufiani (1993) demonstrated the effect of turbulent fluctuations on radiation
intensity. However, they found that concentration effects have minimal effect on

radiation. A reasonable amount of work was carried out by Coelho (2007) on
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TRI studies. Modelling TRI without transient data was performed by using PDF
equations and Monte Carlo techniques by Mazumder and Modest (1999) for
methane-air diffusion flames and showed that inclusion of absorption coefficient-
temperature correlation increase radiative heat flux by 40-45%. Using DNS
coupled with Monte Carlo approach for non-premixed flame situations, Modest
and co-workers showed the important contributions from temperature self
correlation, absorption coefficient-Planck function correlation and absorption
coefficient-intensity correlation. Coelho (2007) using simulated flame conditions
showed that turbulent fluctuations contribute to decrease in flame temperatures

when compared with cases involving no radiation fluctuations.

The present study attempts to solve the non-adiabatic flamelet model for the
inclusion of radiation effects with the introduction of enthalpy defect concept.
The method involves the data exchange process, where the radiation source is
calculated from the ray tracing discrete transfer (DT) method. This source is
utilized in solving the enthalpy equation in LES. LES in return provides the
instantaneous temperature, mole fractions of CO, and H,O to radiation code
which are required to calculate the absorption coefficient and all other
parameters like radiation source and intensity. Therefore, the radiation data and
statistics presented here are a coupled calculation which provides important

parameters to identify TRI effects through a proper data transfer procedure.

In the following sections we describe the details of radiation methodology,
details of data exchange process for coupling turbulence and radiation and finally

the role of radiation on turbulence chemistry.

5.2 Radiation Modelling

Discrete transfer radiative methodology is employed in the present work out of
the various techniques available. The sections below highlight the details of this

method with the coupling procedure for the data exchange process.

5.2.1Discrete Transfer Radiation Model (DTM)

The governing equation for describing radiation intensity field in an absorbing,

emitting and scattering medium is the Radiative Transfer Equation (RTE) (Siegel
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and Howell, 2001) which is of the integro-differential type. The radiative transfer

equation is given by

w9t )= 1,1+ 2 [ [ e ar.g) 0w gy an do
dr A oy

(5.1)

where £ is the cosine of the polar angle 8, ¢ is the azimuthal angle, / (z, ,u,¢) is
the intensity along direction x, ¢ at optical depth 7 measured perpendicular to
the surface of the medium, 7, is the spectral black body intensity at temperature
T, w is the single scattering albedo and ®(u’,¢"; i1,¢) is the scattering phase

function. The governing radiative transfer equation is of integro-differential
nature which makes the analysis difficult and computationally expensive. The
discrete transfer method (DTM) of Lockwood and Shah (1979, 1981) is one of
the widely used methods to solve radiative transfer problems with participating

medium.

The discrete transfer method is based on solving radiative transfer equation
(RTE) for some representative rays fired from the boundaries. Rays are fired
from surface elements into a finite number of solid angles that cover the radiating
hemisphere about each element and the main assumption of the DTM is that the
intensity through solid angle is approximated by a single ray. The number of rays
and directions are chosen in advance. In the DT method RTE is solved for each
ray from one solid boundary to another solid boundary in the geometry. Rays
fired from solid surface boundaries and traced through the volume. The
calculation of radiation source term is based on the distance traveled in each
control volume. At the boundaries, radiative heat transfer boundary conditions
are used to determine the intensity of rays fired from that surface area. As the
correct initial intensities are unknown at the start of the calculation the procedure
become iterative until correct radiative intensities are resolved. If ray intersection
data is saved either in memory or as a file, ray tracing is not required after the 1*

iteration, available ray data can be readily used making the process very efficient.

The following steps are followed in DTM calculations.
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Read mesh file

Indexing

Calculate wall cell parameters

Calculate cell geometry parameters

Read input radiative transfer parameters
Conduct ray tracing and search procedure

Calculate radiative heat transfer outputs (wall fluxes/source terms)

® N kWD

Write results to a file.

The three-dimensional radiation space is sub divided into hexahedral control
volumes. The information read from the mesh file include (i) the number of
control volumes, (ii) position of nodes and (iii) cell flags. This information is
stored in arrays for further usage. When cell numbers, vertex coordinates,
connectivity and information regarding wall surfaces are known, following
geometrical parameters are pre-calculated and stored for the use in the DT
method: cell face centers of the wall faces (DT rays are fired from these
positions), cell face normal of all faces of cells, cell face areas, cell volumes.

These quantities are used in the DT method and in the ray tracing algorithm.

For the radiative transfer simulation several input parameters (to characterize the
wall and the medium) are needed. The parameters defined are: gas temperature
distribution of the medium, absorption coefficient distribution of medium,
temperature and emissivity of walls, number of rays and firing directions, control
parameters like type of problem (temperature or source specified), symmetry and
planner. The absorption coefficient is calculated from LES data using transient
temperature and mole fractions of CO, and H,O. For this the Mixed Grey Gas

Model (Truelove, 1976) is used in the present study.

The number of polar N, and azimuthal N, directions is chosen. From this the

total number of rays fired per hemisphere is calculated as

nrays =N,xN, (5.2)
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The major computational effort in the discrete transfer method is to trace the ray
through the hexahedral volumes in the discretised radiation space. The
information returned by the ray tracing algorithm to discrete transfer method is
the path segment lengths in each cell cut by the ray. This procedure of shooting
the rays and the tracing of the rays are repeated for all the wall cells. For a wall
cell, rays are traced from the interior boundary along directions prescribed by the
type of angular discretization used in the formulation. The face centre of the wall
cell is fixed as an origin. The problem is then reduced to recursively finding the
nearest element intersected by the ray, until a boundary surface is struck. The
algorithm searches each triangle for an intersection point. An effective search
strategy that minimizes the number of triangle element that must be checked for
an intersection is used (Henson, 1999, Henson and Malalasekera, 1997). The

detail about ray tracing is not discussed here in the interest of brevity.

As a ray traverses successive cells, its origin is updated to position of the last
intersection in the previous cell. For each hexahedral cell crossed, all twelve of
its bounding triangular elements must be checked for an intersection, excluding
that containing new origin. The total length of the ray path can be calculated by
adding all the segment length.

The shooting and tracing gives the knowledge about the distance traveled by the
ray 6/ and number of segments (Ni,) for each ray. A ray is traced in each
direction through the radiation space until it strikes another surface, say at P.
Then, starting from P, the ray is followed back to its origin (point O), while

solving for the intensity distribution along its path with the recurrence relation:
I, =I, exp(-B .61) +S [1-exp(-B 5l)]; 1<n<(N,, -1) (5.3)

where I, is intensity of the ray at the entry of the control volume, I, is the
intensity of the ray at the exit of the control volume, B is the extinction
coefficient (absorption coefficient + scattering coefficient), o/ is the distance
traveled by the ray and S is the source function. The source function and
extinction coefficient assumed to be constant over the interval &/ . This procedure

is repeated for all rays leaving the given wall cell. The intensities calculated from
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Eq. (5.3) are assumed to be constant over each finite solid angle dQ, such that the

incident radiative heat flux at P is obtained as:

N,

rays

q,-(rp): Zli,k cos 0, sin0; sind®;, do, (5.4)
k=1

This incident flux, together the temperature and surface emissivity, are assumed
to be constant over the entire element S.. Then the outgoing intensity is

everywhere I, = qo/n, where the emitted flux has been defined as

q,=(-¢,)q,+e¢, oT! (5.5)

w

where, g, is wall emissivity. Hence, for those rays originating from surface

elements that strike S, an initial intensity /, is used in the recurrence relation
(Eq. 5.6). Since g, depends on the value of g,, an iterative solution is required,

unless all the surfaces are black. The net surface heat flux over of the surface

elements is then found from Eq. (5.6), i.e. restating the equation:
qs :qo _qi (5'6)

In the above expression o and i represents outgoing and incoming respectively.
An equation is also required for the divergence of radiative heat flux V-¢g, in
each volume element. Each ray considered as a beam of radiative energy, such
that the heat source associated with its passage through a volume n from the

definition, is:
0,,=(I,-1) A, cos6, sin, sind6 d¢ (5.7

Here A, is the area of the surface element from which the ray was emitted and it
is again assumed that the intensity is constant over the finite solid angle. When
the beam of energy associated with a ray only partially intersects a volume the
actual source is a fraction of that in Eq. (5.7). However, complex source sharing

calculations are avoided by simply lumping all of the energy Q, into only those

volume element cut by the central ray path§, saving considerable computational
effort, without a significant loss in accuracy. Summing the individual source

contributions from all the (N, ) rays passing through a volume element, and

rays
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then dividing this value by its volume,V gives the divergence of radiative heat

flux as:

N ety Qg
n

Vi =Y (5.8)

n=1 n

Note here that flux divergence is assumed to be constant over each volume
element as are other radiative properties. Finally, solution of the Eq. (5.8)
requires a value for the source function S. The source function for absorbing only

problems is simply S = I, , where I, is black body intensity of the medium. The

heat sources at various points of the medium and heat flux at various walls are

calculated. The net surface heat flux is calculated by Eq. (5.6)

For the divergent of heat flux or gas emissive power as mentioned earlier is

calculated from Eq. 5.8 where the source contribution at a cell is calculated as

Q, =(I,,~1,)A, cos6, sinf, sind6 dg (5.9)

5.2.2Gas Radiation Properties Model

In the present model, the products of combustion like CO, and water vapor H,O
have been considered as the participating gases, which absorb and emit radiation
depending on local mixture temperatures. The emissivity of the gases is
calculated using the weighted sum of gray gases model (WSGGM). This model
is summarized below for the sake of completeness. In a mixture with two
participating gases, namely CO, and H,0O, the global emissivity of the

participating non gray gas mixture is represented by (Hottel and Sarofim 1967):
£, =Zag,n(T)[l—exp(—kg,n(pw+p(.)L)] (5.10)

where the summation 7 is over the gases of the assumed mixture; p,, and p, is the
partial pressure of water vapor and carbon dioxide and L is the mean radiation
path length. The influence of temperature is introduced by the weighting co-

efficient:

a,,=b,+b,,T (5.11)

I,n
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These coefficients have been fitted to the gas mixture total emmitance evaluated
from the spectral data by Truelove (1976). The value of k, required for the

calculations is then obtained from the ‘pseudo gray’ approximation:

e, =1-exp(—k,L) (5.12)

where L is the path length. For a cubic cell path, length can be taken as

L=\JA¥ +Ay* +AZ (5.13)

where Ax, Ay and Az are cell dimensions.

5.3 Data Exchange Strategy

The coupling of LES and radiation is performed through a systematic approach
taking care of the computational time involved in radiation calculations. LES
solves for continuity, momentum, mixture fraction and enthalpy equations. For
solving the enthalpy equation in its filtered form, it requires a radiative source
term as input. Solution of RTE through DTM ray tracing mechanism provides
the source at every nodal point in the domain for every time step. In order to
solve the radiative equation, we need the temperature and mole fractions of CO,
and H,O as input parameters. In the present simulation we assume that CO, and
H,O are the vital emitting gases which contribute to the absorption coefficient.
The mean values of mixture fraction, mixture fraction variance, mean scalar
dissipation rate and mean enthalpy defect are calculated from LES calculations.
The definition of enthalpy defect and its theory was presented in Chapter 4. From
the mean values obtained by LES, a four dimensional interpolation is performed
for the calculation of temperature, density, mole and mass fractions of CO, and
H,O from the pre-integrated lookup tables. The results from this interpolation
forms the mean values for the input to radiation code (temperature, mole
fractions of CO, and H,0). The radiation code thus calculates and provides the
source term for solving enthalpy equation. This loop continues for every time
step and thus source term is updated every time step and enthalpy equation is
thus solved in this manner. The complete coupling strategy is depicted in Fig. 5.1
which is represented in the form of a flow diagram. In order to reduce the
computational time involved in the above process for any medium to high

intensity flames, radiation is called into calculations for approximately every
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0.18 ms. The simulation with the above criteria was tested in order to save the
time involved in the coupled LES radiation cases and compared with the cases
involving the radiation calculations performed every time step and no significant

difference was found in more expensive calculations.

DTM LES
Solves Radiative Source | Solves
1. Radiative Transfer Equation é;; | 1. Mass
~ 2. Momentum
7> Xeo,» X0 3. Mixture Fraction
4D Interpolation 4.  Enthalpy
LES Calculates
PDF Lookup Table 1. Velocity Components u,v, w,u', V', W
1. Density P J 2. Mean Mixture Fraction f o
2. Temperature T M — ~ | 3 Mean Mixture Fraction Vz:riance -
3. Mole Fraction of CO, X, FoI7 261 4. Scalar Dissipation Rate 7
4. Mole Fraction of H,0 X, , 5.  Enthalpy Defect ¢ = (h - had)
5. Mass Fraction of CO, 17;0:
6.  Mass Fraction of H,0 I//,;;

Figure 5.1 Schematic of the flow of data between radiation (DTM) and LES

codes.

5.4 Closure

A brief introduction to the radiation model used in the present work was
presented in this chapter. Discrete transfer radiative method was explained with
the gas radiative properties model used in the present study. A complete
description of the data exchange strategy between radiation and LES codes was
also presented. This chapter provided the coupling methodology between

radiation and turbulence.
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Chapter 6

Numerical Scheme

The numerical techniques for the LES method containing the spatial discretization
schemes and the procedures used to integrate the fluid flow equations in time and
boundary conditions are discussed in this chapter. The spatial and time discretization
schemes in the present LES code PUFFIN were originally developed by Kirkpatrick
(2002) and Kirkpatrick et al. (2003). The spatial discretization is based on a control
volume formulation on a staggered, non-uniform, Cartesian grid capable of handling
three dimensional flows. Advanced discretization schemes and solvers are utilized in

the present LES code in order to reduce the computational time and cost involved.

6.1 Finite Volume Method

Finite volume method involves the discretization of the domain space into discrete
number of cells or finite volumes. Each computational cell is incorporated with the
governing equations leading to a system of algebraic equations. The solution to these
equations is an approximation to the solution of continuous equations at a set of
discrete points or nodes. There is one node in each cell and the solution found for each
node is considered representative of the solution within the cell. The numerical
discretization is based on a staggered Cartesian grid and defines the boundaries of the

rectangular finite volumes as depicted in Fig. 6.1.

In the Fig. 6.1 circles represent the scalar nodes, horizontal arrows are nodes with u
velocity component and vertical arrows symbolize the nodes of the v velocity
component. Extension to the third dimension uses the same structure in z-direction
with addition of the w velocity component. Pressure and mixture fraction are
calculated at the scalar nodes while the solution for the velocity components is found
at the velocity nodes. Velocity nodes are placed at the centroid of the scalar cell faces.
The spatial discretization schemes for momentum and mixture fraction transport

equations are discussed in the following sections. Staggering of the velocity nodes
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avoids physically non-realistic predictions for oscillating pressure fields. As velocities
are generated at scalar cell faces, interpolation of velocities for scalar transport

computations can be avoided.

ot
EEmn=ru.
TR
R

X

Y
0
Ao

+%+%

=
j

Figure 6.1 Staggered grid and node placement in two dimensions.
6.2 Discretization of Governing Equations

The generic transport equation for any generic variable ¢7 is given by:

d/_~ 0 ~ o9
r +S 6.1
) i) {3 )+ o1
where I represents kinematic diffusion coefficient and 54, represents a source/sink

term. Integrating Equation 6.1 over the volume V bounded by a surface S and using
the Gauss Divergence Theorem to convert volume integrals into surface integrals

yields the integral form of the equation:

-83 -



Numerical Scheme

%lp&dv +£pzzk¢3dsk =!r¢§7¢kdsk +l§¢ dv (6.2)

The differential surface area vector dS; has a magnitude equal to the area of the
segment of surface and direction corresponding to the direction of the outward normal
to the segment. The first term on the LHS of the equation 6.2 represents an unsteady
term, second term depicts the advection term whereas the first term on RHS
represents diffusion term and the second shows the source term. Spatial discretization

involves approximating the volume and surface integrals in this equation and applying

this approximation to each volumetric cell to obtain a set of simultaneous linear

algebraic equations in (7?

An example of a scalar cell P in Fig 6.1 for which the integrals are to be calculated
and its neighbors (indicated by E, W, N, S) and one level away from neighbors
(indicated by EE, WW, NN and SS) have been shown in two dimensional space.
Extension of this structure to a typical three dimensional cell and its neighbors is
shown in Figure 6.2. The central node P refers to the cell for which the integrals are to
be calculated and surrounded by its northern (N), eastern (E), southern (S), western
(W), up (U) and down (D) neighbors. The surfaces separating two cells are denoted as
A, A, A, A, A, and A,, the associated fluxes are F,, F,, F,, F,, F, and F,;. East (E),
North (V) and up (U) correspond to positive x, y and z directions, respectively which
is also denoted as xj, x; and x3 in index notation and also similarly west (W), south (§)
and down (D) to the negative x, y and z directions. Small letters e, n etc. refer to the

points at the centroid of the respective cell faces.

In the following sections, nb is used as a generic subscript for neighbor cell and fis a
generic subscript for a quantity evaluated at a cell face. To reduce the complexity of
the notation, the fluxes are given for a particular face such as the east or the north

face. All results can be applied in a similar manner to other faces as well.
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FAwarm

o

A

Figure 6.2 Finite volume cell and its neighbors in three dimensions

6.3 Spatial Discretization

6.3.1Unsteady Term

The unsteady term of the general transport equation is advanced using a central
difference approximation for the time derivative n + 5 which gives

(p9)"" = (p9)"

AV 6.3
A (6.3)

2 ppav -
\4

where the superscript n stands for the time level, which indicates the values that are
taken at the start of the current time step, while n + 1 indicates the end of the time

step.

6.3.2Advection Term
The convective flux across a cell face is given by

F = (pi:aag). (6.4)
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where u1 represents the velocity normal to the face (the advecting velocity) and
AAis the area of the face. For the east face the above expression will be represented

as
F.p, =(pusd) 9, (6.5)
Interpolation to find the value of %)e at the centre of the face uses a linear profile,

¢ =(1-0)¢ +64, (6.6)

where the weighting factor € for the interpolation is

g A%, (6.7)

Ax,and Ax, are the distances from the node P to the face centroid e and the east

neighbor node E as shown in the two-dimensional view of a cell and its neighbors in

Figure 6.3.

As a staggered grid is used, it is required to find the convective velocity u, at the face

and the density p, at the face depending on whether the variable %) is a scalar or

velocity component. When ;) is a scalar, the convective velocity is computed directly

as the u velocity component is established at the cell face centroid. However, density

must be interpolated using Equation 6.6 which gives the relation as

5 =(1-0)p, +6p, (6.8)

Whereas if (}5 is a velocity component, linear interpolation is required to find the
convective velocity while p is readily available. Finally the resulting formulation for
the convection fluxes can be described using a second order central difference

scheme:
F,, =(pund),[1-6)¢,+6¢.]=C,[1-0)p, +6p,] 6.9)

This linear interpolation numerical scheme used to calculate the variables at cell faces
of the finite volumes is equivalent to a second order central difference scheme in
finite difference formulation. The most desirable advantage of this scheme is it is

simple to implement, computationally efficient and second order in accuracy. This
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scheme is desirable for LES since numerical damping acts as an extra un-quantified
contribution to the eddy viscosity and contaminates the effects of the subgrid scale
model. However, this scheme tends to give solutions containing non-physical
oscillations or *wiggles’ in areas of the field containing high gradients. These wiggles
are the result of dispersive error terms inherent in the second order central difference
discretization. Increasing grid refinement in these areas is the only solution to this

problem.

A
v

Figure 6.3 A Finite volume cell and its neighbors in the xy- plane

The convection terms in the scalar equations are particularly problematic due to the
large gradients which often occur in the scalar fields. Because scalars are often
coupled with the velocity field through density, wiggles which result from use of the
central difference for the scalar convection terms cause problems with the numerical
stability of the overall solution. Hence this scheme is hardly suited for scalar
transport, especially when they have to remain bounded. For example, mixture
fraction is limited to a range from O to 1. From this scheme, wiggles may lead to
unphysical results such as predictions of mixture fraction outside the range 0 and 1,

which do not yield a chemical state. For this reason, the convection term for the scalar
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equation is discretised using non-centered schemes, QUICK of Leonard (1979) or

SHARP Leonard (1987).

A third order upwind numerical scheme called QUICK is used to reduce numerical
oscillations by introducing a fourth order dissipation. Quadratic interpolation is used
to find the value ¢ at the centre of the cell faces. The value of ¢ for the east face can

be represented as:

éz[(l—a)é,wég]—%czevmx; (6.10)

The upwind biased curvature term is defined as

CRV = ME;%} u<0 6.11)
L AXE

CRV = W} u>0 6.12)
L AxE

The double subscript EE refers to the cell east of the eastern neighbour. The first term
in the equation (6.10) is the value of ¢ at the cell face calculated using linear
interpolation. The second term in the equation is an upwind biased curvature term
which makes the overall interpolation quadratic. The weighting factor 6 is calculated
from equation 6.7. The linear interpolation term accounts for the non-uniform grid
through the weighting factor €, while the curvature terms have no grid weighting
included. Castro and Jones (1987) have shown that the uniform grid formula for

QUICK gives negligible errors for grid expansion ratios r, = Ax,,, / Ax; between 0.8

i+l
and 1.25. Substituting equation (6.10) into equation (6.5) gives the convective flux of

¢ across the east face as

F,=(piiAA), {((1—0)@ +0¢3E)—%CRVXAXE2}

=C [((1—9)@ +6¢3E)+SQU,CK] (6.13)

where, § ovick =—éCRV(Ax§). The source term Spuickx indicates the curvature of the

field. The term Spyick is included as part of the source term S, in the code. QUICK
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scheme however does not remove the wiggles completely. In order to solve this
problem we use another scheme called SHARP, Leonard (1987), which is a
modification to QUICK. SHARP introduces second order diffusion where local
conditions are such that oscillations will not occur, thereby ensuring that the solution
remains monotonic. An outline of this scheme can be found in Leonard (1987). The
summation of the convective fluxes across all faces can be described as a discrete

convection Operator,
[pagas, =Y c, [((1—ef )4, +ef¢3nb)+ZSQU,CKJ (6.14)
S

To give a second order time advancement scheme the value of this term must be
evaluated at the midpoint of each time step. This is achieved by applying the operator

at a number of time levels and taking a weighted mean.

