
ETH Library

Flame age model
a transient laminar flamelet approach for turbulent
diffusion flames

Doctoral Thesis

Author(s):
Piffaretti, Stefano Giuseppe

Publication date:
2007

Permanent link:
https://doi.org/10.3929/ethz-a-005339142

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005339142
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


 
 
Diss. ETH Nr. 16961 
 
 
 
 
 

Flame Age Model: a transient laminar flamelet 
approach for turbulent diffusion flames 

 
 
 
 

A dissertation submitted to the  
SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH 

for the degree of 
Doctor of Sciences 

 
 
 

Presented by  
STEFANO GIUSEPPE PIFFARETTI 

Ing. Mech. ETH 
Born April 27th, 1978 

Citizen of Paradiso TI, Switzerland 
 
 
 

Accepted on the recommendation of  
Prof. Dr. D. Poulikakos, examiner 

Prof. Dr. K. Boulouchos, co-examiner 
Dr. J. Gass, co-examiner 

 
 
 
 
 
 

Zurich, 2007 



 
 

 



 
 

 

 

 

 

 

To my Parents, 

Wilma and Giuseppe. 

 



 
 

 

 



Acknowledgements  
 

 i 

ACKNOWLEDGEMENTS 
 
The present dissertation was conducted in the Laboratory of Thermodynamics 

in Emerging Technologies of the Institute of Energy Technology at the ETH 
Zurich. The financial support provided by the Swiss Federal Office of Energy 
under the coordination of Dr. A. Hintermann is gratefully acknowledged. 
Moreover, this work was carried out in collaboration and with the financial help 
of ALSTOM (Switzerland) Ltd.  

The successful completion of this research project was also made possible by 
the help and support of many people. In particular, I am very grateful to: 

- Prof. Dr. Dimos Poulikakos, my advisor, for having given me this great 
opportunity of working for this project in a stimulating environment.  

- Prof. Dr. Konstantinos Boulouchos for his interest and willingness of 
becoming a co-examiner and for his helpful comments and suggestions.  

- Dr. Jürg Gass, for his constant support during these years. The work presented 
here is in a high degree a result of the many and inspiring discussions we had 
had together.  

- Dr. Holger Lübke and Dr. Peter Flohr (ALSTOM, Baden) who have 
organized and leaded the collaboration between ALSTOM (Switzerland) Ltd 
and the ETH Zurich in this project.  

- The present and former members of our institute (LTNT, ETH Zurich) as well 
as all colleagues from other institutes, for their technical help and for 
providing a friendly atmosphere. Special thanks to Gloria Romera, Dr. Lale 
Demiraydin, Dr. Sevket Baykal, Evangelos Boutsianis, Kemal Omerbegovic, 
Dr. Jorge Ferreira and Dr. Christo Frouzakis (LAV, ETH Zurich). 

- Marianne Ulrich, for her kind and friendly help with the administrative tasks.  
- Stephan Benz and Tonko Racic, our system administrators, for their effort to 

solve any computer related problem in order to keep the machines running.  
- Last but by no means least, the warmest thanks go my family, specially to my 

parents to whom this thesis is dedicated.  
 
 

Stefano Piffaretti 
Zurich, Switzerland 

December 2006 



Abstract 
 

 ii 

ABSTRACT 
 
Turbulent combustion is anything but a completely explored topic. In the last 

decades numerical simulation of combustion processes has added a new 
dimension in the analysis of turbulent reacting flows. The strong non linear 
coupling between the turbulence and the chemistry in flames constitutes the 
main problem for the combustion modellers. The simulation of turbulent flames 
is partly simplified when the characteristic turbulent time scales of the problem 
are relatively large compared to the chemical ones. Under this condition several 
combustion models have been developed. Among these approaches, the Steady 
Laminar Flamelet Models have shown to be very successful and today are 
widely utilize in the development of new combustors. However, in flames with 
low Damköhler numbers the chemical developments in the reaction layers are 
strongly influenced by the intense turbulent motions. Extinction and transient 
behaviours of the local flame structures may be observed and the steady flamelet 
models fail to represent correctly the experimental evidence. In our institute 
(Laboratory of Thermodynamics LTNT, ETH Zurich), a transient version of a 
flamelet model was developed in the mid nineties in order to capture also the 
flame situations where the characteristic flow times become comparable to the 
chemical ones. This unsteady flamelet model initially developed to represent the 
lift-off of turbulent non-premixed flames has shown also a great potential to 
simulate partially premixed combustion.  

The main goal of this work was the further development of the in-house build 
Transient Laminar Flamelet Model for the simulation of methane/air diffusion 
flames. The improved models originated from this study have been later 
validated against the experimental data of piloted jet flames and subsequently 
used to analyze the behaviour of an industrial gas turbine combustor device. 

The Transient Laminar Flamelet Model views the local extinction and re-
ignition phenomena in flames as two competitive processes. In this work the 
transient flamelets used to map the chemical development in turbulent flames 
have been considerably improved. A new and more realistic model have been 
implemented for the flamelet in initial conditions and partially premixed 
flamelet have been generated to represent correctly turbulent partially premixed 
flames. Then, in a second moment from the Transient Laminar Flamelet Model a 
completely new unsteady approach has been defined: the so-called Flame Age 
Model. Although simpler in its mathematical formulation than its predecessor, 
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the Flame Age Model is developed under more firm physical argumentations 
which yield a better performance. In this new model the flamelet time in the 
turbulent flows is calculated with an appropriate transport equation with a 
source term that reflects the influence of strain to the flame development and 
considers also the extinction effects. 

From the comparison against the experimental data of highly turbulent piloted 
jet flames it is clearly shown that the new Flame Age Model follows better the 
chemical development than the Steady Laminar Flamelet Model and the 
improved Transient Laminar Flamelet Model. This fact is evident in the core of 
the jet flames in question, where the velocities are high and the residence times 
become low and comparable to the chemical ones. On the other hand, on the 
lean side of the jet flames the results of the three models mentioned above 
become closer to each other, because there the times available for the chemical 
processes are definitely larger. Therefore, in these areas, in order to capture the 
deviation from the Burke-Schumann limit, the turbulent distribution of the scalar 
dissipation rate must be captured correctly and it was found that also the 
statistical distribution of this variable is of crucial importance for the prediction 
of the local extinction phenomena. After the models validation, the piloted 
flames were simulated with diverse chemical mechanisms, in order to analyze 
the sensitivity of the turbulent solutions towards different chemical schemes. 

Finally, during a period of intense collaboration between ALSTOM 
(Switzerland) Ltd and the ETH Zurich, the Flame Age Model has been utilized 
to simulate the ALSTOM gas turbine burner. This study has proved the great 
flexibility of the new flamelet approach which was able to predict reasonably 
well the behaviour of the ALSOM burner with any flow regime (from diffusion 
to premixed combustion) and to simulate correctly the right ignition points of 
the fuel elements. Moreover, also the robustness of the new methodology was 
confirmed. In fact the model has behaved rightly with a mesh that satisfies the 
industrial standards. 

We may conclude that the new Flame Age Model developed here is a good 
alternative to extend the capabilities of the steady flamelet approaches. In this 
work, since the focus was set on the chemical part of the models, the turbulent 
motion of the flows were simulated with a simple Reynolds Averaged Navier 
Stokes technique. In future studies more advanced methodologies to represent 
the turbulent flow characteristics should also be implemented (Large Eddy 
Simulation strategies).  
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COMPENDIO 
 
Il fenomeno della combustione turbolenta, sebbene di enorme importanza in 

molte applicazioni tecniche, è tuttora non completamente capita a fondo. 
Durante gli ultimi decenni la simulazione numerica dei processi di combustione 
si è rivelata uno strumento utilissimo per l’analisi di questi fenomeni 
estremamente complessi. Nelle fiamme l’interazione non lineare tra gli eventi 
chimici e il comportamento turbolento del fluido costituisce il problema più 
ostico da risolvere. La simulazione di fluidi chimicamente attivi può essere 
parzialmente semplificata, quando i tempi che caratterizzano il fenomeno 
turbolento sono molto maggiori di quelli che definiscono gli episodi di natura 
chimica. A queste condizioni diversi modelli numerici sono stati sviluppati. Fra 
questi gli “Steady Laminar Flamelet Models” si sono rivelati particolarmente 
efficaci, e oggigiorno sono ampiamente utilizzati nello sviluppo di nuove 
tecniche di combustione. Tuttavia, nelle fiamme dove i valori del numero di 
Damköhler sono relativamente bassi lo sviluppo chimico all’interno degli strati 
reattivi e fortemente compromesso dal movimento turbolento del fluido. 
Estinzione e comportamenti transienti delle strutture locali della fiamma 
possono essere osservate e gli “Steady Flamelet Models” non sono più in grado 
di rappresentare correttamente la realtà. Nel nostro istituto (Laboratorio di 
termodinamica LTNT, ETH Zurich), verso la metà degli anni novanta, una 
versione transiente di “Flamelet Model” fu sviluppata per rappresentare 
correttamente anche quelle situazioni dove i tempi dei fenomeni turbolenti 
diventano corti e paragonabili a quelli chimici. Il suddetto modello, inizialmente 
costruito per catturare il “lift-off” di fiamme non pre-miscelate ha rilevato in 
oltre un interessante potenziale per la corretta modellazione di fiamme 
parzialmente pre-miscelate.  