6.3.3Diffusion Term

The diffusion term for ¢ across a cell face is given by

Fu=| T,AA— 99 (6.15)
ox,
f
where n is the direction normal to the face, I' is the kinematic diffusion coefficient and
AA the area of the face. The flux at the centre of the east cell face is then computed
from the values at the two neighboring points and their distance from central

difference approximation,

Fyy =(T,A4) [?,f} =(T,A4), [%Axf’} (6.16)

The diffusion coefficient at the centre of the face I', is calculated by linear
interpolations same as density calculation in the convective fluxes. Finally the
summation of the diffusive fluxes across all faces can be described as a discrete

diffusion operator,

jr 9 —=ds, =Y D,(d,-4) (6.17)

® o,

The discrete diffusion operator does not suffer from numerical instability as observed

in advection operator and therefore used in this form for all variables.
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6.3.4Source Term

Source terms differ from each of the transport equations for each variable. In
momentum equations, the effect of the pressure gradient and the gravitational force
act as source terms. A reaction progress variable is associated with a chemical source
term. For enthalpy in the non-adiabatic flows, radiation heat exchange is treated as a
source term. In spatial integration, source terms are usually treated in similar manner.
They are calculated by evaluating the function representing the source term Sy at the

node and multiplying by the volume of the cell given as

[S,av =S, AV (6.18)
Vv

Gradients are calculated using second order central differences while interpolations
use a linear profile similar to that used for the convective and diffusive fluxes.
Generally source term can be described as a combination of an implicit and explicit

component.

S, AV=5,0 +5, (6.19)

The terms “implicit” and “explicit” refers to the manner in which the components of
the source term are integrated in time. The implicit component is integrated using an
implicit time stepping scheme, while integration of the explicit component uses

explicit scheme.

6.3.5Complete Equation

The resulting discretised transport equation for a general variable @is

(@)~ (o9

n—2,n—1,n,n+1)

[ [1-0)8,+02,

M) )~ -
+Y %)(%—%) (6.20)

+ { S‘imp &P }(n—l,n,n+1) 4 { S'exp }(n—z,n—l,n,n+1)

Here the curly brackets { } with superscripts (n — 2, n — 1, n, n + 1) represent a

(n—l,n,n+1)

weighted average of the term evaluated at the listed time intervals, which gives an

estimate of the term at the (n+ %2) time level. The weightings for each time level
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depend on the time-advancement scheme as discussed in the next section. By

collecting coefficients the equation becomes as

n+l 7 n+l n+l 7 n+l = n+l n+l
ap - Z (anb ¢nb ) + Simp@J + Sexp
nb

| 2@ 8" ) - aid +S,,8" + S, }
L nb

- 6.21)

n—-1 _gn-1 n—1 7 n—1 2 n-1 n-1
+ Z(anb ¢nh )_aP @’ +Simp@’ +Sexp:|

nb

n—-2 7n-2 n—2 7n-2 n-2
+ Z(anh nb )_aP +Sexp :|

nb

Where the coefficients corresponding to the node ap and its neighbors a,;, are formed

from the connective and diffusive fluxes contributions.

6.4 Time Advancement Scheme

The methods in which the partial differential equations are integrated with respect to
time are discussed in the following sections. The time integration schemes for the
scalar and momentum equations are described which are applied to the system of

governing equations.

6.4.1Time Integration of Scalar Equations

The time integration of scalar equation is performed using the Crank-Nicolson
scheme. The time dependent conservation equation integrated in time using Crank-

Nicolson scheme is written

(P9) A;(W’) AV :_%:Hn+1(¢;n+l)+Hn ()]
A1)
w2 [smdm s, (57)]
w2 [smamass, (6°)]

Here H is the discrete convection operator

H(9)=Y (puna), [ ((1-8,)4,+6,4,) | (6.23)
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L is the discrete diffusion operator

L(¢3)=Z(ngi)e(éh—¢3p) (6.24)

E

and S, @and S the discrete implicit and explicit source terms. (S,,, is a coefficient

imp tmp
of ¢ rather than a function of ¢@). A second order accurate scheme in time is used to
evaluate each term at the n and n+1 time levels and uses linear interpolation to

estimate their value at n + 1/2. At least two iterations of scalar equation per time step

n+l

are required due to the contributions of terms containing @"*'to the explicit source

term which result from the use of the QUICK and SHARP spatial discretization
schemes. The number of outer iterations for the entire time advancement scheme per
time step is heavily dependent on the density variation which needs more number of
iterations than expected for large variations to maintain the stability of the solution.

The criterion for Crank-Nicolson scheme to remain non-oscillatory is given by

(ax)

At < (6.25)

While this criterion poses a rather stringent limitation on the improvement that could

be achieved on spatial accuracy, it results from an error term in the Taylor series
expansion which contains the second derivative in space 0’/ (ax)z. Typically, this

term remains relatively small in most flow problems and the scheme remains stable

for considerably larger time steps.

6.4.2Time Integration of Momentum Equations

Time integration of the momentum equations is performed by either Crank-Nicolson
scheme or the second and third order hybrid Adams schemes. In these hybrid
schemes, Adams-Bashforth method is used for the advection terms and Adams-
Moulton method for the diffusive terms. The momentum equation for velocities are

integrated by using Crank-Nicolson scheme as
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1 (

P
At

PU) v =M (&) e ()

_E”%ﬁ*y+ﬂwﬁ"[

St + 3, (") ] (6.26)

N | =

+

+
= N = o=
I

+

exp

:S;;IIZ"H+S" (ﬁn):|
—Gp?

The above equation is similar to the Crank-Nicolson scheme used for the scalar

equation. However, an additional term added as a pressure gradient term Gp"™''?

]

which considers n—1/2 time level concerning the pressure correction scheme. The
velocity obtained before pressure correction step at n + 1 time level is specified with
superscript u". As the advection terms in the momentum equations are non-linear, they
are treated from explicit time advancement scheme as Crank-Nicolson required
iterations to retain second order accuracy. In the code, second and third order hybrid
schemes are used such that advection terms are treated explicitly using an Adam-
Basforth scheme while diffusion terms are treated implicitly using Adams-Moulton.
The additional terms such as gravitational terms are treated explicitly with Adams-
Bashforth. The second order Adams-Bashforth/ Adams-Moulton scheme for the
momentum equations is represented as

P ~(pi)

At

AV =—

N | =
1

3 (i) -1 (i)

:B”%ﬁ*y+ﬂﬁﬁ"ﬂ

spa +Sp,, ()] (6.27)

+

+
= = o=

+

3sua =S ()]

_ Gpn—l/Z

and similarly the third order Adams-Basforth/ Adams-Moulton scheme is given as
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pm—lﬁ*_ pﬁ ' 1 nf~n n— n=2 [ ~n—
PP py Lo ()6 (i w5 ()]
+E[5L Ha')+8L (@) - (@) ]
1 n+l ~* n ~n n ~n
12[55’"”’1” +88p, (@) =S (@) ] (6.28)

1 n ~n n—1 [ ~n— n— ~n—
+E[23Swu —1687, (@) +585, (@)

exp

_ Gpn—1/2

The non-linear advection terms and explicit source terms are calculated at previous
time steps where all necessary details are known from these schemes. Hence these
schemes do not require any iteration as Crank-Nicolson to maintain the accuracy.
However, when the density and viscosity fluctuate significantly, iteration of the
overall solution procedure is required to include the correct value of density in the

unsteady term and viscosity in the diffusion term at the n + 1 time step.

The advection transport terms has the time step which is proportional to the
characteristics convection time Ax, /u; which is usually described with respect to a
non dimensional number called Courant number, C =u,At/Ax, < 1.0. For diffusion
term the maximum usable time step is proportional to the characteristic diffusion
time Ax” / . However, the Adams methods require some initial treatment where no

information about previous time steps is available. Therefore, the Crank-Nicolson is
used for the initial time steps to enable the calculation of the n—1 and n—2 source

terms for the Adams schemes.

6.5 Pressure Correction

The fractional step method based on pressure correction scheme introduced by
VanKan (1986) and Bell and Colella (1989) is used for calculation of pressure
correction. This version of the fractional step method was found to be the fastest of
the methods tested by Armfield and Street (2002). In this scheme, first the momentum

equations for three velocity components are integrated to find an approximate solution

for the velocity fieldu . Mass conservation is then enforced through a pressure
correction step in which the approximate velocity field is projected onto a subspace of

divergence free velocity fields. The projection is achieved by solving a Poisson
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equation for the pressure correction p’ in which the source term is the mass

conservation error in each cell,

2 =n+l _ —=n 8 _"Hu%
AP | PP, (p"w) (6.29)

(3x, )2 At &,

The pressure correction is then used to correct the velocity field,
’

R (6.30)
Ox,

and the pressure field is given as
pn+1/2 _ pn—1/2 +p (6.31)

The pressure correction equation is discretised in space in a similar manner to the
discretization of the transport equations of momentum presented earlier. For
incompressible flows, the integration of equation (6.29) over a finite volume cell and

applying the Gauss divergence theorem gives

—n+l

% _ ,0 _15" —n+l_*
AtZ(AA b ]f_ [—At AV+Y (p uiAA)f} (6.32)

Where summation is performed over each of the faces of area AA, and AV is the
volume of the cell. A second order central difference scheme is used to calculate the
gradients dp/dx;. It is important to use the same discretization for the pressure
gradient in the momentum equation and the pressure correction in the pressure
correction equation. This minimizes the projection error and ensures convergence if
an iterative scheme is used. Details of time advancement schemes used in depth can

be found in Kirkpatrick (2002), Kirkpatrick et al. (2003).

6.6 Solution Procedure

The system of linear equations obtained from the numerical discretization is solved
using a linear equations solver. The present work includes the Bi-Conjugate Gradient
Stabilized (BiCGStab) solver with a Modified Strongly Implicit (MSI) pre-
conditioner to solve the momentum and scalar equations, which is more efficient for
the large variations in cell size. The BiCGStab solver is also used for the pressure

correction equation. Convergence of the solvers is measured using the L, norm of the
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residual (L, norm is a vector norm that is commonly encountered in vector algebra
and vector operations such as dot product). The residual was set to be less than 107"
for the solution of the momentum and scalar equations, which typically requires one

or two sweeps of the solver to obtain convergence.

At each time step a number of iterations of the pressure/velocity correction step are
generally required to ensure adequate conservation of mass. The pressure correction
equation is solved every iteration until either the residual is reduced to ten percent of
its original value or the BiCGStab solver has performed seven sweeps. Each sweep of
the solver includes two sweeps of the pre-conditioner. The solution is then used to
correct the pressure and velocity field and the divergence of the corrected velocity
field is calculated. The process is repeated until the L, norm of the divergence error is
less that a pre-set value. The minimum attainable divergence error is typically reached

after six or eight projections.

6.6.1Solution Procedure for General Reacting flows

The overall solution procedure for each time step follows an approach that has been
implemented by Ranga Dinesh (2007) in the context of a single flamelet based steady
flamelet combustion for any incompressible reacting flow in the present in-house LES
code. In the present work, the combustion modelling capability in LES has been
enhanced by incorporating a comprehensive steady flamelet model which can handle
multiple flamelets or the variation in scalar dissipation rate and advanced flamelet
models, namely the Unsteady Flamelet/Progress Variable (UFPV) approach based
UFPV 6 function model. The solution procedure remains the same as the approach
employed by Ranga Dinesh (2007) as the current models used in the present study are
completely flamelet based. However, the solution procedure changes very marginally
according to the adopted advanced combustion models and these are discussed in

detail in the subsequent sections.

An iterative time advancement scheme for variable density calculation similar to the
algorithm proposed by Pierce (2001) is used in the present calculations. For
incompressible variable density flow, both the velocity and density fields must be

corrected to ensure conservation of mass. An iterative method is required as density
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depends on mixture fraction (in flamelet calculation). The iteration procedure
employed in the present study is described below. In the following, the superscript n
refers to solution values that are known from the previous time level, the superscript k
refers to the iteration cycle between the solutions at time step n and n + 1, the

superscript O indicates the initial guess for the first iteration when k = 0.

Step 1. Choose the initial guesses or predictors for the values of the variables at the
next time level. Here a simple choice is adopted by choosing the solution values at the
current time level:

u =u!, ¢’ =4¢", etc.
Step 2. Solve the scalar transport equation (s) to obtain provisional scalar values. This
facilitates better estimation of the density early in the iteration process. Solving the

scalar transport gives predictor for ¢/ and current density predictor gives the value

S

é= % (6.34)

o

Step 3. Calculate density from the provisional scalar values according to the strategy
appropriate to the adopted combustion model. This step varies for all the three models
used in the present work i.e. SLFM, NAFM and UFPV approach.

Step 4. Re-update the scalars based on the new density to preserve primary scalar

conservation:
a_ (pp)"
¢k ' = —pk” (6.36)

Step 5. Solve the momentum equations

Step 6. Solve the pressure correction equation

Step 7. Correct the pressure and velocity fields

Step 8. Check the mass conservation error and repeat steps 6 and 7 as required.

This completes one iteration cycle within a time step. Typically, 6-8 iterations of this
procedure is required to obtain satisfactory convergence at the end of each time step.
Two more steps need to be executed after this:

Step 9. Calculate eddy viscosity.

Step 10. Calculate the temperature and species mass fractions
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These steps complete one cycle for a time step. Time step is varied to ensure that the

Courant number given by Co = Atu, / Ax; remains approximately constant. In general,

the solutions are advanced with a time step corresponding to a Courant number in the

range Co =0.2 — 0.8.

Density Under-Relaxation

The above scheme requires the code to under-relaxation the density in time.

Therefore, the density p”+l computed from the flamelet library is no longer applied to

—n+l

the CFD-code, but rather it is under-relaxed and taken a value of p'" as depicted

below

ﬁrn-#l — aﬁn-ﬂ + (l_a)larlﬁl (637)
Here a is a real number whose value is O < a < 1 and the relaxation factor used in this

study is 0.25. This is required to establish stability in the initial stages.

6.6.2Steady Laminar Flamelet Model

Steps 2, 3, 4 and 10 of the above solution procedure are dictated by the employed
combustion model. The steady laminar flamelet model (SLFM) for combustion

implemented in the present study has the following procedure:

Steps 2&4: Calculation of scalar transport equations

2.1: Solve for the filtered mixture fraction equation.
2.2: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

2.3: Compute the filtered scalar dissipation rate from its model equation

Step 3: Calculation of density

3.1: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

3.2: Compute the filtered scalar dissipation rate from its model equation

3.3: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values of

filtered density. While using single flamelet solution for the flames, density is
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calculated by undergoing the PDF integration inside the LES solution procedure. A
single flamelet file is provided as an input for the density PDF calculations. In this
case step3 can terminate here. For implementation of multiple flamelet solution a
PrePDF is generated and therefore follows the next step.

3.4: From the known value of filtered mixture fraction, its normalized variance and
filtered scalar dissipation rate, obtain filtered density from the look-up-table using the

3D interpolation technique (Ravikanti, 2008).

Step 10: Calculation of temperature and species concentrations
10.1: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values
of filtered temperature and species mass fractions.

10.2: From the known filtered mixture fraction, its normalized variance and filtered
scalar dissipation rate, obtain filtered temperature and species mass fractions from the

look-up-table using the 3D interpolation technique.

6.6.3Coupled LES Radiation Model - NAFM

For the combustion coupled with radiation calculations (NAFM) implemented in the

present work of LES code, the following working procedure is used:

Steps 284: Calculation of scalar transport equations

2.1: Solve for the filtered mixture fraction and filtered enthalpy equation. Enthalpy
equation requires the source term that needs to be provided from the radiation
calculations. Radiation involves the Discrete Transfer (DT) method which is obtained
from Step 11. To start the solution, an initial guess value for radiation source is
provided. But as the solution progresses, this source term is updated based on the DT
method with temperature and mole fractions of CO, and H,O.

2.2: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

2.3: Calculate the mean scalar dissipation rate and enthalpy defect.

Step 3: Calculation of density
3.1: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

3.2: Calculate density from the PDF integration.
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Step 10: Calculation of temperature and species concentrations
10.1: Read the pre-integrated 4D look-up-table specific to steady non-adiabatic
flamelet model for ordered values of mean temperature and species mass fractions.
10.2: From the known values of mean mixture fraction, its normalized variance, mean
scalar dissipation rate and enthalpy defect, obtain mean temperature and species mass
and mole fractions from the look-up-table using the 4D interpolation technique

(Ravikanti, 2008).

Step 11: Calculation of radiation source term from DT method
11.1: Read the filtered values of temperature and mole fractions of CO, and H,O from
the above step.

11.2: Using Discrete Transfer radiation model, solve for the radiation transfer
equation (RTE) to obtain the source term. This source is provided as the input for

solving enthalpy equation in Step 2.1.

6.6.4UFPV-6 Function Model

In the present study, UFPV-6 function model was tested for partially premixed lifted
flames with the foremost objective of capturing the experimentally observed
temperature distribution and species mass fractions. The working procedure for

UFPV-6 function model is thus as follows:

Steps 2&4: Calculation of scalar transport equations

2.1: Solve for the filtered mixture fraction equation.

2.2: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

2.3: Compute the filtered scalar dissipation rate from its model equation

2.4: Read the pre-integrated 4D look-up-table (discussed in Chapter 7) specific to
UFPV 6 function model for ordered values of filtered reaction progress variable
source term.

2.5: From the values of filtered mixture fraction and its normalized variance
computed from steps 2.1 and 2.2, filtered scalar dissipation rate from step 2.3 and

filtered reaction progress variable obtained from previous time step or iteration,
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compute filtered progress variable source term from the look-up-table using the 4D
interpolation technique.
2.6: Solve the transport equation for filtered progress variable using the filtered

chemical source term obtained from step 2.5.

Step 3: Calculation of density

3.1: Compute the sub-grid variance of mixture fraction from its model equation and
subsequently calculate the normalized subgrid-variance.

3.3: Read the pre-integrated 4D look-up-table specific to UFPV § function for ordered
values of filtered density. From the known values of filtered mixture fraction, its
normalized variance, filtered scalar dissipation rate and the filtered reaction progress
variable obtained from step 2.6, obtain filtered density from the look-up-table using

the 4D interpolation technique.
Step 10: Calculation of temperature and species concentrations

10.1: Read the pre-integrated 4D look-up-table specific to UFPV for ordered values of
filtered temperature and species mass fractions like CO,, H,O and CO in the present
case.

10.2: From the known values of filtered mixture fraction, its normalized variance,
filtered scalar dissipation rate and the filtered reaction progress variable obtain filtered
temperature and species mass fractions from the look-up-table using the 4D
interpolation technique.

Generation of the look-up-tables for the above different models implemented in LES

has been discussed in Chapter 7.

6.7 Boundary Conditions

Appropriate boundary conditions are the prerequisite for an accurate reproduction of
physical CFD domain and its flow condition. Initial and boundary conditions are
equally needed for solving all the partial differential equations. Along with these
conditions, turbulence conditions are given for the solution. Turbulence has to be
prescribed at the inflow in order to simulate turbulence. In all simulations the flow is
impulsively started at # = 0, when the simulation is started. Pressure impulsively starts

the flow as inlet conditions are applied, initially producing a potential flow.
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Turbulence from the inlet gradually fills the domain, eventually forming a fully
developed flow field. For solving all isothermal flows, the boundary conditions must
be supplied for five dependent variables: p, u; and p. Whereas for all reacting flows,
boundary conditions for other scalars such as mixture fraction, subgrid variance,
scalar dissipation rate, enthalpy and progress variable has to be supplied. The
boundary condition for density can be specified from mixture fraction as density is
dependent on mixture fraction. Continuity requires that mass conservation be satisfied
over the complete domain at all times, and the boundary conditions for the velocity

field must therefore ensure that
ja—pdv+jpunds=o (6.38)
Q J¢ s )

Dirichlet and Neumann boundary conditions are applied for the variables in the
present solution. In Dirichlet condition, the value on the boundary OAV of any scalar

variable ¢ of the computational domain AV is given by:

¢ =9, (6.39)

In Neumann boundary condition, the gradients O¢/Ox; in surface normal direction n;

are given by cg:

0¢
gnj =C, (6.40)
J

6.7.1Inlet Boundary Condition

The instantaneous inflow boundary conditions have been generated by using mean
velocity profiles with random fluctuations. The mean velocity distributions were

specified using power law velocity profile as shown

1/7
(U)=CU,u (1—%j 6.41)

where Uy, 1s the bulk velocity, y is the radial distance from the jet centre-line and ¢ =
1.01x R;, with the fuel jet radius R;. The coefficient Cy has the value ranging from
1.218 to 1.6 depending on the grid distribution in the fuel inlet region to ensure
correct mass flow rate at the inlet, Masri et al. (2000). The fluctuations are generated

from a Gaussian distribution such that the inflow has the correct level of turbulent
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kinetic energy obtained from the experimental measurements, Branley and Jones

(2001). The instantaneous inflow velocity u; is then computed as
w,(x,.1)=(U,)+0(x.1)(u), . (6.42)

where U, is the mean velocity obtained from equation 6.41, <u,§>m is the root mean

square of turbulent fluctuations obtained from experimental measurements at the

inflow and O(x;, t) is a random number from a Gaussian distribution.

6.7.20utflow Boundary Condition

The outflow boundary conditions can be either a zero normal gradient condition or a
convective outlet boundary condition. A zero gradient condition at an outlet boundary
is given by the formula

2 _

4
- (6.43)

The gradient in the above equation is taken normal to the outflow boundary. Another
form of outlet boundary condition known as a mass conserving convective outlet
boundary condition given by

99

240, g_ﬁ —0 (6.44)

where U, is the bulk velocity across the boundary and n is the coordinate in the
direction of outward at the outlet boundary. The zero normal gradient condition
assumes a zero gradient for all flow variables except pressure in a direction normal to
the outlet place. Such a condition is appropriate when the flow is fully developed at
the outlet and devoid of any flow reversal. Hence, zero normal gradient condition
often demands a lengthy computational domain and subsequently more number of
grid points which is not desirable from the perspective of LES calculation time.

Therefore, the present LES work includes convective outlet boundary condition.