Lo scopo principale di questo lavoro è stato l’ulteriore sviluppo e 
miglioramento del nostro “Transient Laminar Flamelet Model” per la 
simulazione di fiamme di diffusione con metano come carburante. I modelli 
risultanti da questo studio sono stati in seguito testati utilizzando valori 
sperimentali di fiamme jet molto conosciute e in un secondo tempo utilizzati 
anche per studiare il comportamento di un bruciature industriale per turbine a 
gas.  

Il “Transient Laminar Flamelet Model” vede la locale estinzione e 
riaccenzione nelle fiamme come due processi in competizione. In questo lavoro 
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le “flamelets” transienti utilizzate per descrivere lo sviluppo chimico nelle 
fiamme sono state ampiamente migliorate. Poi, in un secondo momento, 
partendo dal “Transient Laminar Flamelet Model” un approccio completamente 
nuovo è stato ideato: il cosiddetto “Flame Age Model”. Anche se più semplice 
nella sua formulazione matematica rispetto al modello antecedente, il “Flame 
Age Model” si basa su argomentazioni più solide che gli conferiscono una 
miglior prestazione. In questo nuovo modello il tempo a disposizione delle 
reazioni chimiche è calcolato nel fluido turbolento con un’appropriata equazione 
di trasporto contenente un termine sorgente che riflette l’influenza degli stress 
meccanici sullo sviluppo della fiamma e considera gli effetti di locale estinzione 
delle reazioni chimiche. 

Dai test effettuati con i dati sperimentali di fiamme jet altamente turbolente, è 
emerso chiaramente che il nuovo “Flame Age Model” segue in modo migliore lo 
svolgersi delle reazioni chimiche rispetto allo “Steady Laminar Flamelet Model” 
e al perfezionato “Transient Laminar Flamelet Model”. Questo fatto risulta 
evidente nella parte interna delle fiamme in questione, dove le velocità sono 
elevate. D’altro canto nella parte magra delle fiamme jet i risultati dei tre 
modelli sopra citati convergono e diventano quasi uguali, poiché i tempi a 
disposizione delle reazioni sono decisamente più grandi. Di conseguenza, in 
queste aree, per rappresentare correttamente lo scarto dal limite di Burke-
Schumann la “scalar dissipation rate” nel fluido turbolento deve essere calcolata 
con gran precisione.  

In fine, durante un periodo di intensa collaborazione tra l’azienda privata 
ALSTOM (Svizzera) e l’ETH di Zurigo il “Flame Age Model” è stato utilizzato 
per simulare un bruciatore per turbine a gas. Questo lavoro ha ribadito l’estrema 
flessibilità del nuovo approccio, il quale ha dimostrato di rappresentare 
realisticamente la fiamma del bruciatore ALSTOM e di simulare correttamente 
le aree dove avviene l’accenzione del carburante. Oltre a ciò la solidità del 
nuovo modello è stata confermata. In effetti, il “Flame Age Model” ha reagito 
positivamente con una griglia numerica che soddisfa gli standard industriali. 

Si può concludere dicendo che il nuovo “Flame Age Model” è una buona 
alternativa per estendere le capacità dei modelli “flamelts”. Siccome in questo 
lavoro l’accento è stato posto sulla parte chimica dei modelli le caratteristiche 
turbolente del fluido sono state simulate utilizzando approcci semplici basati su 
tecniche “Reynolds Averaged Navier Stokes”. In studi futuri, anche per 
calcolare la meccanica dei fluidi, modelli più avanzati dovrebbero essere 
implementati (“Large Eddy Simulation”).  
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 kr (mol/m3)1-N / s Specific backward reaction rate 

 ld m Diffusion layer thickness of non-premixed flames 
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 lF m Flame thickness of premixed flames 

 lI m Integral length scale 

 lr m Reaction layer thickness of non-premixed flames 

 lδ m Inner flame structure thickness of premixed flames 

 M - Any chemical species 

 m - Model constant 

 m kg Mass 

 n - Model constant 

 N - Number of grid points 

 N - Total number elements 

 n mole Number of moles  

 p - Probability 

 p N/m2 Pressure 

 Pk kg/m· s3 Turbulent kinetic energy production rate 

 Ppc kg/m· s4 “Pope” correction term 

 Psk kg/m· s4 “Sarkar” correction term 

 Q - Number of grid points for chemical scales 

 Q J Heat 

 q J/kg Specific heat 

 R - Correlation function 

 R - Reactedness 

 R J/mol · K Ideal gas constant 

 r m Radial coordinate 

 s - Stoichiometric mass ratio 

 S * Source term 

 sL m/s Laminar flame speed of premixed flames 

 T K Temperature 

 t s Time 

 u m/s Velocity 

 uη m/s Turnover velocity of a Kolmogorov eddy 

 V m3 Volume 

 W kg/mole Molecular weight 

 X - Mole fraction 

 x m Spatial coordinate 

 Y - Mass fraction 
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 y m Spatial coordinate 