6.7.3Solid Boundary Condition

A solid wall boundary is to set the normal and tangential velocity components to zero.
These conditions correspond to the impermeability condition and the no-slip condition

respectively which are given as
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u; (x,0)=0 (6.45)

On the contrary, slip boundary condition is defined by treating boundaries as
frictionless surfaces. The flow adjacent to the boundary is allowed to move in the

direction parallel to the boundary by enforcing a zero gradient condition normal to the

surface as

Ju.

Mo (6.46)
on

For the turbulent boundary layers it is necessary to use an approximate boundary
condition or wall functions in order to apply the correct shear force to the fluid. The
wall function adopted in this study is that of Werner and Wengle (1991) which uses a
power-law approximation to the log-law. For unconfined flows, artificial confinement
is usually adopted to avoid the problem of numerical instability due to reverse flow at
open boundaries. Thus, artificial wall boundaries which do not exist in practice are
placed in the computational domain. The placement of these walls is such that the
computational domain is restricted to an affordable size yet the walls are far enough to
have any influence on the flame structure. These artificial walls are treated with a
free-slip condition which represents a friction less surface. With the free-slip
condition, the fluid flow in the direction tangential to the wall exists while the flow in
the normal direction is zero. Hence the normal component of velocity and the
gradients of tangential components of velocity are set to zero at the wall. For pressure
and all the scalars, the gradients in the wall normal direction are set to zero near the
wall boundaries in the domain. A detailed theory on wall boundary conditions used in

the present LES code can be obtained from Kirkpatrick (2002).

6.8 Closure

This chapter discussed the numerical approach with finite volume technique
employed in the present LES code. The methods used for the discretization of the
governing equations were highlighted. Time and space discretization were discussed
along with the solution procedure involved in each of the combustion model used in
the LES code. Finally the boundary conditions used for inlet, outlet and wall were

discussed in detail.
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Chapter 7

PDF Calculations —
Pre-processing Procedure

Modelling combustion along with turbulence by solving all the scalar equations along
with other governing equations of flow is a complex and time consuming process.
Turbulence calculations are therefore coupled with combustion modelling with the
concept of look-up tables which are calculated before hand. In order to optimize the
time involved in the turbulence-chemistry calculations in LES, look-up tables are
found to be the best in terms of computational time involved in combustion
calculations. This concept was proved to be efficient with flamelet modelling.
Flamelet solution from either steady or unsteady calculations is fed through a proper
integration technique to develop a pre-integrated look-up table. The present work
includes the generation of flamelets in both steady and unsteady regime based on the
model used. For example, for SLFM model development of steady flamelet solution is
performed while for UFPV model generation of unsteady flamelet profiles is carried
out. These flamelets contain the dependence of mixture fraction with temperature and
all other mass and mole fractions of the species taking part in the chemical
mechanism. This set of data is made to undergo the integration process to evolve the
table of data which is feed directly into the LES calculations. Therefore, generation of
flamelets and integration form the pre-processing stage and is thus independent of

actual LES calculations.

The steady flamelets generated in the present study can be broadly categorised as
adiabatic and non-adiabatic, based on their process of generation. Within each
category, flamelets can be classified as non-premixed and partially premixed based on
their structure. The present chapter describes the procedure for generation of flamelets
(section 7.1). Both steady and unsteady flamelet generation technique is discussed in
this section. Using the above set of flamelet solution for the development of look-up

tables specific to each of the combustion model (SLFM, NAFM and UFPV) is
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discussed later in the sections. Each of the models is performed with different
approach towards the integration process as the dependence of any scalar varies from
model to model. Details of different PDF distributions are depicted in Chapter 4,
section 4.2.2. Both beta and log normal distributions were clearly explained in section
4.2.2. Once the look-up tables are generated, this data is read accordingly when
required in the LES code for the calculations of density, temperature and all major

species predictions.

7.1 Flamelet Generation

In the present research work, flamelet libraries are generated using the code called
FlameMaster originally developed by Pitsch (1998). Generation of the steady or
unsteady flamelets forms the initial step for developing the PDF look-up tables. The
process of generating flamelets involves obtaining solutions for the flamelet equations
(Egs.4.5 & 4.6) after enforcement of appropriate assumptions and inputs. The inputs
required are (1) the boundary conditions for fuel and oxidizer streams and (2)
chemical kinetic mechanism along with the thermodynamic data. Since the
assumption of unity Lewis number and equal diffusivity is made in the derivation of
the flamelet equations, the assumption is inherently enforced for all the calculations.
However, assumptions regarding the radiation heat loss need to be explicitly
specified. All the steady flamelet solutions are obtained without the radiation source
term in the flamelet equations. The steady non-adiabatic flamelets also do not
consider the radiation source term but employ an enthalpy defect approach which is

discussed later in this section.

The GRI 2.11 (Bowman et al., 2007) mechanism is used in the present study for
describing the methane-air combustion which provides a detailed account of the
elementary reactions participating in the carbon-hydrogen-oxygen chemistry. The
mechanism comprises of 277 elementary reactions with 49 species out of which 102
reactions and 17 species pertaining to the NOx chemistry. GRI 3.0 is also tested and
compared with GRI 2.11 in the present work for bluff body and swirl flames. GRI 3.0
consists of 325 elementary reactions with 53 species. Hydrogen fueled flame is also
tested for lifted flame category under UFPV modelling. The chemical mechanism

used for this particular flame was obtained from Peters and Rogg (1993) with 19
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reactions and 9 species. Both SLFM and NAFM involve the steady state calculations

from the flamelet equations while UFPV deals with unsteady state calculations.

7.1.1Steady Adiabatic Flamelets

Generation of steady adiabatic flamelets involves solving for the flamelet equations

without the time derivative term and the radiation source term:

2
pg(gfﬁjmizo (7.1)
X BzTJ X [aTanj N xcpi[ay aTJ 1Y
p +p — +y poL| L —|=—) h®, (7.2)
2(<’9f2 2¢,\ of of ZI: 2¢, o of cp;

Solving these equations lead to solution obtained for the specific fuel air conditions
depending on the flame configuration. For example Fig. 4.2 represents Berkeley CHu-
Air lifted flame with the S-shaped curve. The stoichiometric temperature resulting
from each flamelet solution is depicted through the solid line which consists of three
different branches namely the top stable burning branch, middle unstable branch of

partially extinguished states and the bottom branch of completely extinguished states.

The solutions along the fully burning branch are obtained by progressively increasing

the stretch rate represented by the stoichiometric scalar dissipation ), from its value
at equilibrium (x, =0) to the quenching limity, . The quenching limit is dictated by

the composition and temperature of fuel and oxidizer streams in the turbulent flame.
The flamelet structure upon complete extinction corresponds to that of inert mixing of

the reactants and remains unaffected for all, >, . The middle branch of unstable

partially extinguished states represents the transition from fully burning to complete
extinction. Generation of flamelet solutions for the middle branch involve choosing a

solution corresponding to _, slightly less than Y, and then using this value as initial

st.q
solution for a simulation towards smaller values of stoichiometric scalar dissipation
rate. With the steady flamelet model SLFM, flamelets are parameterized by scalar
dissipation rate and to ensure a unique parameterization, the unstable middle branch is
ignored. Therefore, the task of flamelets generation for SLFM based turbulent flame

calculations is made simpler by performing the calculations for flamelet profiles
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related to fully burning branch and completely extinguished state alone. The present
research work involves SLFM based flame calculation for bluff body flames like
HM1 and HM3e. Similar case studies with SLFM are also performed for swirl based
flames with SMHI1 flame. Both the above flame configurations have similar fuel air
composition. Therefore, the same set of flamelet solutions can be used for the two

burners.

The steady flamelet profiles used in SLFM based calculations of the non-premixed
Sydney bluff-body HM1 and HM3e flames and swirl stabilized SMH1 flame are
shown in Fig. 7.1. For both the flames, the fuel stream is composed of a mixture of
CH, and H; in 1:1 ratio by volume while the oxidizer stream consists of pure air. Both
the streams are at a temperature of 300 K. For these strictly non-premixed conditions,

extinction of a flamelet occurs at 7y,  approximately equal to 55 s'. The steady

st,q
flamelet solutions in Fig. 7.1 represent the GRI 2.11 mechanism calculations. A
similar calculation is also performed with GRI 3.0 mechanism for CH4-H, fueled

burners which is not shown.

The flamelet in non-premixed conditions in the above figure consists of a thin
diffusive-reaction zone characterised by a high temperature gradient around the
stoichiometric mixture fraction f;,. The reactants are consumed within this reaction
zone and species attain maximum value while density attains lowest due to the
maximum heat release. As the stretch on the flamelet increases, the peak temperature
drops due to the greater extent of heat loss to the outer regions of the reaction zone in
comparison to the amount of heat released. The flamelet finally extinguishes when the

stretch rate reaches quenching limit ), =%,  resulting in an inert mixing of the

st,q

reactants. The flamelet profiles of the reactants are not shown in the above figure.

In each set of profiles shown in Fig 7.1 a discontinuity between the fully burning
states and the extinguished (or quenched) state can be clearly seen which is due to the
absence of partially extinguished intermediate states which cannot be accounted in
SLFM. Present cases with SLFM have been mainly employed with fully burning
turbulent flames alone and hence the absence of partially extinguished flame states

resulted in the discontinuous region is the above figure.
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Figure 7.1: Steady flamelet solutions generated for HM1, HM3 and SMHI1 diffusion
flames. Profiles corresponding to fully burning state and extinguished state are

represented with increasing value in scalar dissipation rate, X

An interesting observation that can be made from the density profiles is that the
influence of scalar dissipation rate on the density for the fully burning flamelets is
very negligible. This indicates that when simulating turbulent non-premixed flames
which are devoid of any local extinction, considering a single representative scalar
dissipation rate should yield a mixing field prediction which is more or less similar to
that obtained when considering the effect of scalar dissipation rate. This set of
solution have proved advantageous for the work performed by Ranga Dinesh (2007)
and Hossain (1999) where turbulent non-premixed flames operating far from blow-off
have been simulated with a single flamelet approach using LES and RANS
respectively. Employing a single scalar dissipation is particularly useful in LES where

the modelled values of scalar dissipation rate fluctuate by large magnitudes often
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leading to numerical instability. This has proved very advantageous in the present
work of non-adiabatic flamelet model when coupling radiation with turbulence-
chemistry. However, considering single flamelet alone is not sufficient for
temperature and species predictions as the effect of stretch on peak temperatures and
species mass fractions is more as shown in Fig. 7.1. In the present SLFM study, a total
of 14 flamelet profiles (13 fully burning solutions + 1 fully extinguished inert mixing
solution) have been provided as input to the pre-integration code which generates

look-up-table of mean scalars for SLFM based turbulent flame calculations.

7.1.2Steady Non-Adiabatic Flamelets

The methodology used in the generation of non-adiabatic flamelets is taken from the
studies conducted by Ravikanti et al. (2008). Steady non-adiabatic flamelet profiles
are generated for varying levels of non-equilibrium conditions represented by y,, and
non-adiabatic conditions represented by the enthalpy defect ({). Fully burning and
completely extinguished flamelets are only considered for the flamelet solution for
every enthalpy defect shelf. The quenching value of scalar dissipation rate for the fuel
and oxidiser composition for SMH1 flame is obtained as 55sec”. As radiation is
accounted in the form of enthalpy defect, flamelet equations are solved in its steady
state for laminar adiabatic flamelet modelling. The technique which is based on the
ideas of Hossain et al. (2001) has been developed and incorporated in the present
work. Generating a steady non-adiabatic flamelet profile with the enthalpy defect
concept requires a two step procedure, which is as follows:

1. The adiabatic flamelets are generated for all the scalar dissipation rates from
equilibrium to extinction for each of the predefined enthalpy defect shelf.
Adiabatic temperature profile for all the above flamelets is then treated with
the enthalpy defect resulting in a downward shift of the temperature profile as
shown in Fig. 7.2 which represents profiles at enthalpy defect of -90 kl/kg.
The resulting adiabatic flamelet temperature profile is treated at every point
along the mixture fraction space with a temperature defect profile AT (f)

which is computed from a pre-defined enthalpy defect using the formula:

AT(f)=—" (73)
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The profile after treatment is represented with T ( f )—‘AT (f )‘ for the non-

adiabatic temperature profile. But this results in temperature of fuel and
oxidizer at the boundaries to drop below 300 K. So in order to avoid this
unrealistic situation, mixture fraction limits corresponding to the boundary
value temperatures of fuel and oxidizer are considered and the values below
and above the lower and upper limits of modified mixture fraction are
truncated with richer oxidizer and leaner fuel at the ends. The effect of
truncation has a very negligible effect on the overall solution procedure as
discussed by Ravikanti et al. (2008).

Non-adiabatic flamelets are calculated by solving the flamelet equations with
modified inlet conditions for mixture fraction whilst maintaining the same
inlet temperatures as in the case of adiabatic condition. The calculated
flamelets in the mixture fraction space have the truncated mixture fraction

span ranging from f,igiser tO ffue: instead of ranging from O to 1.
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Fig. 7.2 Enthalpy defect implementation on temperature profile for SMH1/HM1 flame

Enthalpy defects of 0, -15, -45, -60, -75, -90, -105, -120, -150 and -180 kJ/kg has been

considered to model adiabatic to extreme non-adiabatic conditions in the flame. Each

enthalpy defect shelf has the flamelet profiles with scalar dissipation rate varying
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from equilibrium to extinction limits. For each enthalpy defect, steady non-adiabatic

flamelet profiles for Y, (C) varying from equilibrium to extinction condition have

been generated. The series of enthalpy defects can thus be viewed as shelves with
each shelf containing a set of fully burning non-adiabatic flamelet profiles. It is to be
noted here that the extinction limit of a flamelet varies with enthalpy defect. An
increase in enthalpy defect corresponds to an increased heat loss in comparison to the
heat generation within a flamelet and hence extinction of a flamelet occurs at a lesser

value of . This behavior can be observed in Fig. 7.3 for the flamelets generated for

the CH4-H, flame conditions where { _ is the maximum enthalpy defect = -180

kJ/kg in the present study for CH4/H; flames. This set of data from each enthalpy
defect is used for the generation of pre-integrated look up tables in mixture fraction,

scalar dissipation rate and enthalpy defect space.
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Figure 7.3: Variation of extinction limit with enthalpy defect for CH4-H; conditions

o

7.1.3Unsteady Adiabatic Flamelets

Steady flamelet modelling has both advantages and as well as some demerits. It is
easier to use and saves the computational cost and leads to good results when the

assumptions are not violated when compared to fast chemistry. But the drawback of
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using steady flamelet model is that it does not predict flame lift-off, which is typically
a common feature in most of the combustion devices. The incorrect representation of
flame lift can lead to large discrepancies in flow field predictions, as shown by Pierce
and Moin (2004) and Pitsch et al. (1998) which would certainly translate into
inaccuracies in the prediction of pollutants. Steady flamelets even could not predict
local extinction and re-ignition effects appropriately. The reason is that the solution

space used in the steady flamelet model is very restrictive.

Unsteady adiabatic flamelets are primarily utilized in the UFPV model which is
modelled based on solving the flamelet equations containing the unsteady term as
described in equations 4.5 and 4.6 in Chapter 4. Radiation is neglected and Lewis
number is assumed to be unity with constant diffusivity for all species. Generation of
unsteady flamelets involves time as the parameter that needs to be eliminated and
solution domain has to be parameterized with a new variable called as flamelet
parameter. For the UFPV model, the flamelet parameter replaces time and it facilitates
unique identification of all the unsteady state solutions including the partially
extinguished solutions. Thus, the discontinuity observed with the set of profiles used

for SLFM can be bridged with the UFPV approach.

Berkeley flame operate under partially premixed conditions with the fuel consisting of
a mixture of CHy and air in the ratio of 1:3 by volume and at a temperature of 323 K
while the oxidizer consists of vitiated air at 1355 K. A similar experimental test case
was also performed with H,-N, fueled jet flame. The central nozzle for this case is

25% H, and 75% N, As the stretch rate is increased, the structure tends towards that

of a single reaction zone and finally, quenching occurs aty,, =587 s~ for methane

based flame and 7, = 2649 s~ for hydrogen based fueled jet.

st,q

Figure 4.2 depicts the unsteady flamelet solutions which are represented by vertical
dots at increasing scalar dissipation rate from equilibrium to extinction. At scalar
dissipation rate of 0.1s™ the flamelet profiles for temperature, density and other
parameters are depicted in Fig. 7.4. A similar set of data is obtained for entire range of
scalar dissipation rates from 0 to 587s'. With variations in time, the flamelets are

generated from equilibrium state to mixing limits in a smooth transition with uniform
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change in time. In the present study, a total of 106 flamelet profiles have been
considered at a single scalar dissipation rate to be converted into table format for the
input for scalars in the LES simulation. These pre-PDF calculations are done with
delta PDF for progress variable. Figure 7.4 gives an indication of variation in

temperature, density, mass fraction of CO, and progress variable with mixture

fraction.
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Figure 7.4: Unsteady flamelet solutions for fully burning, partially extinguished and
fully extinguished states. Flamelets generated for the Berkeley CHa-Air lifted jet
flame conditions. These solutions are used for UFPV based turbulent flame
calculations. (—) fully burning and fully extinguished states; (------- ) partially

extinguished state at 0.1 s

It is interesting to note that all the parameters especially density has notable change in
its value from equilibrium to extinction along the increment in time. As specified
before, time is eliminated by bringing progress variable as the element to

parameterize. Therefore, density cannot be assumed to follow a single flamelet profile
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in case of Berkeley flame related to CHs-Air fueled burner. Hence the look-up tables
for density, temperature and progress variable source term are defined in such a way
that they are dependent on fluctuations in mixture fraction, scalar dissipation rate and
progress variable. Progress variable varies from 0 to 1 in the present UFPV model.
For H,-N; fueled burner, flamelet equations are solved in the unsteady mode and Fig.

7.5 shows the flamelet solution domain under specified fuel-air composition.

Figure 7.6 shows the unsteady flamelet solutions for scalar dissipation rate of
0.0001sec” based on H,-N; fuel composition. These profiles have been generated at
one particular scalar dissipation rate close to equilibrium. Similar set of data are
generated for all the scalar dissipation rates till extinction. From Fig. 7.6 it is clear that
density variations along the time are drastic and therefore cannot be neglected.
Density look up table thus depends on mixture fraction variations, scalar dissipation
rate and progress variable. Temperature, progress variable source and OH mass
fraction look-up tables are the other elements that are considered in the present case.
A total of 36 flamelets are selected for the scalar dissipation rate of 0.0001 sec'. The
number of flamelets in each shelf of scalar dissipation rate varies. The dash dotted

lines represent the unstable partial premixed flamelet solution.
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Figure 7.5 Unsteady flamelet solution space for Hy/N, flame. Dotted values resemble

the unsteady flamelet solutions at various scalar dissipation rates
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Figure 7.6: Unsteady flamelet solutions for fully burning, partially extinguished and
fully extinguished states. Flamelets generated for the Berkeley H,-N; lifted jet flame
conditions. These solutions are used for UFPV based turbulent flame calculations. (-)
fully burning and fully extinguished states; (-.-.-.-) partially extinguished state at
0.0001s™.

The most interesting aspect regarding the progress variable in this case can be found
from Fig. 7.6 where the range of progress variable goes from 0.0646 to O in its limits
for mixture fraction from O to 1. The maximum value in the progress variable varies
for each flamelet along the time and is not equal to 1. In order to implement a
common scale to progress variable at all scalar dissipation rates, progress variable is
normalized to vary from O to 1 for each of the scalar dissipation rates. The value of

progress variable at mixture fraction equal to zero is changed from 0.0646 to O by
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implementing the data correction in such a way that value of progress variable would
be zero at both ends of the mixture fraction. Therefore, the new limits for progress
variable are from O to O at the ends (mixture fraction equal to 0 and 1.0) and
maximum value of progress variable is normalized to vary from O to 1. Corresponding
values of scalars such as temperature and other species are changed to incorporate the
changed progress variable limits. This data is then utilized for integration procedure
for the generation of PDF look up tables. The definition of progress variable

considered in this case is the mass fraction of H,O.

7.2PDF Look-up Tables for SLFM

Steady adiabatic laminar flamelets are needed for pre-processing to obtain integrated

look-up-tables for Favre averaged or filtered thermo-chemical variables ¢ (density,

temperature and species mass fraction) as a function of mean mixture fraction f , its

normalized variance £’ and scalar dissipation rate .

norm

6=0(7.72.%) (7.4)

The in-house developed code is used to generate look-up-tables specific to SLFM.
Steady adiabatic flamelets obtained from the flamelet calculations are fed into the tool
along with ordered values of the look-up-table parameters f , ]fC;ZJ andy . Mean

norm

values for each thermo-chemical variable ¢ are then obtained at each combination of
the three parameters by performing numerical integration of the steady adiabatic

flamelets with presumed PDF for mixture fraction P(f) and scalar dissipation rate

ﬁ(xﬂ ) thereby resulting in a 3D look-up-table. The double integral equation which is

numerically evaluated is given by:

oo |

o=[[o(fr1.)P(F)P(x,)dfdx (7.5)

00

The conserved scalar mixture fraction is designed to vary from O to 1. For a given f,

its variance f”” can take values between 0 to a maximum of f (1 - f~ ) in the turbulent

flow field. A single range cannot be fixed if absolute variance is to be used as the
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table parameter and therefore it needs to be normalized. In the present integration

code, the absolute variance ?’E is normalized (Eq. 7.6) by its maximum value for

f;i/

each f and the normalized variance f

norm

ranges between 0 to 1.

- 2
) f”

Joom ==7—=x (7.6)

The distribution of grid points to cover the range of values for each of the table
parameters is considered in such a manner that an optimum balance between
computational cost and accuracy is achieved. For all the tables generated for SLFM
calculations, size of 163 x 51 x 31 ( f X }ZZ x %) has been considered. This
preferential allocation allows for accurate capturing of the variation of the mean scalar
structure which is particularly steep along the f axis of the look-up-table. The

distribution of the discrete points along f axis is directly obtained from the grid (Fig.

7.7) used for the flamelet calculations corresponding to equilibrium condition.
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Figure 7.7: Steady adiabatic flamelet profiles at equilibrium condition generated for
methane-hydrogen (SMH & HM) flames. Dots with vertical lines show alternative

grid points along mixture fraction space.

While solving for the flamelet equations in the FlameMaster code, the grid on the
mixture fraction space is refined automatically using an adaptive grid technique
according to the steepness of the scalar gradient. The gradients in scalar structure at

equilibrium condition are the steepest and hence the grid distribution along mixture
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fraction is ideal to be imitated for the mean scalar structure. In Fig 7.7, the grid points
can be observed to be densely populated around the stoichiometric mixture fraction

where high gradients in scalars are observed.

Look-up table utilizes power law distribution with the profile as shown below for

normalised mixture fraction variance and mean scalar dissipation rate.
¥ (i)=exp(—a)(i-1)’ (1.7)

Considering ¥ = ?'Tthe grid count i varies from 1 to 51 and the constants a and b

take the values of 5.0 and 2.95 respectively. Similarly for' =%, the grid count i
varies from 1 to 31 and the constants a and b take the values of 6.0 and 6.5

respectively.

Numerical integration is performed for every cell in the table and for every scalar of
interest once the table properties are specified. Double integration of the above
expression in Eq 7.5 is simplified by employing the approach followed by Lentini
(1994) and Hossain (1999). A limited number of flamelet libraries (13 fully burning
+1 fully extinguished) are considered with each represented by scalar dissipation

rate ¥, . Integration range of y is split into L sub-ranges [ ¥,_,,,, %,.i,» 1 with [=1, 2
...L (in particular j,,,=0), such that jy, is a representative value for corresponding

interval. The double integral is evaluated by means of the below approximation:

= o(f.x)P(f)df (7.8)

M=

[ P(x,)dx,

=1 " Ki-1/2

© e —

The above expression can be divided into two parts where the mixture fraction is
solved separately from the scalar dissipation rate distribution. The shape of the

mixture fraction equation is assumed to be S PDF and that of scalar dissipation rate

% is assumed to follow log-normal distribution.

Beta Probability Density Function (5 -PDF)

The mixture fraction variable fis extracted from the above integral and can be shown

as:
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I o(f . 2 P()df (7.9)

The evaluation of the integral as shown below requires a presumed shape for P(f) and

is assumed to be a S - function distribution. This distribution was described before
from equations (4.14) to (4.16) in section 4.2.2. f and f”z are obtained from the

solution of their respective transport equations, where f and f”z are the filtered

mixture fraction and subgrid variance respectively.

In the present work, the subgrid variance term is modeled based on local equilibrium

argument by Branley and Jones (2001) which can be summarized as:

oo on| F I
f =CA (axj ax]} (7.10)

where A being the local grid spacing with
A = (AxAyAz)'"” (7.11)

where 4x, Ay and Az are the grid size for the x, y and z directions in the Cartesian
coordinate system respectively. The value of C is obtained as 0.1 for most of the

successful cases, Branley (1999). The integral in the Eq. 7.9 now becomes,

a+b

IP -
j¢(fz) D = e T

j¢ Foa)f =g df (7.12)

Once we obtain the knowledge of P(f), numerical integration of the above integral is
carried out using Romberg’s method with mid-point approximation (Press et al,
1996). There are a couple of numerical difficulties that are associated with calculation
of the integral in Eq 7.9. Firstly at the limits of the integral i.e., at f=0 and f=1, a or b
(Equations 4.15 and 4.16) can take a value less than unity which leads to singularity in
the solution. This problem is solved by implementing the method suggested by Bray
and Peters (1994) and Chen et al (1996) which takes the form:

[o(r. )= f)"df =

0

1 a 1-¢ b
=i 90)+ [o(f. 2 =) +2-900) (713)
$

- 120 -



PDF Calculations- Pre-processing Procedure

& here represents a very small number usually taken as 1077, Secondly, the overflow
problem caused when the computed values of a and b reach several hundred
thousands in magnitude during the iteration process. According to characteristic of -
function, the distribution will be close to delta function when a or b is adequately
large. Hence this problem is tackled by approximating P(f) to be a delta function

under such circumstances. A value of 500 has been set as the limit. Therefore,

P(f)=6lf-7) (7.14)

Solving for Scalar Dissipation Rate

Evaluation of scalar dissipation rate distribution is done with the solution of the

following integral:

Ais112

[ Pz, (7.15)

Xi-1/2

The scalar dissipation space is assumed to follow a presumed Pdf function namely

Log-normal distribution for P(}). This expression is given as:

1 1 2
P(y,)= ex {— Iny,— } 7.16
2= T | T A 710

where £ and o are related to the mean value of  with the following:
0_2
X= exr{ﬂ + 7} (7.17)

with ¥ obtained from

-

Z:CZkrf ? (7.18)
and

77 =7 (expo®-1) (7.19)

Here C P and o have the value of 2.0 each. With the introduction of variable

0=(Iny, —u)/ V26 the above integral for y becomes:
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Xi+1/2

j P(p)dy = j " e 40 (7.20)
Xi-1/2 \/_ Oz
where 6,,,, =(Iny,,,,, —iN20 (7.21)

Equation 7.20 can be further reduced to

2 1
e do= E[erf(glmz)_erf(gl—l/z)] (7.22)

=)
N
where erf denotes the error function and its argument is given by:

1 Xiz1/2 o
0_,= In| == - 7.23
2= g [ % ] NG 729

In the set of flamelet profiles considered for the calculation, one of them corresponds

to inert mixing which represents post-quenching state. In order to accurately account
for contribution of the inert state, the integration range is divided into subranges in

such a way that ¥, ,,= (flamelet at quenching limit) and %,,,,, = ¥.. (post

stq

quenching).

The final forms of the approximated equations for filtered density and Favre averaged

(or filtered) scalars 5 are given by:

[erf ) —erf (8., M ———df (7.24)

I=1 ’Xl)

¢=Z%[6rf 1+1/2 erf(91—1/2)]J.()1¢(f’)(1)ﬁ(f)df (7.25)

=
The chosen number of L=14 flamelets have been found to provide adequate accuracy
and a reasonably good turn around time. The computational time for generation of 3D,
163x51x31 size look-up-tables for p,7 and 6 species is kept to less than a day on a
2GB RAM Intel Pentium 4, 3GHZ processor. In LES, the tables are read as filtered

scalar values (Example, filtered temperature) as a function of filtered mixture fraction,

subgrid normalized variance and filtered scalar dissipation rate.
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7.3 PDF Look-up Tables for NAFM

In the non-adiabatic flamelet model, NAFM, which has been developed for LES in the

present work, the turbulent mean values of the thermo-chemical variables ¢ are

dependant on f , ?’3)2 and additionally on the enthalpy defect £ . Hence for turbulent
flame calculations based on this model, 4D look-up-tables of the form given in Eq.

(7.26) need to be generated for each mean reactive scalar ¢ (density, temperature and

species mass fraction). In order to develop the pre-integrated tables, the in-house built
code for SLFM was extended to incorporate the fourth dimension in the integration

process and thus every scalar would be represented as

5-0(7.71¢) .20

The Pre-PDF NAFM integration code takes the steady non-adiabatic flamelets as
input and conducts numerical integration for each reactive scalar of interest for each

cell in a 4D table. As part of the specification of table properties, the range and

distribution of enthalpy defect g; points needs to be specified in addition to those

for f , f,w,m and ) which take the same definitions as with SLFM as discussed earlier
For methane-hydrogen flame conditions like HM and SMH flames, a range of 0
(adiabatic) to -180 kJ/kg is specified for the mean enthalpy defect ¢ and this span
has been covered by 10 uniformly spaced values. Therefore, the size of look-up-table
for HM1 and SMH1 flames for NAFM model based calculations are 163x51x31x10
(f, }Ef( f ) respectively. The equation for evaluation of mean scalars with NAFM
model is given by:

-

J J 0(f:1,:0) P(F) P(x,) P(C)dCdf dy, 727
0,

9=

O'—:X

Since the flamelet structures are now a function of enthalpy defect as well, a limited
number of enthalpy defect shelves are considered for the integrations and within each
shelf, a limited number of flamelets corresponding to fully burning and extinguished
states are considered. For calculating tables for HM1 and SMH1 flames, a total of 10
enthalpy defect shelves are considered with the total number of non-adiabatic

flamelets equal to 100.
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The approximations made in generation of look-up tables with regard to the

integrations with respect to f and Y, are enforced here as well. In addition to the

above two mentioned PDF’s we require to performﬁ(g) and this is assumed to

follow & function. Therefore, the third integral with respect to enthalpy defect can be
eliminated and the task of interpolation is thereby reduced by bringing down the
overall computational effort. However, 4D integrations still demand a turn around
time of approximately 10 times higher than that of time required for generating 3D
look-up-tables for SLFM. The final equations for mean density and scalars take the

form:

(C C){L [erf ) —erf (8,2, ]j T[?C)df:l_ (7.28)

(C C)[ [erf 1+1/2 erf I-1/2 1[ ¢ Fx ) (f)df} (7.29)

The number of sub-ranges into which the integration range of the scalar dissipation
rate is split, is now a function of enthalpy defect L = L(C) As previously discussed,

extinction limit of a non-adiabatic flamelet decreases with the increase in enthalpy

defect. Hence the range of y, for fully burning states reduces. This is exploited to

gain computational efficiency by considering a lesser number of flamelets in higher
enthalpy defect shelves. This four dimensional integrated look-up table for each of
the scalars like temperature and major species are calculated and stored for LES
calculations. Density variations are found to be very minimal with change in scalar
dissipation rate as depicted in Fig. 7.1. Therefore, except density all other scalars are
selected to perform the 4D integration. Density is assumed to depend on mixture
fraction alone in this case and therefore depends on mean mixture fraction and its
variance. Hence a single flamelet close to equilibrium is considered for the

calculation of density with the beta PDF performed on mixture fraction alone.

Effect of truncated flamelets on mean scalars

As mentioned earlier in section 7.1.2, due to modified inlet conditions, the non-
adiabatic flamelets are subjected to truncation in mixture fraction space. Hence the

usual limits of f which vary from f= 0 tol, are truncated to f = fiig tO ffier, Where foria=
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fi€) > 0 and fe = fI{) < 1. For the non-adiabatic flamelets, integration for mean

scalars is split according to Eq. 7.30 and the first and third parts are neglected.

oo F=Fpuia w F=Fpua
o={ [ o(f:2s) PP, +[ | 0(f:2:8) PUIPAfd R, +
0 /=0 0 f=foid
w f=l
[ | o(ra:0)PHPGRErd, (7.30)
0 f:f:f"gl

For low enthalpy defects, f,.is and f;. are close to O and 1 respectively and hence
neglecting the contribution of first and last terms does not affect the accuracy of
numerical integration. However, for higher enthalpy defects there is a concern that the
first and last terms might have sizeable contribution and hence neglecting the terms
might result in errors in the mean quantities viz. the mean temperature and major
species. A detailed study was performed by Ravikanti et al. (2008) with this regard on
the effect of truncation at both ends of the mixture fraction in high enthalpy defect
regions. Based on the mixture fraction PDF distribution at higher enthalpy defect
areas, which showed minimal effect on the PDF shapes in the truncated regions, it
was concluded that truncation in the non-adiabatic flamelets is expected to have
minimal or no impact on the integrated mean density and reactive scalars for the
entire range of enthalpy defects encountered in the computed flame. With this
confidence, NAFM is utilized for the coupling of radiation with turbulence in LES

with the additional equation of enthalpy

7.4 PDF Look-up Tables for UFPV- 6 Model

Development of UFPV model to lifted flame category was motivated from the
flamelet progress variable (FPV) approach. FPV model was applied in the past for
improvement in the predictions of temperature and major species. But this was used
for the first time in the recent past for lifted flame burners by Ravikanti (2008).
Unsteady effects are neglected in the FPV approach and therefore found not
predicting the flame extinction and re-ignition in turbulent lifted flames. In order to
include the unsteady behavior in the flamelet modelling, UFPV model was developed
particularly for predicting the transient unstable behavior of the flame. The Pre-PDF

UFPV 6 generates 4D look-up-tables for mean values of each thermo-chemical

variable of interest, parameterized by f , ?’2/;( and C.

norm
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The flamelets are parameterized by the mixture fraction f, flamelet parameter 4 and

the stoichiometric scalar dissipation rate y, . Since the flamelet solutions depend only

on time, mixture fraction and stoichiometric scalar dissipation rate, the
parameterization eliminates the time as a parameter by introducing the flamelet

parameter A . The flamelet solutions for all scalar quantities is given as

o=0(f.4.%,) (7.31)

The evaluation of the filtered quantities is performed by the joint PDF of the three

parameters 13( A4, x,,) - The filtered scalar values is given as

* g

=11

The flamelet parameter is defined in such a way that it is independent of the mixture

o(f A x,) PUf AL, df dAdyg, (7.32)

ov._,H

fraction as per the flamelet assumption discussed in the previous section. The

stoichiometric scalar dissipation rate is defined in the similar fashion by the relation
- 2(f) .33

Where y(f) describes the mixture fraction dependence of the dissipation rate. The

assumption in the Equation (7.33) describes the mixture fraction dependence of the

dissipation rate which implies that y_, is independent of the mixture fraction.

Therefore, the joint PDF can then be written as
P(f A x)=P(f)P(Ax,) (7.34)

The marginal PDF of the mixture fraction can be defined by a beta function, which is
defined from mean and variance of the mixture fraction. Research is intense for using
beta function PDF for both flamelet parameter A and stoichiometric scalar dissipation
rate ¥ but the extra dimension in the look-up table increases the cost of the

simulation. Therefore, both the above parameters are described by delta function PDF,

Pitsch and Thme (2005). The joint PDF is then shown as

B Ax)=B(1:F 1) 8(A-4) 8(x, - 7,) (735)
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The values of Aand y_

st

can be determined from the filtered quantities by the
inversion of the integrals, Pitsch and IThme (2005), as depicted below

At

C= THC (f.22,) B(£:F.17)6(2-2)8(x, - 2,)drf dddy, (7.36)
040

and

Z=j){§l//(f)ﬂ(f;?,f”vz) df (7.37)

The filtered values namely f,C ,?’E and ¥ are known from the solution of the

filtered transport equations and models for the variance and dissipation rate. The

filtered values of the scalars are tabulated from the Equation (7.32) as a function of
7,1,?’5 and y . These include the filtered values for the reaction progress variable

C and the scalar dissipation rate 7 . The value of A is replaced C through a proper re-

mapping technique which is discussed later in the section and ¥, is replaced by 7 so

that the flamelet library provides the filtered scalars as function of ],C‘ , ?’5 and ¥
thereby completely eliminating flamelet parameter and stoichiometric scalar
dissipation rate. The same constraint equation as discussed in equation 4.33 from
Chapter 4 where the progress variable from the steady laminar flamelet equations is
made equal to the value of progress variable obtained from its transport equation from
the LES. Solving the inverse integrals to obtain the values as depicted in equations
(7.36) and (7.37) is eliminated by re-interpolation technique or remapping
methodology from A space to C space. Similar to the above constraint equation for
progress variable, scalar dissipation rate fluctuations are also constrained to the
equation where the value of y,, is made equal to the mean scalar dissipation rate from
the equation (4.20) from Chapter 4. Therefore, we eliminate the task of inverse of the

integrals and thus making the preprocessing task simple.

X =X (7.38)

The re-interpolated look-up tables include the scalar values as function of the

quantities like ]; , ]7';5 ,C and )Z for the input to LES calculations. The variables like
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the density, temperature and other species will be a function of the above mentioned

quantities and thus,

p=p(F. 17 Ca)T=1(F.7C )T =7 (F.r7.Cx) and &, =6 (F./”.C.x)

Re-mapping Strategy

The look-up table with the flamelet parameter needs to be converted to progress

variable space. The mixture fraction is a conserved scalar normalized ranging from 0

to 1. But the variance of mixture fraction f”*should be normalized before reading the

flamelet library from the lookup tables. ?’6 is normalized as
/f-n:\i; == (7.40)

Here the parameter ]ffﬁis the normalized variance ranging from O to 1. The lookup

norm

table is an ordered matrix with the correct distribution of the variables like f L

and )~( as 163x51x151x49. The mean scalar dissipation rate )~( is ranging from
equilibrium limit to above quenching limit covering the entire solution space as
discussed earlier from the inverted S-shaped curve. The distribution of the mixture
fraction in the table is kept in the same pattern as of first flamelet near to equilibrium
ranging from O to 1. The points along the normalised mixture fraction variance and

mean scalar dissipation rate axes of the look-up-table are distributed using power-law

fit.
¥ (i)=exp(—a)(i-1)’ (7.41)

The values of a and b are varied for the two variables to have a uniform distribution.
Scalar dissipation rate have a distribution that ranges from 0.1 to 3999.0 covering all
the flamelets from equilibrium to quenching. The distribution of flamelet parameter A
in the initial lookup table is considered equal to the C,,,x values of the flamelets for

each scalar dissipation rate. For every Y, there are the flamelets varying along the

time (all the vertical dots from Fig. 4.2) are normalized from O to 1. Therefore, for
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every ¥, the range of A varies from O to 1. Similarly the range of mean progress

variable C is normalized to range from O to 1. The lookup table consists of a power

law distribution for the variable C as shown in equation 4.89. Thus the size of the

final 4D look-up-table is 163x51x151x49 ( £, 7> ,C. . x). The task of re-mapping

norm?’ ~norm

makes the next step to build up the final lookup table.

In order to implement the re-mapping methodology from A space to C space the first

step and assumption is to use the constraint equation for progress variable (equation

4.33, Chapter 4) where C . is normalized to get the values from O to 1 as C

slfe

norm *

Therefore, the equation becomes as

_¢ (7.42)

slfe norm

The next step in the re-mapping procedure is to interpolate the values of the variables

space. For every C the corresponding value of M is obtained

norm >

from A space to C

by interpolating the extracted data forCN‘S,fe. Using the interpolated value of A,

corresponding values of each scalar is obtained by interpolating its extracted data. The
variables like density, temperature and progress variable source term are produced
from the re-mapping technique for the present LES calculation. Therefore, the set of

data from equation (7.39) leads to

&, =6, (7./7.Coi) (7.43)

During the LES calculations, the variables are read from the lookup table for every
time step. Density and progress variable source term 500 are read for all inner

iterations in order to solve for the transport equation for progress variable from the
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lookup table. This makes the computational time to increase but the solution occupies

all the flamelets in order to capture the re-ignition and extinction phenomena.

7.5 Closure

This chapter dealt with the pre-processing manipulations for the generation of look-up
tables that were required for various combustion models like SLFM, NAFM and
UFPV. It dealt with the flamelet generation for steady adiabatic and non-adiabatic
conditions based on enthalpy defect concept. It also discussed the procedure for
unsteady adiabatic flamelet generation and theory behind for the UFPV combustion
model. A detail description on the integration process for each combustion model is

also presented.
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Chapter 8

Modelling of Turbulent Non-
premixed Bluff Body and Swirl
Stabilized Flames

Turbulent non-premixed flames are targeted for the validation of the present
combustion models SLFM and NAFM. Sydney experimental series on bluff body and
swirl stabilized flames are selected for the computational code validation as the data
existing with these flames present themselves an ideal model problems for studies on
turbulence-chemistry interaction with the complexity of the flow characteristics found
very close to that of practical combustors while maintaining the geometry very simple
and providing well defined boundary conditions. The simplicity of the burner
configuration with its simple geometric features makes it advantageous for modelling
using the in-house LES code and suitable for testing NAFM for the effect of radiation
coupled with turbulent flows. Fuel is based on the simplest of hydrocarbons thereby
making modelling studies beneficial from the available chemical mechanisms. The
experimental data is available for flow, mixing field and compositional structure
including the pollutant NO and therefore facilitating a comprehensive validation of the

present combustion models.

In the present chapter, a comprehensive study on the bluff body flames known as
HMI1, HM1e and HM3e are performed with SLFM. HM1 and HM 1e flames resemble
similar in many contexts. Table 8.1 shows the differences in these flames. Similarly,
swirl stabilized flames known as SMHI1 is tested for SLFM capabilities on the
complex swirling flames. The radiating features of HM1 and SMH1 flames demand a
detailed study for non-adiabatic flamelet combustion model. Therefore, NAFM
calculations on coupled LES-Radiation cases are tested for HM1 and SMH1 flames.
The two chemical mechanisms namely GRI 2.11 and GRI 3.0 are tested for their
capability to predict the flame conditions of HM1 and SMHI1. Effect of radiation on

turbulence-chemistry for these two flames is tested by comparing the results involving
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without radiation calculations. On the other end, HM3e flame which has the most
complex flame structure in terms of extinction is tested with SLEM. It is to be noted
that SLFM cases are involved with multiple flamelets solutions which are integrated
in the form of look-up tables. This chapter for the sake of simplicity is divided into
two sections. First section of results deal with SLFM and NAFM comparisons for
bluff body flames HM1 followed by SLFM applied to HM3e flame. Second section of
the chapter consists of SLFM and NAFM comparisons for swirl stabilized flame
SMHI1. A complete study on radiation coupled turbulence-combustion calculations

are presented for both HM1 and SMH1 flames in their respective results.

8.1 Experimental Details of Bluff-body Stabilized
Flames

The bluff-body burner used for experimental investigation of the flames by Dally et
al. (1998a; 2003) has an outer diameter, Dg, of 50 mm and a concentric jet diameter
Djof 3.6mm. A wind tunnel with an exit cross section of 254 x 254 mm encloses the
burner till the burner exit. Figure 8.1 shows schematic diagram of the bluff-body
flame along with measurement locations. The distance of these locations from exit of
the burner is normalized by bluff-body diameter Dg. Single point
Raman/Rayleigh/LIF technique has been used by Dally et al. (1998a) to measure
temperature and the concentration of stable species CO,, CO, H,O, H,, O, N; as well

as concentration of OH and NO.

With the intension for improving predictions using SLFM with LES, the present case
study is conducted for bluff body flames. HM1 and HM1e flames were observed to be
far away from blow off limits and therefore SLFM combustion model can be applied
with confidence. However, SLFM is tested for its predicting capabilities when applied
to HM3e flame because this flame is considered to involve high blow off limits. But
with the view to investigate the failure with HM3e flame based on SLFM
calculations, a multiple flamelet look up table is generated with flamelet solutions
from fully burning branch and extinguished state and tested for capability issues
related to SLFM for high blow off conditions. Both the flames, HM1 and HM3e are
considered with density variation dependence on mixture fraction alone as per the

discussion in chapter 7 where the density variations are very negligible with respect to
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HM and SMH flames (section 7.1.1). The fuel used in these flames is a mixture of

50% of CH4 and 50% of H, by volume. Table 8.1 shows the experimental conditions

for these two flames.
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Figure 8.1: Schematic of bluff-body burner with measurement locations.

(Courtesy: www.aeromech.usyd.edu.au/thermofluids)
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Table 8.1 Details of bluff body flames under study and their conditions

Fuel Flame Uitmss) ! Re; %Blow off | Tin(K) | fir | Taa(K)
Uc(m/s)
HM1 118/40 15800 50
CH4/H,
. HMIe 108/35 14461 50 208 | 0.05 | 2265
' HM3e 195/35 26110 90

Experimental errors associated with mixture fraction was found to vary from 2.3 % to

5.7% (http://www.aeromech.usyd.edu.au/thermofluids/main frame.htm).

The structure of a jet dominant bluff-body stabilized flame is shown in Fig. 8.1. It is
characterized by three distinct zones. The first zone consists of recirculation created
by flow separation due to presence of bluff body. This recirculation zone facilitates
stabilization of the flame as the hot products of combustion are made to mix with the
reactants. This zone has an outer vortex close to the co-flow air and inner vortex (not
shown in the figure) close to central fuel jet. Position of inner vortex is dependent
upon the fuel jet velocity. It shifts downstream on increasing the velocity and at
sufficiently high velocities it becomes part of the jet. Also, the outer vortex becomes
shorter and smaller. Downstream of the recirculation zone is the region of intense
mixing where local extinction and blow-off could occur when the fuel jet velocity is
increased. This is termed as neck zone and is a region of particular importance for
testing a combustion model for its accuracy in predicting extreme non-equilibrium
effects like local extinction. The third zone behaves like a jet and at sufficiently high

velocities shows re-ignition.

8.2LES Modelling of HM1 & HM3e Flames

Bluff body flames were studied in the past by various researchers using RANS and
LES. Dally et al. (1998b) conducted numerical investigation of these flames to arrive
at a modified k-€ model and Reynolds stress model which predict the spreading rate of
the jet better than the standard models. Li et al. (2003) tested Reynolds stress model
based turbulence closure on HMle flame with different pressure-strain models.
However, the above researchers concentrated on the improvement in turbulence

models rather than on combustion modelling aspects. Apart from these research

134 -



Modelling of Turbulent Non-premixed Bluff body and Swirl Stabilized Flames

findings there were researchers who developed combustion modelling like Liu et al.
(2005) who employed the Joint PDF model with augmented reduced mechanism for
the bluff-body flames with varying blow-off limits and found good agreement with
experimental data for the flame far from extinction. In a different case study, Kuan
and Lindstedt (2005) used a transported PDF approach closed at the joint scalar level
for the bluff body stabilized turbulent diffusion flames HM1. Merci et al. (2006)
studied the comparison of different micro-mixing models in scalar PDF simulations
for bluff body flames HM1, HM1e and HM3e. A qualitative distinctive behavior was
observed with these mixing models and quantitative comparison was performed with
experiments. In their study, HM3 flame was showing large discrepancies in
temperature and species predictions. Turbulence calculations were made with
Reynolds stress model. Therefore, in order to judge the SLFM model predicting
capabilities on HM3e, the present work attempts to simulate this highly fluctuating

flame which has the maximum blow off criteria.

Although RANS based simulations have been carried out in the past, the present day
computational power encourages carrying out LES based calculations and therefore
forms the prime target for SLFM studies on bluff body stabilized flames. Apart from
RANS based calculations, recently Kempf er al. (2006) have studied the performance
of flamelet modelling approach on bluff body jet flames namely HM1 and HMle
using LES. The present study is closely related to the above work with the
incorporation of multiple flamelets in the SLFM strategy and applied to HM1 and
HM3e flames. Kempf et al. (2006) showed deviations in temperature and species
predictions to some extent and significant errors in computed NO concentrations with
their SLFM studies. However, the present work deals only with temperature and
major species predictions like CO, and H,O. Prior to this Raman and Pitsch (2005)
used recursive filter refinement procedure for modelling bluff body flames using LES.
Excellent results were reported with temperature and all other species predictions.
Improved boundary conditions (co-flow boundary conditions) were specified to be
sensitive on the LES technique used in their studies. However, OH predictions were
showing significant differences from the experimental data. Based on the above
research findings with SLFM based LES studies, an attempt is performed to refine the
grid and utilize the SLFM with multiple flamelets to both medium and high blow-off
conditions for the existing bluff body flames HM1 and HM3e. Kim and Huh (2002)
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conducted the CMC model study of bluff body methane hydrogen diffusion flames
with different chemical mechanisms and suggested that GRI 2.11 proved to be
predicting well. Therefore, a comprehensive study on the effect of chemical
mechanisms is studied in the present work using LES applied to both bluff body and

swirl stabilized flames.

Parallel to SLFM studies, coupled calculations of radiation with turbulence using
NAFM concepts were performed on HM1 flame. RANS based calculations using
enthalpy defect concept for NAFM was studied in the past by Hossain et al. (2001)
and later extended by Ravikanti (2008) with Reynolds stress model. Hossain et al.
(2001) used single flamelet for every enthalpy defect shelf in their manipulation for
library where as Ravikanti (2008) attempted to include multiple flamelets in each of
the enthalpy defect shelf ranging from equilibrium to extinction. Both the above
studies were found to predict minimum effect from radiation calculations tested on
bluff body flames, HM1. Both the calculations were performed on RANS based
studies. Present LES coupled radiation study is the first in its kind for application to

flames like HM1 and SMH1 using the non-adiabatic combustion model, NAFM.

8.2.1Computational Details and Boundary Conditions

All the bluff body flame simulations in the current work include a computational
domain of dimensions equal to 200 x 200 x 250 (all dimensions are in mm). The axial
distance of approximately 70 jet diameters and the burner width of approximately 55
jet diameters is used in order to account the independency of flow entrainment from
the surroundings. Wall boundary conditions are defined at the co-flow boundaries.
The distance from the central jet is maintained at a sufficient distance in order to have
negligible effect from flow entrainment from the surroundings. A detailed study on
the location of the walls is performed on this type of flames and found that the flow
entrainment has minimal effect at a distance of 100mm away from the central jet
location. Therefore, the wall boundary conditions remain the same for simulations
involving bluff body and swirl stabilized flames. However, free entrainment
boundaries would be ideal for these kind of flame situations which can be
implemented in the future research work. An inlet jet velocity profile is specified with

a 1/7™ power law profile. Convective outlet boundary condition is used at the outlet
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surface and all the walls and co-flow boundaries in the domain have been treated as
adiabatic. No-slip boundary condition is used in the near wall flow using log-law wall
functions.

The validation of the combustion model is performed by comparison of radial plots at
different axial locations (normalized by bluff body diameter) for temperature and all
other species mass fractions i.e., at z/D = 0.26, 0.6, 0.9, 1.3, 1.8 and 2.4. The results
are discussed in detail later in this chapter. The average time to run the simulation on
a 4GHz machine with single processor for each case with flames HM1 and HM3e
takes around 20 days for HM1 and 35 days for HM3e for the flow to stabilize (t=30
ms) and thereafter 14 days (HM1) and 25 days (HM3e) for the collection of statistics
(t=20ms) for post processing. An overall 50ms is run for each simulation for the two

cases.

8.2.2Computational Grid

A Cartesian staggered non-uniform grid distribution of 100 x 100 x 120 in the X, Y
and Z directions to discretize the domain has been used to optimize the simulation
time. A detailed grid independence test was carried out by Ranga-Dinesh (2006) on a
similar flame conditions and concluded that one million grid points as the optimum
grid resolution. The computational geometry and grid details are depicted in the Fig
8.2. The radial grid distribution is maintained fine at the central jet region and
gradually made coarser towards the wall boundaries. Similarly in the axial direction,
uniform grid distribution is obtained in order to have sufficient grid points in both the
central region of the flame and above the bluff body regions. Thus, it is ensured that
the flame stabilization region where steep gradients in the flame are expected is well

resolved.
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Figure 8.2 Details of computational grid and domain with boundary conditions

specified.

8.3 Results and Discussion

Simulations of HM1 and HM3e flames have been conducted primarily to validate the
accuracy with which flow field is predicted by SLFM when used in conjunction with
LES. This section describes the results from both HM1 and HM3e flames. Initially the
flow predictions for both the flames are compared using vector plots. Later the mixing
and temperature predictions from HM1 flame are discussed followed by HM3e flame.
Effect of chemical mechanism used is also discussed for HM1 flame alone. Finally,
effect of inclusion of radiation and its comparison with LES without radiation is
presented. Without radiation case means implementation of the SLFM combustion
model alone (adiabatic conditions) for HM1 flame. Coupled radiation simulation
using NAFM is performed only for HM1 flame due to computational time constraints.
However, NAFM was successfully applied to swirl based SMH1 flame for the
importance of radiation effects on turbulent swirling flows and discussed later in the

chapter.
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8.3.1Flow Field and Mixing Predictions

Figure 8.3 shows the streamlines of axial velocity imposed on averaged temperature
contours near the bluff body. Firstly the different reaction regions of the system are
identified. It can be clearly seen that there are two counter rotating vortices in the
recirculation region. This double vortex comprises of an inner vortex close to the fuel
jet and an outer vortex between the inner vortex and co-flow air. The main reaction
zone where the preheated and partially reacted fuel and oxidizer meet which is located
at the end of two vortices. These vortices transfer enthalpy from the primary reaction
zone to the incoming fuel jet and the co-flow. The vortex structures result in three
distinguishable shear layers. The inner shear layer is a manifestation of the contact
between the high velocity fuel jet and the recirculating inner flow of inner vortex.
Middle shear layer which occurs between the inner portion of the flow in the outer
vortex and outer portion of flow in the inner vortex. The outer shear layer is found to
occur between the co-flow stream and the outer part of outer vortex. The low
stoichiometric mixture fraction of the fuel mixture helps to establish a thin reaction
zone in the outer shear layer. The inner vortex is characterised by mixture fractions
higher than the stoichiometric compositions and hence lead to lower temperatures and
reaction rates. The large density gradient in the outer shear layer leads to some

amount of vortex shedding.

As mentioned earlier, simulations were performed initially on the three different
flames HM1, HM1le and HM3e. HM1 and HM e resemble the same in many contexts
and therefore only HM1 flame is considered for discussions in further sections. The
above argument of three distinct zones in the flame applies for all the three different
flames but it is noteworthy for the clear distinction between HM1 and HM3e flames
with the inner vortex being destroyed in HM3e flame due to higher inlet fuel jet
velocity leading to weak middle shear layer. The outer vortex gets stronger in
intensity for the HM3e flame and therefore traps more air from the co-flow region and
unburned gases to produce higher temperatures above the bluff body in the

recirculation region.
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Figure 8.3: Streamlines of time averaged velocity fields from the simulation with

temperature contours behind.

The comparisons for radial profiles of mixture fraction obtained from measurements
and predictions are presented in Fig. 8.4. Predictions are obtained from SLFM based
combustion simulations using LES for turbulence closure. Predictions show good
agreement with data for the first two axial locations which fall within the recirculation
zone. In the neck zone (z/D =0.9, 1.3) and jet-like flow region (z/D > 1.8) the
centerline mixture fraction is considerably under-predicted due to the over-prediction
of decay rate of mixture fraction. However, the model captures the mixture fraction
distribution in the neck region with much higher accuracy as we go along the radial
direction. In the jet region, predictions are found to get improved with measurements.
However, the discrepancy in the under-prediction at most of the downstream locations
may be due to insufficient grid resolution and definition of boundary conditions. As
specified by Raman and Pitsch (2005) about the improvement in mixing predictions
with improved boundary conditions and higher grid resolution in the centerline region
all along the downstream of the flame, it is recommended to implement the same in

future. However, considering the computational cost and time restrictions, the present
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predictions are found to be far better in agreement with the data when compared with

the RANS calculations of Ravikanti (2008) with Reynolds stress model as turbulence

closure.
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Figure 8.4 Radial profiles of mean mixture fraction at various axial lengths of HM1
flame. Predictions obtained from LES calculations with SLFM involving GRI 2.11

mechanism.

8.3.2Temperature and Major Species Predictions - HM1
Flame

The radial profiles of mean temperature at various axial locations along the flame are
shown in Fig. 8.5. Numerically, the temperature profile shows a peak near the outer
shear layer (between the radius ~ 20 to 25mm) at z/D=0.26. Even though the mean
mixture fraction is predicted with reasonable accuracy, temperature profile indicates
enhanced reactions at the interface of the recirculation and co-flow zones. This could
indicate that the flamelet assumptions are not strictly valid in this zone. Centerline
predictions are found to be in accurate match with experiments. At all the locations
except z/D=0.26, temperature predictions are well captured with SLFM. The
significant difference in the mean temperature in the radial direction may be due to
possible deviation from flamelet regime. Predictions with both single and multiple

flamelets are tested for this flame. At the locations z/D = {0.26 to 1.3} multiple
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flamelets are better predicted compared to single flamelet solution. Inclusion of scalar

dissipation rate with multiple flamelet solution proved to be advantageous.
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Figure 8.5: Radial profiles of mean temperature at various axial lengths of HM1

flame. Predictions obtained from LES calculations with SLFM.

Emission predictions such as mean mass fraction of CO, and H,O are compared with
experiments as depicted in Fig. 8.6.and 8.7 respectively. Mass fraction of CO; in
general will follow temperature profile variations. However, with the SLFM, in the
present HM1 case it is found to have large under prediction in the first two axial
locations z/D = {0.26, 0.6}. Flamelet assumptions may not be strictly valid for CO,
predictions in the region just above the bluff body (at the axial locations z/D=0.26 and
z/D=0.6). Grid refinement in this region and advanced co-flow boundary conditions
would be one of the options for improvement in CO, predictions. However, based on
the present results, it is implied that large variations in CO; mass fractions just above
the bluff body has extreme sensitivity to local sub-filter models. In the midst of this
discrepancy the centerline values of the species CO; is very well captured. At the
remaining locations the present combustion model predicts extremely well with the
experiments. It is to be noted that flamelet solution with multiple flamelets performs
well when compared with single flamelet solution. There is a significant difference

between the two numerical solutions. The multiple flamelet solution with the
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inclusion of scalar dissipation rate variations results in better predictions. This
difference can be seen clearly at all the axial locations between radii equal to O to
20mm. In the region of co-flow, both numerical solutions are found to predict the
same. This gives an indication that inclusion of scalar dissipation fluctuations through
multiple flamelet solution has a definite influence in the highly turbulent recirculation

region above bluff body specific to species mass fraction predictions.
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Figure 8.6: Radial profiles of mean mass fraction of CO, at various axial lengths of
HMI flame. Predictions obtained from LES calculations with SLFM.

A similar result close to temperature is predicted with H,O mass fraction along the
burner as depicted in Fig. 8.7. The under-prediction at the initial location z/D=0.26 as
seen from temperature and CO;, mass fraction predictions continues with H,O mass
fraction as well. Multiple flamelet solution for SLFM proved to be beneficial for the
H,O mass fraction predictions at most of the locations. However, the centerline values
are better captured with single flamelet solution. Overall, SLFM with multiple
flamelet solution is found to be the more suitable a combustion model with LES for

HMI flame as per the present conditions.
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HM1 flame. Predictions obtained from LES calculations with SLFM.

8.3.3Mixing, Temperature and Major Species Predictions
- HM3e Flame

SLFM based combustion model is considered to be tested for its highest accuracy in
predicting the capabilities for flame physics with the strongest turbulence-chemistry
interaction involved with the well known Sydney flame series database. This present
section attempts towards the predicting capabilities of SLFM for HM3e flame. This
particular flame evolves toward global extinction and re-ignition in a limit cyclic
process. This particular flame is tested with both single and multiple flamelet solution
involved in combustion chemistry calculations. HM3e flame was of particular interest
in the recent past because of its high blow off limits and found to be only partly
successful with various combustion models involved (Merci et al., 2006). But with
the refined grid in the high shear region of the flame and present boundary conditions,
SLFM combustion model is tested for HM3e for its extinction and re-ignition
characteristics. This section of results highlights the mixing, temperature and species
predictions at different axial locations along the flame. Figure 8.8 shows the mixture
fraction profiles at various z/D locations. It is found that the centerline predictions in

mixing are under-predicted by significant values. However, these predictions show a
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good agreement along the radial direction after radius equal to Smm. At the
downstream locations z/D = {1.8, 2.4} numerical predictions crossover the
experiments and suggests that SLFM is unable to reproduce the large fluctuations in
the flame region at these locations where the flame tries to extinguish and re-ignite in
cyclic operations. Scattered data should represent the flame extinction and re-ignition

to most extent and therefore discussed later in this section for its flame diagnostics.
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Figure 8.8 Radial profiles of mean mixture fraction at various axial lengths of HM3e
flame. Predictions obtained from LES calculations with SLFM involving GRI 2.11

mechanism.

Any under-prediction in mixture fraction should reflect in over-prediction in
temperature and therefore corresponding variations in species predictions. In the
present simulation of HM3e, mixture fraction predictions are reasonably matched with
experimental data at locations except in the last two locations. From Fig. 8.9 it can be
seen that centreline values for temperature over-predict which is because of the
marginal under-prediction in mixture fraction at these locations. Whereas at the
remaining radial distances at the axial stations (z/D=0.26 to 1.3), temperature
calculated numerically matches very well with experiments. Temperature at the last
two locations (z/D=1.8, 2.4) is found to be over-predicting but observed to follow the

trend with the experiments. Over-prediction in temperature at these two axial
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locations is due to under-predicting nature of mixture fraction. Similar to HM1 flame,
both single and multiple flamelet solution is utilized for combustion calculations for
HM3e flame. Multiple flamelet solution is found to be advantageous for the bluff
body flame predictions. At all the initial three locations (z/D=0.26 to 0.9) multiple
flamelet lookup table strategy predicted well for temperature replication through
numerical code. At the last two locations, single flamelet data resembles close to
experiments. But however, based on the mixing patterns at these locations, we can
depend only to a minimum for the predicting capability of SLFM under such highly

fluctuating flame regions.

2000k E/D=0.26 2000F 2/D=0.6 |50 _ z/D=0.9
1500[ 1500 1500}
) E
= 1000 1000 1000

5007/ ———- Single Flamelet 500 500
R® = Experiment [
Multiple Flamelets
) S S A A L 1 1 1 1

P IR
05 70 15 20 25 30 O 5 Tf0 1520 25 30 %

2000F 2D=1.3 15000} 2/D=1.8) 5000}
1500 1500} 1500}
g ’
= 1000f

1000 1000F

500} 500 500}

L L L L L L L L
0 ~"5 70 15 20 25 80 %5 f0o 15 20 25 30 0 5 10 15 20 25 30
Radius (mm) Radius (mm) Radius (mm)

Figure 8.9: Radial profiles of mean temperature at various axial lengths of HM3e

flame. Predictions obtained from LES calculations with SLFM.

Major product species CO, and H,O can be expected to follow a similar trend like
temperature in this regard. Figure 8.10 and 8.11 shows the CO, and H,O mass fraction
profiles at specified axial locations respectively. Both these species show an over-
prediction in centerline values in their respective mass fractions. This is due to the
above discussed reasons where mixture fraction under-predicts. At the axial locations
z/D=0.26 to 1.3, at a radial distance from Smm to outward direction, SLFM agrees

well with the experiments similar to the statements that we prescribed for temperature
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predictions. Last two axial locations are found to be problematic with species

calculations as well.

But considering the accuracy of SLFM in reproducing the flame properties for HM1
and HM3e, it can be concluded that even though SLFM fails to predict to some degree
with highly fluctuating flames as HM3e particularly in downstream regions of the
flame, it can be used with confidence for bluff body flames. Mass fraction of CO is
found to be over-predicting by huge margin with multiple flamelet solution in the
combustion calculations at the last three axial locations (z/D=1.3 to 2.4) in Fig. 8.12.
At these locations, single flamelet solution is found to predict closer to experimental
data. But at the initial three axial locations (z/D=0.26 to 0.9) multiple flamelet
solution proves to be beneficial. The centreline CO mass fraction values seem to over-
predict at all the axial locations irrespective of the flamelet solution used. However, at
the locations z/D = 0.6 and 1.3, multiple flamelets through lookup table strategy for
SLFM predicts better when compared to single flamelet solution. While at location
z/D=0.26 single flamelet solution for SLFM agrees well with experiments. SLFM
with multiple flamelets again proved to be beneficial for species predictions but only

at the axial locations in the upstream region of the flame.

Recently Liu et al. (2005) performed studies on bluff body flames with joint PDF
model and HM3 was one of the flames in their research. A similar discrepancy was
observed at the last two axial locations z/D = 1.8 and 2.4 in their calculations as well.
When compared to their studies, the present SLFM combustion model predicts better
and close to the experiments at most of the axial locations with regard to all scalars.
However, the computations at last two axial locations seem to be in contradiction with
the experiments for both the combustion models. Flame extinction and re-ignition
properties are represented with respect to scattered data of temperature with mixture
fraction at various axial locations along the burner. Experimental data collected at the
same z/D locations are depicted in Fig. 8.13. At the initial three locations z/D=0.26 to
0.9, flame temperatures remain close towards the equilibrium. But at the last three
axial locations (z/D=1.3 to 2.4) downstream of the burner, the flame temperature is
found to fluctuate with extinction and re-attaching features which resulted in scattered

temperature data all along from equilibrium to mixing limits.
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Predicting scattered data through numerical code for close agreement with
experimental data is a challenging task for any combustion model. Scattered data is
used for the representation of flame extinction and re-ignition characteristics. Fig.
8.14 shows the scattered data computed numerically at different axial locations. The
data is collected for a time of 10ms with collection interval of scattered values for
every 0.2ms. At axial location z/D=0.26, the scattered data computed numerically
shows distribution of data covering the entire solution space from mixing to
equilibrium. But at this location, experiments show more towards the equilibrium
values. At locations z/D=0.6 and 0.9, the data points are found near to equilibrium
limits in good agreement with the experimental scattered data. The limits of
temperature and mixture fraction are also well predicted with the numerical
simulation at almost all the locations. At the last three axial locations, computational
results show most of the data towards equilibrium whereas experimental data (Fig.
8.13) shows most of the data in between mixing and equilibrium limits. However,
considering the past research failures with the studies involving HM3e flame,
improvisation of the present SLFM combustion model with multiple flamelets proved

to be beneficial and predicting well for flames involving with high blow off limits.
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Figure 8.10: Radial profiles of mean mass fraction of CO, at various axial lengths of

HM3e flame. Predictions obtained from LES calculations with SLFM.
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8.3.4Effect of Chemical Mechanism — HM1 Flame

In order to verify the effect of chemical mechanism on the numerical predictions,
SLFM based HM1 flame simulations are conducted with detailed chemical
mechanism of the GRI 3.0 (Smith ez al. 2007) and GRI 2.11 (Bowman et al. 2007).
The GRI 3.0 mechanism is a successor to the version 2.11 and comprises of 53
species with 325 elementary chemical reactions (hydrocarbon + nitrogen chemistry)
in comparison to the 277 elementary reactions and 49 species with GRI 2.11. Notable
modifications include changes in CH kinetics which are important to the Prompt NO
formation. A previous study conducted by Kim and Huh (2002) on the HM1 flame
has shown that the GRI 3.0 over-predicts NO twice as high as GRI 2.11 while the
temperature and major species predictions are more or less similar to those from GRI
2.11. However, these findings are obtained from CMC model based combustion
calculations and hence, whether or not they could be generalized was not certain.
Hence, performance of GRI 3.0 has been re-investigated with the present SLFM based
calculations. The mean temperature predictions of LES calculations of HM1flame
with SLFM combustion model for the two different chemical mechanisms are

compared to measurements in Fig. 8.15.
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Figure 8.15: Radial profiles of mean temperature at various axial lengths of HMI
flame. Predictions obtained from LES calculations with SLFM for different chemical

mechanisms used.

- 151 -



Modelling of Turbulent Non-premixed Bluff body and Swirl Stabilized Flames

Similar to the findings of Kim and Huh (2002), no noticeable improvement in
temperature predictions are observed with the GRI 3.0 mechanism. However, GRI 3.0
mechanism results in a predominantly over-prediction of mean CO, mass fraction at
the interaction of recirculation zone and co-flow region as shown in Fig. 8.16. But at
the remaining radial distances for all the axial locations, both the mechanisms are
observed to result in similar manner for the mean CO, mass fraction. For the other
major species investigated in the current study include H,O where both the
mechanisms have been found to result in similar pattern with very marginal over-
prediction with GRI 3.0 (Fig. 8.17). Thus, from temperature and major species
comparisons, the relatively new detailed GRI 3.0 mechanism seems to give no
improvement in predictions when compared to GRI 2.11 for major species. Either of
the detailed hydrocarbon chemistry GRI 2.11 or GRI 3.0 can be used for the present
study where both temperature and compositional structure are of interest. However,
both these mechanisms are again tested with swirl based SMHI1 flame later in this

chapter.
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chemical mechanisms used.

8.3.5Non-adiabatic Flamelet Modelling - HM1 Flame

Consideration of radiation calculations in LES for the present flame HMI1 involves
solving for enthalpy equation with the implementation of the concept of enthalpy
defect (Section 7.1.2) with NAFM combustion model. Using NAFM, we interpret the
results and compare with SLFM case under similar boundary conditions. This section
of results discuss the effect of radiation on turbulence-chemistry with comparison of
mean mixture fraction, temperature and major species of products like CO, and H,O

by their radial plots at various axial locations along the burner.

Details of radiation calculations involved are discussed in chapter 5 which require ray
tracing information to be stored in a file called RAY.dat and is recalled when ever
radiation calculations are performed. But this ray file depends on the mesh size and
therefore an increase in mesh size will increase the computational overhead to read
the file and store in the memory for radiation calculations. Therefore, considering the
computational memory issues, all the radiation calculations in the present work are

performed with 16 GHz machine with dual core processor and are limited to 1 million
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grid nodal points. Hence in order to implement the NAFM with LES for HM1 flame,
the grid originally used for the above SLFM studies has to be changed from
100x100x120 to 100x100x100. The grid refinement is changed only in z-direction
from 120 to 100 keeping the uniformity of the mesh. This one million mesh is
therefore used for the HM1 NAFM calculations and results are compared with one
million mesh for SLFM case only. Therefore, both SLFM and NAFM cases are
undertaken with one million in grid size each. However, in order to find the difference
in the results with the change in the mesh, we first compare the effect of grid on

mixture fraction and other scalars.

Figure 8.18 shows the mixture fraction radial plots for the two mesh configurations.
Effect of mesh size on the mixing patterns remains the same till axial location of
z/D=1.3. At the last two locations, 1.2 million grid provides a better solution close to
the experiments. However, with both the grids, there is a significant under-prediction
in the centerline values. Mixture fraction profiles thus convey that change in grid size

has minimal effect on mixing.
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Figure 8.18 Radial profiles of mean mixture fraction at various axial distances for
HMI1 flame. Predictions obtained from LES calculations with SLFM involving GRI

2.11 mechanism.
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Temperature profiles at the initial two axial locations show a good agreement for one
million grid case which are found to predict close to the experiments as shown in Fig.
8.19. However, the profile that has a close trend towards experiments is 1.2 million.
The peak rise in temperature at z/D=0.26 at the interface between co-flow and outer
recirculation zone still persists irrelevant of the grid distribution. At the remaining
axial locations, simulation with 1.2 million grid nodes predict close to the
experiments. Considering the difference between the two cases, one million grid
nodes can be used for studying radiation effects without loosing much information.
Hence, keeping the computational difficulties in mind, one million grid distribution is
considered for testing NAFM. Finally in order to check the predicting capabilities of

NAFM, major species mass fractions are compared next in the section.
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Figure 8.19 Radial profiles of mean temperature at various axial locations for HM1
flame. Predictions obtained from LES calculations with SLFM involving GRI 2.11

mechanism.

The mean mass fractions of CO, and H,O are shown with the radial plots at various
specified axial locations in Fig. 8.20 and 8.21 respectively. CO, mass fractions at the
initial three locations indicate positive results for the one million grid while at the
locations z/D=1.3 and 2.4, 1.2 million case results with its predictions close to

experiments. At location z/D=1.8, one million mesh case gives closer agreement with
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experiments. But with the predictions of mass fraction of H,O which provides better
results with 1.2 million grid case. However, considering the computational constraints
in applying higher resolution mesh as discussed earlier, we undertake the detailed
study of NAFM and compare with SLFM. The same scalars are considered for the
prediction of NAFM and its effect on the medium to high luminous flames like HM1
when compared with SLFM.
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Figure 8.20 Radial profiles of mean mass fraction of CO, at various axial lengths of

HMI flame. LES with SLFM tested for two different grid configurations.

The effect of radiation on mixing, temperature and other species are discussed next.
Figure 8.22 shows the mixture fraction profiles for NAFM and SLFM compared with
experiments. At the first axial location z/D=0.26, both the cases predict in a similar
way. At the remaining axial locations z/D = {0.6 to 1.8} radiation model, NAFM
outperforms SLFM and predicts very close with experimental data. The under-
prediction in the centreline values is less with NAFM at most of the axial locations.
At z/D=1.3 and 1.8, NAFM proves to be beneficial with no under-prediction at the
centreline values. However, at the last location, both the models behave in a similar
pattern. Overall, the mixing profiles are found to improve with NAFM strategy and
therefore effect of radiation cannot be neglected for such moderate to high luminous

flames.
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Figure 8.21 Radial profiles of mean mass fraction of H,O at various axial lengths of

HMI flame. LES with SLEM tested for two different grid configurations.

1

1

1

. z/D=0.26 2/D=0.6 z/D=0.9
K.
0.8 088, 08
_E | m ———~Without R_a@iation
E 06k With Radiation 06 0.6
st m  Experiments I
g | [ [
£o0.4}f 0.4 0.4
Z T [ [
= | I i
0.2 0.2 0.2 r
% 30 % 0 30
1 1 1
i z/D=1.3 b z/D=1.8 + z/D=2.4
0.8 0.8 0.8l
= I I |
g |
k= L L |
gosf 0.6 0.6
= .y i I
£ b 1 [
E 0.4 0'4f 0.4}
E L
0.2 I 0.2 I 0.2 "
i N i N i ~
Owwwwlwwwwlwwwwlwww\\ ! L o) SPSHNN IS S S Lo ol it 1 ! L
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

Radius (mm)

Radius (mm)

Radius (mm)

Figure 8.22 Radial profiles of mean temperature at various axial lengths of HMI1

flame for comparison of SLFM and NAFM combustion models
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Radial temperature profiles at various axial locations are depicted in Fig. 8.23 with
and without radiation effects. Radiation definitely has an effect on the temperature
profiles in the present case which is better explained as below. Results from adiabatic
case with 1.2 million mesh is also shown for the effect of grid size on temperature
pattern. However, the comparison is only discussed with respect to 1 million mesh
case. At locations z/D = {0.26 to 0.9} temperature is found higher than the adiabatic
case and shows a good agreement with the experiments. Locations z/D=0.26 and 0.6
fall very close to the jet base and bluff body, where NAFM have been observed to
predict close with experiments. This particular region is considered more complex as
the two contour rotating recirculation zones traps the mixture of fuel and air makes
the flow complex in nature and is observed to predict high temperatures. Prediction of
this high temperature pattern through NAFM combustion model is advantageous. At
locations z/D = {0.9 and 1.3} radiation results proved to be closer with experiments.
At the location z/D = 1.8, NAFM model matches very close with experiments from
centreline to a radial distance of 10 mm while SLFM over-predicts. All three regions
the recirculation zone, neck region and jet like region are well captured with NAFM

than SLFM combustion model.
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Figure 8.23 Radial profiles of mean temperature at various axial lengths of HMI1

flame. LES with SLFM and NAFM tested for effect of radiation.
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As temperature profiles are seen predicting well with NAFM, species predictions are
also expected to be improved with NAFM rather than with SLFM. Radial plots of
mass fraction of CO, are depicted in Fig. 8.24 for predicting the effect of radiation.
The two extreme peaks in the mass fraction of CO; as seen at location z/D=0.26 is
due to the two shear layers that are formed between inner recirculation, outer
recirculation zone and co-flow velocity. These peaks are better reproduced with
NAFM than SLFM. NAFM is found to capture the mass fraction from centerline till
radius of Smm in a good agreement with measurements both at initial two axial
locations z/D=0.26 and 0.6. However, after radius equal to Smm at these locations, a
large under-prediction is found with both SLFM and NAFM. Out of these two
models, NAFM predicts closer to experiments. At z/D=0.9 and 1.3, SLFM shows
better predictions than NAFM in the radial locations from 0 to 15mm. But after this
radial location, NAFM results are found to agree well with experiments. At the last
two axial locations, which fall in the jet like region, there is no much difference found

between the results from without and with radiation calculations.
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Figure 8.24 Radial profiles of mean mass fraction of CO, at various axial lengths of

HM1 flame. LES with SLFM and NAFM tested for effect of radiation.
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The under-prediction of CO, mass fraction at the initial two axial locations which are
close to the bluff body base is most likely due to the incapability of the flamelet
model at these highly recirculating regions. Overall, CO, mass fraction is observed to
capture well with NAFM simulation. Mass fraction of H,O at various axial locations
is depicted in Fig. 8.25. At all the axial locations NAFM provides better results than
SLFM. There is a little over-prediction in the centreline values with both the models.
However, when compared to simulations without radiation effects, NAFM results are
in closer agreement with the measurements. In NAFM calculations, it is considered
that radiation losses are mainly due to H,O and CO,. Hence the energy dissipation and
absorption are controlled by these two species which has a direct impact on
temperature distribution. Therefore, turbulence with NAFM would ideally be more
physical and should be closer with the measured data which has been observed with
both species in Fig. 8.24 and 8.25. From the radial plots of temperature, mass fraction
of H,O, and mass fraction of CO, (Fig. 8.23 to 8.25) it is also seen that grid has an
effect on the flow patterns for temperature and species concentrations. However, the
percentage of effects from radiation and grid can be only judged when radiation

calculations from 1.2 million case is performed.
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Figure 8.25 Radial profiles of mean mass fraction of H,O at various axial lengths of

HM1 flame. LES with SLFM and NAFM tested for effect of radiation.
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The main observation from the above plots highlight higher predictions with NAFM
than SLFM from axial locations z/D=0.26 to 1.3 for temperature and species mass
fractions.. This under-prediction from adiabatic case (without radiation) when
compared to NAFM in the high temperature recirculation zones may be due to the
solution procedure for enthalpy equation in the NAFM which is not solved in SLFM.
Involvement of enthalpy in the form of energy equation in NAFM results in difference
in the temperature contours and higher in its value when compared to SLFM. The
contour plot of Favre averaged temperature at the mid-plane for the two cases is
depicted in Fig. 8.26 which clearly shows the difference in the patterns for

temperature field all along the flame.
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Figure 8.26 Contour plots of temperature highlighting the flame shapes with two

different cases: (1) without radiation and (2) with radiation.

As discussed earlier, the mixing patterns were better captured with NAFM and can be
seen from Fig. 8.26 which also shows the intensely high temperature regions above
the bluff body region where the two contour rotating recirculating regions exist. With

SLFM, the flame temperature is observed to be elongated rather than stabilized. The
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necking zone is captured well with both the models. The temperature contours is
clearly seen to be shifting in the downstream portion of the flame (near to jet like
region) with the simulation results from NAFM with radiation (right hand side in Fig.
8.26) when compared with SLFM (without radiation) (left hand side in Fig. 8.26). At
all the locations along the central axis (Fig. 8.26) inclusion of radiation (NAFM)
resulted in lower temperature values when compared with SLFM. But the radiating
characteristics of products of combustion makes the flame expand more in the radial
direction and therefore the spread of temperature can be observed to be more on the
right hand contours with radiation in the radial direction. This radial distribution of
temperature all along the flame can be better explained with the instantaneous plot of
temperature as shown in Fig. 8.27. It is very obvious that low to medium temperature
patches can be seen all along the axial direction surrounding the flame which is due to
the radiation heat sources generated from H,O and CO, from high temperature

regions.
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Figure 8.27 Instantaneous temperature contours at the mid-plane for the NAFM case.
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8.4 Experimental Details of Swirl Stabilized
Flames

Here combustion models SLFM and non-adiabatic flamelet model, NAFM are tested
with CHy:H, (1:1) fuelled swirl stabilized flame which was experimentally studied by
Al-Abdeli et al. (2003) and Masri et al (2004). This flame is observed to be devoid of
any flame extinction phenomena and therefore suitable for studies with laminar

flamelet based models.

Swirl stabilization in flames is the most advanced technological flame control and
stabilization process involved with any modern gas turbine engines. Sydney swirl
flame experiments provide a high quality database for the validation of numerical
codes. From this set of series the very well known SMHI flame is selected for the
present numerical validation. The details of the burner are depicted in Fig. 8.28. The
burner has a central jet diameter of 3.6 mm with bluff body surrounding it with a
diameter of 50 mm. The dimensions of the wind tunnel are 250mm x 250mm which
covers the burner. Swirl is induced from three tangential ports to attain a swirl number
of 0.32 at the swirl inlet located at the jet base. A central fuel jet consists of CH4/H,
(1:1) with an inlet velocity (U)) of 140.8 m/s. The swirl annulus covers the bluff body
with an outer diameter of 60 mm. The axial (U;) and tangential (W,) components of
swirl velocity are 42.8 m/s and 13.8 m/s respectively. The ambient co-flow has an
inlet velocity (U,) of 20 m/s. The velocity field measurements showed a large
recirculation zone just above the bluff body. This flame also found to exhibit a
secondary vortex breakdown recirculation zone and a strong necking region. The
upstream behavior of flow exhibited a highly rotating, downstream collar-like flow

feature in region upstream of the second recirculation zone.
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Figure 8.28 Schematic of experimental test facility for the SMH1 Flame.
(From: www.aeromech.usyd.edu.au/thermofluids)
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8.5 LES Modelling of SMH1 Flame

8.5.1Computational Details and Boundary Conditions

The computational domain has dimensions of 200x200x250 (mm). The axial distance
of approximately 70 jet diameters and the burner width of approximately 55 jet
diameters is considered in order to account the independency of flow entrainment
from the surroundings. An inlet jet velocity is specified at the inlet with a 17" power
law profile. Convective outlet boundary condition is used at the outlet plane and all
walls and co-flow boundaries are treated as adiabatic. No-slip boundary condition is
used in the near wall flow using log-law wall functions. For radiation calculations the
boundaries are assumed to be black walls at 300 K. Temperature and species mole
fractions of CO; and H,O are read into the radiation code and absorption coefficient
field is calculated. In order to check the effect of number of rays, two different LES-
DTM coupled calculations are performed with number of rays equal to 100 and 256.
The computational time for radiation calculations is reduced by providing the stored
ray file (contain ray tracing information) as an input to the radiation code when ever it

is required.

The validation of the combustion models are performed by comparison of radial plots
at different axial locations (normalized by bluff body diameter) for temperature and
all other species mass fractions i.e., at z/D = 0.2, 0.4, 0.5, 0.8, 1.2, 1.6, 2.5 and 3.5.
The results are discussed in detail later in this chapter. All the SLFM cases are
performed on a 4GHz memory machine while all NAFM cases involving radiation are
performed on 16 GHz memory machine. The average time to run the SLFM
simulation on a 4GHz machine with single processor for each case with flame SMH1
takes around 25 days for the flow to stabilize (t=30 ms) and thereafter approximately
15 days for the collection of statistics (t=20 ms) for post processing. A total of 50 ms
for the entire simulation is performed for swirl stabilized flames considering sufficient
flow stabilization. The time taken for NAFM on a 16 GHz memory machine for
SMHI1 flame takes around 45 days for the flow to stabilize (t=30 ms) and thereafter
approximately 30 days for the collection of statistics (t=20 ms) for averaging the data

for post-processing.
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8.5.2Computational Grid

A Cartesian staggered non-uniform grid distribution of 100x100x100 in X, Y and Z
directions are specified to discretize the computational domain with a total of one
million grid points in order to optimize the simulation time. The computational

geometry and grid details are depicted in the Fig 8.29.

The radial grid distribution is maintained fine at the central jet region and gradually
made coarser towards the wall boundaries. Similarly in the axial direction, uniform
grid distribution is obtained in order to have sufficient grid points in the central region
of the flame and above the bluff body regions. Grid pattern is almost the same as
maintained for HM1 and HM3e flames. Therefore, with the present swirl flame it is
ensured that the flame stabilization region where steep gradients in the flame are

expected is well resolved.
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Figure 8.29 Computational details of SMHI1 flame
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8.6 Results and Discussion - NAFM

This section presents the results from various numerical simulations performed on
SMHI1 flame. The following cases are tested in the present work: (i) LES without
radiation, (ii) LES coupled with radiation for 10x10 rays, (iii) LES coupled with
radiation for 16x16 rays and (iv) LES coupled with radiation for 16x16 rays with
radiation calculations operated for every 0.18 ms in the numerical procedure. All the
above cases are compared with experimental data. LES calculations without radiation
indicates combustion model with SLFM. Multiple flamelets are considered for SLFM
case in order to have more precision with respect to flamelet solution. Flame
stabilization is achieved by either introducing geometric features like the bluff body
or by inducing swirl. Swirl involves the most complex flow structure which is
generally used for flame stabilization. Numerical methods often find very difficult to
capture the flow structure induced by swirl. Figure 8.30 shows the flow pattern with

streamlines of axial velocity plotted on temperature contours.

20 | 40 @ 60
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Figure 8.30 Streamlines of axial velocity plotted against temperature at the centre

plane
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The two recirculation zones which are responsible for the flame stabilization process
above the bluff body are predicted very well by numerical simulation. The two
counter rotating vortex zones lead to high temperature regions above the bluff body.
Results are presented for velocity flow field and comparison with experiments.
Temperature, mixture fraction and species mass fractions are compared with

respective experimental data. Effect of radiation is highlighted in all the above results.

8.6.1Flow Field Predictions

The axial and swirl components of velocity are compared with the experimental data
for their mean and fluctuating values at various axial locations. Figures 8.31-8.34
depict the velocity comparisons with measurements. The axial velocity <W>
comparisons are found to be very well captured with numerical code when compared
with experiments (Fig. 8.31). Except at one downstream location z/D=2.5, LES
resolves the axial velocity component very well. Recently, Ranga-Dinesh (2007)
studied for vortex breakdown in SMH1 flame and found similar discrepancy in the
results with LES at the above axial location. Fluctuating component of axial velocity
is found to predict reasonably close to the experimental data in Fig. 8.32. But
predictions were found deviating from the measurements at the radial regions 1/R =
{0.9-1.2} for axial locations of z/D = {0.8-3.5}. Figure 8.33 shows the comparison of
swirl component of velocity <U> at different axial locations. Swirl velocity has been
provided with the axial and tangential velocity components in the LES numerical
solution. The increase in the swirl velocity pattern at radial distance of /R = {1.0-1.2}
at the initial three axial locations are captured well enough with both the models
(NAFM and SLFM). However, the discrepancy in the predictions can be found in the
further downstream locations. The flame characteristics with combustion involved
makes the flow structure very complex and therefore results in the fluctuations in
numerical predictions. Figure 8.34 depicts the fluctuating component of swirl velocity
with a reasonable agreement with the experiments. LES with radiation effects and
without radiation, show a similar trend in the velocity profiles. Hence this concludes
that radiation has minimal effect on flow structure with respect to velocity field. This
also indicates that density fluctuations which depend on temperature, has very
minimal effect with radiation calculations. However, predictions of temperature and

other major species will provide an insight for the importance of radiation effects.

- 168 -



Modelling of Turbulent Non-premixed Bluff body and Swirl Stabilized Flames

<W> [m/s]

<W> [m/s]

7/D=0.2

150

— With Radiation
———- Without Radiation

1001 A
= Experiments

2/D=0.8

<W> [m/s]

-20,

0.2

016 0‘.8 1

'R

0.4
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8.6.2Mixing, Temperature and Major Species Predictions
- SMH1 Flame

Performance of NAFM has been assessed through comparison between experiments
and predictions from adiabatic flamelet model. Figure 8.35 shows the predictions of
mean mixture fraction from NAFM and adiabatic model compared with
measurements. The plots show very close agreement with the experiments and both
the models show similar trend in mixing. Radiation results are highlighted with two
set of rays i.e., 10x10 and 16x16 rays. Both show a similar trend at all the axial
locations. However, mixture fraction variance is the parameter which determines the
fluctuations in the mixing field and Fig. 8.36 shows the comparison of experiments
with the predictions for the two models. A similar trend to mean mixture fraction is
observed for its variance. Simulation with 16x16 rays alone is shown in Fig. 8.36 for
comparison with SLFM adiabatic model. Inclusion of radiation calculations has

significant influence on the mixture fraction variance.
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Figure 8.35 Radial plots for mixture fraction at different axial locations

Radial profiles of mean temperature at various axial locations are compared in Fig.

8.37 for predictions with experiments. NAFM with the inclusion of radiation effects
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(both 10x10 rays and 16x16 rays) predicts better when compared with SLFM (without
radiation) case. Radiation coupled with LES calculations gives a close agreement with
the experiments for mean temperature and the difference in the mean values at most
of the locations could be clearly seen from Fig. 8.37. SLFM over-predicts in all the
downstream locations whereas NAFM with the radiation heat losses, predict close to
the experiments. This gives an indication of the importance in the effects of radiation
in a medium to high luminosity flames like SMH1. However, at the last location far
away in the downstream portion, both the models are found to differ from
measurements at the centerline locations. This resembles the incapability of the
flamelet model in the highly fluctuating region like the downstream locations of
z/D=2.5 and z/D=3.5. Radiation losses can be clearly depicted from the drop in
temperatures when compared with adiabatic model at almost all the downstream
locations from z/D = {0.8-3.5}. Therefore, the radiation heat loss can be categorized

as strongly influencing on the temperature flow field in the present simulation.

Effect of radiation is found to be very negligible at the central axis from locations
z/D=0.2 to 1.6. At the last two axial locations, effect of radiation is observed to have
an influence because of the flame fluctuations due to temperature variations that are
formed only after an axial distance of 125 mm (z/D=2.5). Below this axial location,
the temperature variations are very minimal. This can be better depicted from Fig.
8.38 where the contour plots for temperatures with radiation and without radiation are
shown. The turbulence generated due to vortex break down in the downstream portion
of the flame generates high temperature variations which lead to large fluctuations in
radiation intensities and thus the effect of radiation at the central axis is found only at
the last two axial locations from Fig. 8.37. Along the central axis till the axial distance
of z/D=1.6, the effect from radiation is negligible due to the lower temperature
fluctuations which is mainly occupied by fuel and oxidizer mixture. Whereas, in the
outer regions of the flame for these axial distances, flame temperature fluctuations are
high and therefore the effect of radiation at these radial locations (t/R>0.2) are clearly

seen in Fig. 8.37.
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The contour plot of temperature provides a clear picture of the flame with respect to
the high temperature zones. Figure 8.38 depicts the mean temperature contours at the
centre plane for both the models. There are three recirculation zones as observed in
the experiments, two above the bluff body region and one in the central vortex
breakdown region in the downstream of the flame. Both the models (NAFM and
adiabatic SLFM) predict these flow characteristics very well. A low velocity
recirculation zone creates a high temperature region, which is shown in Fig. 8.38 with
both SLFM and NAFM calculations. However, there is a change in the temperature
contours for the two models as seen at the central plane (x=0) from Fig. 8.38.
Considering the temperature values along the centerline of the burner, NAFM (with
radiation included) predicts lower temperatures when compared with SLFM adiabatic
model. Therefore, radiation effects cannot be neglected for swirl flames of this kind.
The radiation losses due to emitted species like CO, and H,O are the main source of
temperature drop. The flow pattern above the bluff body governs the high temperature
region. With radiation effects included in NAFM, this zone of temperature for flame
stabilization is spread equally all over above the bluff body. But with the case of
SLFM adiabatic model, the flame temperature above the bluff body (Fig. 8.38 -
without radiation) is observed to elongate in the axial direction and therefore
predicting lower temperatures compared to NAFM case. This gives an indication that
radiation effects are controlling the temperature pattern in the re-circulation zones

above the bluff body.

With NAFM simulation, the most important observation is that the flame diffuses
more in the radial direction (Fig. 8.38). This is due to the strong emitting
characteristics of the flame mainly from the products of combustion like CO, and
H,0. The amount of heat loss due to radiation to the surroundings is depicted through
the spread of temperature in the radial direction all along the flame length as seen
from NAFM case (with radiation). The above argument can be supported with the
results of instantaneous temperature contour plots as shown in Fig. 8.39. The patches
of medium to low temperature are seen around the flame in the entire region. This
cluster of temperature zones are due to the radiation heat loss caused from highly
emitting products to the surroundings. This results in the radial diffusion of mean

temperature as shown in Fig. 8.38.
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Products of combustion like H,O and CO, are calculated for the present flame
configuration. Figure 8.40 and 8.41 shows the predictions of mass fraction of H,O and
CO,; respectively compared with experiments. H,O predictions are better captured
with simulations with radiation involved. At the initial three locations z/D = {0.2, 0.5,
0.8} simulations without radiation is under-predicted. Radiation calculations are
found to predict well very close with the experimental data at these locations. At the
remaining locations, downstream of the burner, inclusion of radiation effects seems to
improve the results. Results with radiation case are found to be in close agreement
with experiments in these downstream locations. The predictions from both numerical
models are found to over-predict between r/R=0.4 and r/R=0.8. But results with

radiation calculations are found to be in better agreement with experiments.

Temperature measured from experiments at all the axial locations for radial distance
/R = (0.4 to 0.8) from Fig. 8.37 shows lower values when compared with
computational results, indicating that radiation losses are very significant in these
locations. Mass fraction of CO, and H,O is expected to behave in the similar trend.
H,0 mass fraction predictions are observed to follow the similar profiles to that of
temperature at almost all axial locations in Fig. 8.40. But with the predictions of mass
fraction of CO,, inclusion of radiation effects is found to over-predict and numerical
simulations without radiation case is found to under-predict in the upstream portion of
the flame. However, NAFM radiation case is clearly seen to follow similar trend of
experimental data all along the radius. At the initial two axial locations, SLFM
without radiation case is found to predict a sudden jump (peak) in mass fraction of
CO; at radial location 1/R~0.8. NAFM with radiation case is found to be predicting
well with no sudden rise in its values at these radial distances similar to measured
values. Based on the results discussed, it can be concluded that radiation plays a vital
role in determining the flame characteristics and therefore cannot be neglected for any

reacting flow simulation.
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Figure 8.40 Radial plots for mean mass fraction of H,O at different axial locations

The performance of NAFM is studied with radiation calculations performed for every
0.18 ms in the transient simulation of LES in order to reduce the computational time
involved as discussed earlier. Figure 8.37 shows the temperature profiles with the
difference between the radiation calculations operated for every time step (With
Radiation 16x16) and with an interval of 0.18 ms (With Radiation 16x16-0.18 ms).
There is not much difference found in the temperature profiles with the two radiation
LES results. Similar results were observed with mixture fraction and other species
(not shown). Therefore, it is highly recommended to implement the radiation
calculations every 0.18 ms in order to save the computational time. However, the
present research deals with radiation calculations every time step in order to attain the
highest accuracy in the results. But considering the computational time involved,
calculations performed every 0.18 ms would be ideal for inclusion of radiation effects
in LES combustion for swirl flames of this category. The reason for under-prediction
with SLFM for temperature and species compared to NAFM would be same as

explained with HM1 radiation results (Section 8.3.5).
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Figure 8.41 Radial plots for mean mass fraction of CO, at different axial locations

8.6.3Effect of Number of Rays Fired

A detailed study is conducted for a number of rays to be fired in the DTM code in
order to attain the maximum possible accuracy in terms of radiation intensity and
source. As specified earlier, considering the computational cost and time required,
only two cases are considered in order to study the effect of number of rays fired.
Radiative source is considered as the limiting parameter to obtain the optimized value
of rays fired. A total of 16x16 and 10x10 rays are found to produce similar values for
radiative source and therefore considered to be the best suitable values to test for the
present flame configuration. The two different cases with a total of 10x10 and 16x16
rays are considered and their effect on the temperature alone is studied in the present
work. Figure 8.37 shows the radial temperature profiles at different axial locations
highlighting the difference between the two cases. The plots show a significant
difference in the temperature for the number of rays fired. Simulation results with
16x16 shows a near match with the experiments when compared with 10x10 rays at

the initial three axial locations z/D={0.2 to 0.8}. Based on the results as depicted in
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Fig. 8.37 it is strongly recommended to implement higher order for number of rays to
be fired. However, research shows that 16x16 would be ideal for testing the effect of

radiation on medium to high luminous flames.

8.7 Effect of Chemical Mechanism

Effect of using different chemical mechanisms which was tested for bluff body flames
as discussed earlier in this chapter revealed that there is hardly any influence of
chemical mechanism on flame properties. A similar study is conducted for swirl
stabilized flames with SMHI1 and the results are shown below. Temperature variations
with the two chemical mechanisms like GRI 2.11 and GRI 3.0 have been tested and

shown in Fig. 8.42.

At all axial locations, there is very minimal effect of chemical mechanisms used. Both
the mechanisms behave in the similar way but overall GRI 2.11 can be understood to
predict more close with the experiments at the downstream locations. Even though
GRI 2.11 over-predicts marginally when compared with GRI 3.0 in the axial locations
z/D= {0.2 to 0.8}, GRI 2.11 is found to agree well with the experiments at the
centreline locations. Similarly, the results are compared for the product species mass
fraction of CO, and H,O for studying the influence of chemical mechanism used and

are depicted in Fig. 8.43 and Fig. 8.44 respectively.

Even with the CO, concentration plots, at the locations z/D=0.5 and 0.8 predictions at
the centerline of the flame jet can be clearly seen in favour of GRI 2.11 mechanism.
At the remaining locations, both the mechanisms behave in a similar way. H,O mass
fraction is also observed to predict in the same way as CO, concentration with very
close agreement between the two mechanisms. Overall GRI 2.11 can be taken with
confidence for all simulations to be carried out in future for any combustion
simulation related to either swirl based or bluff body based flames. Ravikanti (2008)
has experimented with RANS based calculations for various chemical mechanisms
other than the GRI mechanisms and concluded with GRI 2.11 to be most favorable

chemical mechanism applied to bluff body flames.
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comparison for different chemical mechanisms.
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Figure 8.43 Radial plots for mean CO, mass fraction at different axial locations —

comparison for different chemical mechanisms.
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Figure 8.44 Radial plots for mean H,O mass fraction at different axial locations —

comparison for different chemical mechanisms.

8.8 Closure

This chapter provided results and discussion for both bluff body and swirl stabilized
flames. SLFM was tested for both HM1 and HM3e bluff body flames and results
showed very good agreement with the experimental data. Results obtained from
combustion models SLFM and NAFM were discussed for the importance of radiation
effects on the flame properties. Inclusion of radiation was shown to predict better for
temperature and other major species for both the flames HM1 and SMHI. Influence
of chemical mechanism used was also discussed. GRI 2.11 was found to be
performing better when compared to GRI 3.0 mechanism for both the flames HM1
and SMHI.
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Chapter 9

Partially Premixed Combustion —
An UFPV Approach

This chapter presents the application of the combustion model called UFPV
(Unsteady Flamelet Progress Variable) towards the numerical prediction of turbulent
partially premixed lifted flames. This model is tested for the first time with partially
premixed flame conditions for its capability to reproduce the lifted flame diagnostics.
Additionally, LES based modelling has been carried out with SLFM to confirm its
limitations and advantages. Testing this model needs a comprehensive detailed
experimental data for its comparison. In this regard, the test case selected for
modelling is the Berkeley CHa/air and Hy/N, lifted jet flame in vitiated co-flow,
experimentally studied by Cabra et al. (2005). The vitiated co-flow works in similar
conditions to those encountered in real gas turbine combustors and furnaces when a
partially premixed fuel interacts with recirculating hot combustion products. In
addition, the vitiated co-flow introduces auto-ignition as a possible mechanism for
flame stabilization in addition to premixed flamelet front propagation (Cabra et al.,

2005).

Validation of the current combustion model is performed by carrying out studies with
two different fuel and co-flow inlet compositions. Both methane and hydrogen based
fuels are tested for the strengths and weaknesses of UPFV approach to its application
with lifted flames. Details of these two flames tested are discussed later in the chapter.
Section 9.1 provides complete details of the burner configuration with boundary
conditions for the test case. Computational description of the flame conditions is
presented in section 9.2 applied for LES with domain under investigation and grid
details required to ensure maximum possible resolution for the present test case.
Results and discussion is divided into two major sections dealing with results from
methane and hydrogen based flames separately. Pre-integrated lookup tables which

are generated prior to LES calculations for two different fuel compositions are
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utilized. SLFM calculations are performed on CH4/Air flame alone and compared
with UFPV in order to highlight the differences in their predicting capabilities

towards partially premixed flame category.

9.1 Experimental Details of the Burner

A schematic of the burner used for the experimental investigation of the partially
premixed lifted jet flame by Cabra et al. (2005) is shown in Fig. 9.1. The burner has
two set of experimental data for different fuel compositions. The first set of data is for
CH4/Air as the fuel jet inlet with vitiated co-flow of Hy/Air and second set is for
Hy/N; as fuel and Hy/Air as co-flow inlet. The present combustion model is tested for
both these configurations and results are compared with experiments. The burner
consists of a central nozzle with inner diameter (D) of 4.57 mm and outer diameter of
6.35 mm. A perforated plate of 210 mm diameter through which vitiated co-flow of
air is issued surrounds the central nozzle. A flow blockage of 85% was reported with
2200 holes drilled in it. The vitiated co-flow consists of products of lean premixed
Hy/Air flame with an equivalence ratio of 0.4. The entrainment of ambient air into the
co-flow has been delayed by incorporating an exit collar which surrounds the
perforated plate. The fuel jet consisting of a mixture of 33% CH4 and 67% air is
issued from the central nozzle for the first set of data and 25% H, and 75% N, for the
second. Table 9.1 shows the details of the two fuel compositions and their inlet

conditions. ‘Fuel jet varies for the two flame configurations: 1) CH4/Air 2) Ho/N,

V1t1ate(&/\/ <—|

Co-flow
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l
AN
H/D
——
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Co-flow Co-flow

. prevent entrainment
Fuel Jet

Figure 9.1: Schematic of the burner geometry

(From: http://www.me.berkeley.edu/cal/VCB/Data/)
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Experimentally captured image of the lifted flame (right most picture in Fig. 9.1) is
captured through the luminosity of the flame CHJ/Air. The lift-off height H/D
technically corresponds to an average stabilization position of the flame. The absolute
lift-off height H has been determined in the measurements by considering the lowest
point where the luminosity of the flame has been detected. For the baseline
conditions, the measured mean lift-off height normalized over fuel jet diameter has
been reported to be H/D ~ 35 for CH4/Air flame. It has also been observed in the
experiments that the lifted flame base is highly unstable and fluctuates by several
times the jet diameter thereby resulting in extinction and re-ignition for this flame
conditions. The current lifted jet flame thus tests the capability of UFPV model to

predict the extinction and re-ignition phenomena as well.

Table 9.1 Details of the two lifted flame configurations — Berkeley flames

H,/N, Flame CH4/Air Flame

Jet Co-flow Jet Co-flow
Re 23,600 18,600 28,000 23,300
V (m/s) 107 3.5 100 5.4
T (K) 305 1045 300 1355
Xo2 0.0021 0.15 0.15 0.12
Xn2 0.74 0.75 0.52 0.73
Xmo 0.0015 0.099 0.0029 0.15
Xou(ppm) <1 <1 <1 200
Xz 0.25 5x10™ 100 100
XcH4 - - 0.33 0.0003
[t 0.47 0.17

Cabra et al. (2005) performed numerical studies on the sensitivity of the flame lift off
height with respect to jet and co-flow velocities. Studies also included detailed
description on effect of co-flow temperature on lift off height using joint PDF
calculations with modified-curl mixing model. A marginal drop in co-flow
temperature was found to increase the lift-off height twice in its length. An important
result from the parametric study was that auto-ignition of very lean mixtures which
have the shortest ignition delay might be the controlling mechanism. This was based
on the argument that the modified-curl mixing model which relies entirely on auto-
ignition for initial flame stabilization was able to capture the measured sensitivity of
lift-off height to co-flow temperature. However, the experimental scattered data

although limited with respect to number of measured locations, did not show such a
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preference for reactivity at very lean mixtures and hence the relative importance of
auto-ignition and turbulent flame propagation in stabilizing these flames has to be

understood in detail.

9.2 Computational Setup for LES

The computational domain has dimensions of 200 x 200 x 410 (all dimensions are in
mm) in X, y and z directions respectively. The axial distance of approximately 90 jet
diameters and the burner width of approximately 44 jet diameters is used in order to
account the independency of flow entrainment from the surroundings. An inlet jet
velocity is specified with a /7" power law profile. Measured co-flow mean velocity
profiles at the burner exit plane were found to be more or less uniform (Cabra et al.,
2005) and therefore plug flow has been specified along the co-flow inlet in the
computations. Convective outlet boundary condition is used at the outlet surface and
all the walls and co-flow boundaries in the domain have been treated as adiabatic. At
both fuel and co-flow inlet, turbulent fluctuations have been superimposed on the
mean velocity by scaling the measured RMS values of turbulent fluctuations with
random numbers obtained from a Gaussian distribution. At the fuel inlet, filtered
mixture fraction has been set to unity while it has been specified as zero at the co-flow
inlet. For the UFPV model, the filtered progress variable is set to zero at both the
inlets. Cartesian staggered non-uniform grid distribution of 85 x 85 x 150 in the X, y
and z directions to discretize the domain is used. The grid details are depicted in the

Fig. 9.2.

An ignition source is provided with a progress variable of 0.9 patched in the region of
best mixed fuel air mixture. The average time to run the simulation on a 4GHz
memory machine with single processor for each case with flames with different fuel
compositions takes around 40 days for the flow to stabilize (t=40 ms) and thereafter
20 days for the collection of statistics (t=20ms) for post processing. A total time of
60ms is considered for each simulation. Adequate samples have been collected in the
statistics collection phase of the run by allowing for a minimum of 7 flow passes. The
calculations have been advanced in time with a time step such that the variation in

Courant number was limited to the range, 0.2 to 0.8.
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The validation of the combustion model is performed by comparison of radial plots at
different axial locations (normalized by bluff body diameter) for temperature and all
other species mass fractions i.e., at z/D = 1.0, 15.0, 30.0, 40.0, 50.0 and 70.0. The
results are discussed in detail later in this chapter. For the simulation with SLFM
model, the modeled scalar dissipation rate (Equation 4.20) has been found to result in
instability in the beginning of the calculations due to significant fluctuations in
density. To overcome this problem, LES calculation with SLFM has been carried out
initially with a constant scalar dissipation rate corresponding to equilibrium
conditions for a minimum of two flow-passes (~10 ms). The instantaneous solution at
the end of this calculation has then been used as initial conditions for the main
calculation where variation in scalar dissipation was accounted. For the simulations

with UFPV models, no such instability issues have been observed.
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Figure 9.2 Details of computational grid and domain with boundary conditions

specified — Berkeley Flame

9.3 Results and Discussion

This section is divided into two set of results. Initially, the predictions for CH4/Air
flame are discussed and later with H,/N, flame. Results include the radial
comparisons for mixture fraction, temperature and other major species at different

axial locations along the burner. Scattered data is also compared at the locations of
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interest for the prediction of flame extinction and re-ignition. The flame lift off is
compared for both the flames with their corresponding experimental values with
respect to the co-flow temperature. Also the definition of lift off height with mass

fraction of OH is discussed for H,/N, flame based on past research strategies.

9.3.1Performance of SLFM & UFPV Models - CH,/Air
Flame

Firstly, the predictions of mixture fraction distribution are presented for UFPV model
compared with experiments. The predicting capabilities of using UFPV model
compared with SLFM approach is also considered for the lifted flame category,
followed by temperature and other species predictions. Finally the scattered data is
compared for the flame instablity issues. Unsteady characteristics of the flame related

to extinction and re-ignition is better understood with scattered data.

The radial mean mixture fraction at z/D locations of 1.0, 15.0, 30.0, 40.0, 50.0 and
70.0 are depicted in Fig. 9.3. The locations at z/D = 40.0, 50.0 and 70.0 on the
downstream of the burner are the positions where predictions are difficult to capture
numerically as the flame is expected to behave more dynamic and unstable in nature.
Centreline mixture fraction is always found to under-predict at all the locations with
SLFM. Whereas the predictions with UFPV is found to be in better agreement with
the experiments. However, there is a little over-prediction in the radial direction at the
first three axial locations. But compared to SLFM approach, UFPV model is found to
predict better. Considering the effect of scalar dissipation rate coupled with unsteady
flamelet progress variable concept proved to be beneficial for predictions of

conserved scalar, mixture fraction when applied to lifted flames of the present kind.

The flame lift-off (Fig. 9.4) in the present work is considered as the height from the
base where the temperature is equal to the co-flow temperature (1355K). Lift-off
height is represented in terms of H/D where H is the axial distance from the base of
the burner jet. Experimentally found value of H/D is 35 which was captured visually
based on the flame luminosity. Here the numerical lift-off is found to be around 42
with the UFPV model. The discrepancy of the lift off height with experiments is about
20%. This over-prediction may be due to the highly fluctuating nature of the flame

and also due to the co-flow temperature cutoff concept that has been chosen to obtain
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this lift off height. Comparisons were also performed with SLFM. Figure 9.4 (b)

shows the incapability of SLFM model to predict the lift off height. SLFM shows a

flame attached to the burner base and therefore is not capable for predicting lifted

flames of this category.
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Figure 9.3 Radial plots of mixture fraction at various axial locations along the burner

axis for CH4/Air Flame
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Figure 9.5 shows the radial plots of temperature predictions which are found to be
resonably good at the first three locations with UFPV, but under-predicted at locations
z/D={40.0,50.0}. As mentioned earlier, this zone of the flame is considered as highly
fluctuating and subjected to extintion and re-ignition. At the last location z/D=70.0,
centreline temperature is found to be very close to the experiments. Overall, it can be
concluded that except at the location z/D=50.0 predictions are reasonably good with
UFPV. The UFPV model appears to be partially successful in capturing extinction and

re-ignition effects.
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Figure 9.5 Radial plots of temperature at various axial locations along the burner axis

for CH4/Air Flame

Flame extinction and re-ignition can be represented with scattered data of temperature
versus mixture fraction. Data is collected for all the axial location planes of interest
and found that locations z/D={50.0,70.0} are prone to maximum flame instability
where flame fluctuates with near blow-off and re-attaching features. Figure 9.6 shows
scattered data for temperature at the last locations z/D=50.0 and 70.0. Left hand side
figures (Fig 9.6(a) and Fig. 9.6(b)) represent experimental data and the right hand side
plots (Fig 9.6(c) and Fig. 9.6(d)) shows the numerical calculations. At location
z/D=70 flame conditions are almost close to equilibrium and UFPV is found to
compare reasonably well with experiments with marginal under-prediction in peak
temperatures close to equilibrium. Experimentally the temperatures vary from

equilibrium to mixing as the flame tries to detach and re-ignite in the regions from
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z/D~35 to 60. As the numerical simulation predicted a lift-off of around 42, it
suggests that numerical predictions for scattered data at the location z/D=50.0 is most

likely to show data biased towards mixing hence the observed discrepancy.

Scattered data is compared only at locations z/D={50.0,70.0}. Any location below
z/D=50.0 should resemble only pure mixing limit. At the location plane z/D=50.0, the
maximum temperature close to equilibrium is under-predicted but the mixture fraction
limits agree well at all locations. Reasonably good agreement with the experiments for
temperature for both radial and scattered plots at most locations except at z/D=50.0

shows the capability of the UFPV approach for the modelling of lifted flame physics.
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Figure 9.6 Scattered temperature data plotted against mixture fraction at specific axial
locations

The definition of progress variable includes the summation of mass fractions of CO,
and CO in the present simulation for UFPV of CH4/Air flame. Therefore, species
predictions like CO, and CO takes a similar form of the progress variable distribution
rather than on their individual distributions and the definition of progress variable
distinguishes the flame properties with burnt and unburnt mixture varying from O to 1.
While the mass fraction of H,O can be computed from the present simulations for the
comparison with experiments as this scalar is not involved in the definition and

solution of progress variable equation. Figure 9.7 shows the radial plots of mean mass

- 190 -



Partially Premixed Combustion — An UFPV Approach

fraction of H,O at the specified axial locations. Mass fraction of H,O is found to
follow a similar trend to that of temperature. It is observed to have a marginal under-
prediction along the radial distance at the axial locations z/D={15.0 to 50.0} but
predicts well when compared with SLFM. As mentioned earlier in temeprature
predictions, at axial location of z/D=50.0, UFPV under-predicts to large extent.
Highly fluctuating flame charactertics in this axial region might be the reason for this
deviation. SLFM was not able to predict the flame lift off as discussed earlier. This
lead to an over-prediction in temperature profile and therefore is the main cause for
over-predictions in HyO mass fraction as well at all the axial locations as shown in

Fig. 9.7.
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Figure 9.7 Radial plots of mean mass fraction of H,O at various axial locations along

the burner axis for CH4/Air Flame

Production rate of CO, and CO are included in the calculation of source term for
solving progress variable equation. Numerical results from these species would give
little significance as the predictions would follow the same trend as of progress
variable. However, the present work deals with the results and discussion of these two
species for the complete analysis of species comparisons. The contours of mean mass
fraction of CO, are shown in Fig. 9.8. The profiles replicate the temperature
distribution pattern of the flame lift off and therefore any values below z/D=42 gives a
value close to zero for CO, and CO mass fraction. Hence, we compare only at axial

locations of z/D=50.0 and 70.0. SLFM shows an over-prediction in values as shown
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in Fig. 9.9 while UFPV under-predicts. This pattern is similar to the trend followed by
temperature and mass fraction of H,O (Fig. 9.5 and Fig. 9.7) at these two locations.
As the flame lift is found to be over-predicted with UFPV, H,O and CO, mass
fractions are found to be under-predicted with equal proportions. Flame fluctuations
are found to be occuring more in the axial region of z/D=35 to 60 which can be a
possible reason for descripancy in the results at z/D=50.0. But at location z/D=70.0,

CO, mass fraction has a good agreement with the experiments for both the models.
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Figure 9.8 Mass fraction of CO, contours plot for comparison of SLFM and UFPV (a)
UFPV (b) SLFM

The mean mass fraction of CO predictions are shown in Fig. 9.10 at the two
aforementioned axial locations. UFPV is found to under-predict at z/D=50.0 while
SLFM has a close agreement with the measurements. But at location z/D=70.0 UFPV
performs better compared with SLFM. Therefore, the two contradicting arguments
with CO mass fraction predictions indicates that definition of progress variable can be
altered in future work in order to predict CO, and CO in a better way. However,
considering the model contraints, the present simulation results with UFPV is
favorable to recommend this combustion model for any partially premixed lifted
flame. The predicting capabilities of UFPV is further tested with a different fuel

configuration (H»/N,) and their results are presented next. Because SLFM failed to
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predict the structure of lifted flames, results of Hy/N, flame deal only with UFPV

approach and compared with measurements.
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Figure 9.9 Radial plots of mean mass fraction of CO; at two axial locations along the

burner axis for CH4/Air Flame
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Figure 9.10 Radial plots of mean mass fraction of CO at two axial locations along the

burner axis for CH4/Air Flame

9.3.2Performance of UFPV Model - H,/N, Flame

Similar to CH4/Air flame, this section discusses the performance capabilities of UFPV
model with mixture fraction, temperature and OH mass fraction plots for Hy/N, flame.
The structure of the H,/N, lifted turbulent flame is investigated by examing the
comparisons at the axial locations z/D={1.0,8.0,9.0,10.0,11.0,14.0}. The mean
mixture fraction at these locations is found to be very well predicted by UFPV as
shown in Fig. 9.11. It is however clear that there is a very marginal over-prediction
radially but the overall comparison with the experimental data is very encouraging.
Jones and Navarro-Martinez (2007) studied this flame configuration with Eulerian
stochastic field method to the solution of the subgrid joint PDF using LES. UFPV
combustion model is found to be better in predicting the mixing field when compared

with the results of Jones and Navarro-Martinez (2007).
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Figure 9.11 Radial plots of mixture fraction at various axial locations along the burner

axis for H,/N, Flame

Mixture fraction and temperature are closely related with the unsteady flamelet
solution through the PDF look-up tables generated prior to the LES calculations.
Therefore, any marginal discrepancy in the mixture fraction predictions should alter
the mean radial temperatures. Figure 9.12 shows the radial plot comparisons for
temperatures at different axial locations. Eventhough the radial mixture fraction
predictions are good, temperature plots show an over-prediction at locations z/D={8.0
to 10.0} radially at around 6~9mm. The sudden rise in temperature at this radial
location calculated numerically indicates that the flame base is not lifted. But at the
same radial location experimental data does not show any sudden rise in the
temperature. This is because experimentally observed lift-off height was found as
H/D=10 which is higher than the axial locations z/D=1.0 to 10.0. Hence at the higher
axial location z/D=11.0 the peak rise in temperature is numerically well predicted
because this location falls well above the desired lift off height of experiments. As
mentioned earlier the work of Jones and Navarro-Martinez (2007) the temperature
predictions were found to over-predict by a large margin. Results from their studies
showed that as the co-flow temperature was increased, the lift-off height decreased.
For the co-flow temperature of 1045 K, their studies showed an over-prediction in the
temperature profiles at the above mentioned axial locations. But the present UFPV

model has the advantage of producing better and closer predictions compared to the
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above. Figure 9.13 depicts the flame base with a flame lift based on the co-flow
temperature boundary line (1045K) and numerically calculated lift off is found to be
in the order of z/D~5.0. This is considerable under-prediction in lift-off height. The
dotted line represents the stoichiometric mixture fraction locations (f=f;,=0.47). The
temperature range from minimum to maximum is 1045 to 1413K (a very narrow
range), therefore from a temperature contour alone it is difficult to judge the lift off

height accurately.
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Figure 9.12 Radial plots of temperature at various axial locations along the burner

axis for Hy/N, Flame

Cabra et al. (2002) conducted both experimental and numerical studies of the present
flame. They defined lift off height in terms of OH mass fraction instead of using co-
flow temperature as the demarcation line. The iso-contours of mass fraction of OH
equal to 600ppm was considered for the determination of lift off height in their
studies. But it is to be noted that the present simulation of UFPV utilises the value of
OH mass fraction in the definition of progress variable and production rate of OH is
used for the calculation of source term which is provided as an input source for
progress variable equation. Therefore, OH mass fraction predictions from this UFPV
model might deviate when compared with experiments as the OH mass fraction is
expected to follow the progress variable distribution instead. The time averaged data
of OH mass fraction has a maximum value of 573 ppm in the present simulation but
instantaneous values give a maximum value of 1273 ppm at the centre plane (x=0).

Figure 9.14 shows the mean mass fraction of OH contours. An isocontour of 600 ppm
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OH mass fraction is not possible from this contour plot. An instantaneous contour plot
of OH mass fraction as shown in Fig. 9.15, highlighted with the isocounters of OH
mass fraction equal to 600 ppm with the solid lines. The minimum lift off limit for
this mass fraction is around at z/D=7.0. This value is slightly better than the lift off

height observed with temperature contours.
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Figure 9.13 Temperature contour plot for the observation of lift-off at the centre plane

for Hz—Nz flame

Similar studies were conducted by Cao et al. (2005) on this flame to predict its flame
characteristics. The lift off height in their studies based on the OH mass fraction
where the iso-contour of Favre mean OH mass fraction equal to 200 ppm at any radius
was considered. Therefore, based on this assumption, the current UFPV model
predicts a lift off (H/D) equal to 5.5 as depicted in Fig. 9.16. Therefore, whatever may
the the selection criteria for flame liftoff height, the present UFPV model results in
H/D value close to 5.0. Eventhough the present UPFV model is underpredicting lift
off height by 50 %, lifted flame of this kind is said to be partially successful to model
and predict the flame lift off from the base.
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Figure 9.14 Contour plot of averaged OH mass fraction (ppm) for the observation of

lift-off at the centre plane for H,-N, flame
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Figure 9.15 Contour plot of instantaneous OH mass fraction (ppm) for the observation

of lift-off at the centre plane for H,-N, flame
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As discussed earlier, scattered data of temperature with respect to mixture fraction
defines the instability associated with any flame. Figure 9.17 shows the experimental
data at various axial locations while Fig. 9.18 depicts the computationally calculated
data at the same specified locations. It is to be noted that computational scattered data
is extracted for a particular time equal to Sms in the present work. Mixing limits at the
locations z/D={8,9,10,11} are observed more with experimental data. But numerical
calculations does not show any sign of mixing characteristics. However, the burning
region above the mixing is well captured with UFPV. The flame lift off height as
found from the temperature coflow boundary line is under-predicted from simulations
(H/D=5), pure mixing of fuel and oxidizer is minimised at all locations and hence the
descrepency with the experiments as the experimental lift off is at H/D=10. Therefore,
prediction of mixing limit depends very much on the flame lift. At the last two
locations z/D={14,26}, UFPV model is found to predict well with the experimental
data. Peak temperatures near equilibrium is also well captured at almost all locations.
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Figure 9.16 Contour plot of averaged OH mass fraction (ppm) for the observation of

lift-off at the centre plane for H,-N, flame with 200ppm iso-contour line
Therefore, relating to the above conclusions and results for lift off height, the

definition of progress variable can be tested with some other parameter like the

maximum temperature instead of using maximum value of OH mass fraction to
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consider better predictions of OH for this particular flame. Based on overall
observations and constraints involved, the present combustion model forms one of the
best choice for application towards the simulation of lifted flames. Futher
improvements to this model can be made (i) by the inclusion of radiation and (ii) by

changing the definition of progress variable.
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Figure 9.17 Experimental scattered data for temperature with mixture fraction at

different axial locations along the burner

Other than the scattered data, instantaneous plots of temperature at mid-plane (x=0)
would also give an indication of the flame instability issues. In Fig 9.19, the
instantaneous filtered temperature distributions predicted by LES UFPV-6 function
calculations have been shown for different times (time is indicated at the bottom right
corner of every contour plot) at x=0 plane. In all the contour plots, the boundary 7,
demarcates the inert mixing zone from the reaction occurring zone and hence serves
as a guide for locating the flame base and consequently the fuel core region that it
surrounds. The instantaneous shape of the flame base can be observed to be highly
asymmetric and corrugated and varies significantly with respect to time. The
snapshots of these instantaneous temperature plots are taken for every 1.25ms from

30ms till 51.25ms. The gradual increase in time helps to depict the flame shape
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irregularities. It is clear that the flame front is highly fluctuating which can be seen
from the inner fuel core region that tries to penetrate more in the axial direction as the

time progresses.
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Figure 9.18 Numerical calculated scattered data for temperature with mixture fraction

at different axial locations along the burner

At initial time of 30ms the fuel penetration depth reaches near to 120mm in the axial
direction and till time t=50ms it fluctuates in between axial distance of 100mm to
120mm. At t=50ms, it reaches a distance of 150mm which is about 33% rise in the
fuel jet penetration into the flame region. From 30ms to 50ms the flame has uniform
fluctuating characteristics in the axial direction. But soon after, flame tries to
extinguish with increase in its central fuel jet depth. It is evident that at time t=51.25
ms (Fig. 9.19), the core region depresses back indicating the flame stabilization
process taking place. This fluctuating behavior was found to repeat. But it is
interesting to note that the base of the flame front on either side of the fuel jet remains
lifted from the base and found not to fluctuate as much as that of the central fuel core
jet. The liftoff height of this flame base is found to stay around 20-30mm in the axial
direction. Therefore, this explains that the flame stabilization persists irrespective of

the extinguishing features of the flame.
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Figure 9.19: Variation in the instantaneous filtered temperature (K) distribution with

respect to time — Hy/N; Flame.
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9.4 Closure

Detailed discussion on the prediction capability with UFPV combustion model is
depicted in this chapter. The model was applied on two different fuel compositions
(CH4/Air and Hy/N; flame) for the same burner configuration. A lift off height of
H/D=42 was computed numerically when compared to H/D=35 from experiments for
CH4/Air flame. Lift off was also observed with H,/N, flame but under predicted with
50% in its value. UFPV model was also compared with SLFM for its predicting
capabilities. SLFM combustion model was found to predict as an attached flame.
Results showed favorable numerical predictions from UFPV and encourages using

this model for any lifted flame of this kind.
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Chapter 10

Conclusions and Future Work

Application of classical steady laminar flamelet model, SLFM to non-premixed jet
flames is the most popular choice among the different available combustion models.
However, this model has its own drawbacks in predicting some of the vital features
like extinction and re-ignition. Therefore, inclusion of flamelet solution covering from
equilibrium to extinction and pre-integrating flamelet solution to develop a lookup
table concept was intended as one of the solutions in order to optimize the
computational time. SLFM was found to capture the flame characteristics well with
the bluff body and swirl stabilized flames but could not succeed with flames related to
lift and high blow-off limits. In order to predict the above features, FPV approach was
developed for reproducing the flame properties which have medium to high
percentage of blow off characteristics. Research was also performed to include the
unsteady flamelet solution to capture the flame extinction and re-ignition. Therefore,
one of the prime targets of the current research focused on building procedure for
UFPV model mainly applicable to lifted flames which are considered to be partially
premixed in nature. Along with the SLFM modelling, UFPV is also tested for lifted

flames.

In the current research work, two major tasks were considered. Firstly, application of
multiple flamelet solution through a lookup table concept of SLFM to bluff body and
swirl stabilized flames. One of the complex flame structures, HM3e was tested with
this SLFM strategy for prediction of its blow off characteristics. Secondly, an LES
based turbulent non-premixed combustion modelling strategy, for the effects of
radiation heat loss on detailed structure of the turbulent non-premixed flame, has been
developed and its performance on turbulent bluff-body stabilized and swirl stabilized
flames have been investigated. The combustion model developed in this regard is
based on non-adiabatic flamelet model (NAFM). Discrete transfer method (DTM) was
used for calculation of radiation parameters including the radiation source term which

is required in order to solve for the enthalpy equation in LES.



Conclusions and Future Work

Lastly, combustion models based on unsteady flamelet/progress variable (UFPV)
approach, primarily developed by Ihme and Pitsch (2005) for turbulent non-premixed
combustion, have been employed in LES framework and their capability to account
for partially premixed combustion in lifted turbulent jet flames in vitiated co-flow has
been investigated. Numerical investigations have been carried out using in-house
finite volume based LES code into which the advanced models have been
incorporated. Based on the above said combustion and radiation models, different
flame configurations like HM1 and SMH1 are tested for non-premixed jet flames
while the partially premixed Berkeley lifted jet flame series in vitiated co-flow is
tested for UFPV model. The main conclusions and future recommendations from the

present work are highlighted in the sections below.

10.1 Conclusions

The key conclusions from the current research work on LES based modelling of
turbulent non-premixed flames are as follows:

e For the HMI1 bluff-body stabilized flame, prediction of mixing field,
temperature and major species with both SLFM and NAFM are in reasonably
good agreement with measurements and NAFM showed better results when
compared with SLFM. HM3e flame was tested with SLFM with multiple
flamelet solution using lookup table method. Reasonable success was achieved
for the most complex flame structure HM3e using SLFM combustion model
with multiple flamelet solution.

e Similarly for the SMH1 swirl stabilized flame, prediction of mixing field,
temperature and major species with both SLFM and NAFM are in reasonably
good agreement with measurements and here too NAFM showed better results
when compared with SLFM. SMHI1 is found to be highly radiating when
compared with HM1 flame. NAFM radiation calculations proved very vital for
predictions of flame structure. The temperature field was found to vary
significantly with the inclusion of radiation losses with NAFM for both the
flames under consideration.

® Consideration of radiation heat loss when applied to both HM1 and SMHI1
flames resulted in improved predictions for species mass fractions for CO, and

H,O0.
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Influence of chemical mechanism used was tested and has been found to be
negligible. Both GRI 2.11 and GRI 3.0 are found to behave very similarly for
both HM1 and SMHI1 flames. However, in some cases GRI 2.11 is found
slightly closer towards the experiments when compared to predictions with

GRI 3.0 mechanism.

The key conclusions from the LES based modelling of turbulent partially premixed

lifted flames are as follows:

From the UFPV modelling it has been found to successfully predict the lift-off
phenomenon while the incapability of SLFM formulation is confirmed by its
prediction with an attached flame with the jet base. This model was tested for
two different flame configurations where the fuel and co-flow compositions
varied. It was tested for CH4/Air and H»/N; flame under different experimental
conditions.

The lift-off height with UFPV- & function model resulted in marginal over-
prediction with CH4/Air flame. However, the increase of 20% in lift-off height
is reasonable based on the present circumstances where the definition of
progress variable dictates the amount of lift to be predicted. Therefore, change
in the definition of progress variable is very much needed in order to study the
effect of definition of progress variable on flame structure.

Lift-off height for Ho/N; flame was found to under-predict by a margin of 50%
when compared with experiments. However, the radial distribution of mixing
profiles and temperature are well in agreement with the measurements. Lift off
height based on OH contours was tested and found to give almost the same
results as of constant co-flow temperature iso-contour line.

Numerical predictions of CO, and CO mass fraction were found to deviate
from the experiments. This might be due to the inclusion of these mass
fractions and their production rates in the definition of progress variable.
Hence the mass fractions of CO and CO, are most likely to predict in a similar
pattern to that of progress variable. The contour plots of these species were
observed to follow a similar structure as progress variable. However, mean
mass fraction of H,O was found to predict well with UFPV as this was not

involved in the progress variable definition.
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Fluctuation in the flame base is also captured by the UFPV model in LES.
This is confirmed from comparisons of predicted and experimental scattered
data. The scattered data shows excellent agreement with measurements at the
downstream locations where the flame fluctuations are found to be high. The
model is able to predict the broadening of the flame base associated with inert
mixing as well as partially reacted samples, remarkably well. The model is as
well able to predict the extinction and re-ignition phenomena occurring in fuel
rich zone of the flame base (or downstream end). However, in conditions close
to stoichiometric and fuel lean (upstream end of flame base), the model is
unable to predict the extinction. However, the predicted levels of fluctuations
with the UFPV model are closer to measurements than that with SLFM.
Methane based CH4/Air flame was found to extinguish and re-ignite very often
with time and therefore resulted in higher mean lift off height. While hydrogen
based H,/N, flame was found to predict stabilized flame base with minimum
fluctuations with an under-prediction in flame lift off height.

Good predictions in mean lift-off height involving extinction and re-ignition
prediction characteristics with the model show a significant improvement in
mean temperature predictions. However, the inability of the UFPV model to
capture the exact re-ignition in fuel lean conditions needs to be resolved.
Consideration of scalar dissipation fluctuations has indeed resulted in over-
prediction of lift-off height but gave reasonable statistics for the flame

fluctuations with the scattered data.

10.2 Recommendations for Future Work

Even though SLFM predicted well for HM1 and HM3e flame, it is worth
testing the flame with UFPV or FPV approaches. FPV model was tested in the
past for non-premixed flames and so can be used for bluff body flames as well.
HM3e flame promises to predict well with FPV or UFPV approaches for its
flame instabilities. As it is known that the blow off percentage is high for
HM3e, it is highly recommended to test UFPV approach for HM3e flame.

As it is well known that downstream vortex breakdown causes the complex

swirl flame to stabilize, swirl stabilized flames can also be used for testing
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UFPV model for predicting better in terms of its vortex breakdown
characteristics.

The causes for the discrepancies observed with the predicted levels of
extinction with UFPV models in LES can be investigated with varying some
of the below:

1. Form of the PDF for reaction progress variable. Beta PDF for progress
variable would increase the look up table dimensions but might result
in more accurate flow field predictions and flame lift mechanisms.

2. The definition of progress variable

3. Numerical accuracy of the procedure adopted to remap the look-up-
tables from flamelet parameter space to progress variable space.

As the conclusions above state that radiation improves the temperature and
other species predictions, it is sensible in implementing radiation through
NAFM and enthalpy defect concepts for UFPV combustion model. However,
the dimensions of the lookup table would definitely increase to a very high

level which would be a serious concern for the computations to handle.
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