 Z - Mixture fraction 

 z m Spatial coordinate 

 

Greek symbols 

Symbol Units  Description  

 
.
ω  mol/m3 · s Chemical reaction rate 

 cfl - Local reaction progress variable (TLFM) 

 α W/m2 · K Convection heat transfer coefficient, Plank’s constant 

 α, β, γ - Coefficients of the gamma function 

 α1 - Model constant 

 β - Conserved quantity 

 Γ - Gamma function 

 γ - Species heat ratio 

 Δ - Difference 

 δ - Dimensionless factor  

 δij - Kronecker symbol 

 ε m2/s3 Dissipation rate of the turbulent kinetic energy 

 η m Kolmogorov length scale 

 λ - Air excess ratio 

 λ W/m · K Thermal conductivity, Boltzmann’s constant 

 μ - Coefficient of the log-normal distribution 

 μ kg/m · s Dynamic viscosity 

 μeff kg/m · s Effective dynamic viscosity 

 ν m2/s Kinematic viscosity 

 ν’ - Stoichiometric coefficient appearing as a reactant 
 ν’’ - Stoichiometric coefficient appearing as a product 

 ρ kg/m3 Density 

 σ - Model constant 

 σ - Statistical variance  

 τ s Residence time (general) 

 τc s Chemical time scale 

 τf s Convective time scale 
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 τF s Flame Age (FAM) 

 τI s Integral time scale 

 τij N/m2 Stress tensor 

 τR s Local turbulent residence time (TLFM) 

 τη s Kolmogorov time scale 

 φ - Any flow variable 

 χ 1/s Scalar dissipation rate 

 φ - Equivalence ratio 
 

(*) Depending on the chosen scalar 

 

Subscripts 

Symbol Description  

 0 Reference state 

 1 Fuel inlet 

 2 Oxidizer inlet 

 ad Adiabatic 

 b Burned 

 eff Effective 

 ext Extinction 

 F Fuel 

 fl Flame 

 FLA Flamelet 

 i, j, k Space directions 

 IC Initial conditions 

 ign Ignition 

 j jth chemical element 

 k kth chemical species 

 l Laminar 

 m Any integer number 

 max Maximum value  

 min Minimum value 

 n Any integer number 
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 n nth chemical reaction 

 O Oxidant 

 p Pilot 

 P Products 

 s Swirler 

 st Stoichiometric 

 t Turbulent 

 tot Total 

 u Unburned 

 

Superscripts 

Symbol Description  

 − Time averaged 
 '," Fluctuating component 

 ~ Favre averaged 

 · Production rate 

 0 Conditions in the inner layer of a premixed flames  

 

Non-dimensional Numbers 

Symbol Description  

 Da Damköhler number 

 Ka Karlowitz number 

 Le Lewis number 

 M Mach number 

 Pr Prandtl number 

 Re Reynolds number 

 Sc Schmidt number 
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Abbreviations 

Symbol Description  

 CFD Computational Fluid Dynamics 

 CMC Conditional Moment Closure 

 DIFF Diffusion flamelet 

 DNS Direct Numerical Simulation 

 ED/FRC Combined Eddy Dissipation / Finite Rate Chemistry model 

 EDC Eddy Dissipation Concept 

 ETH Eidgenössische Technische Hochschule 
 FAM Flame Age Model 

 GRI Gas Research Institute 

 HHV High Heating Value 

 IEA International Energy Agency 

 IEM Interaction by Exchange with the mean 

 l.h.s. Left hand side 

 LES Large Eddy Simulation 

 LHV Low Heating Value 

 LIF Laser Initiated Fluorescence  

 PDF Probability Density Function 

 PFR Pilot Fuel Ratio 

 PP Partially Premixed flamelet 

 r.h.s. Right hand side 

 RANS Reynolds Averaged Navier Stokes 

 SLFM Steady Laminar Flamelet Model 

 TLFM Transient Laminar Flamelet Model 

 TNF Turbulent Non-premixed Flames 

 xhi Scalar dissipation rate 
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1 INTRODUCTION 
 

1.1 General Background 

 

All biological life needs a supply of external energy. Most plants are capable 
of photosynthesis, some bacteria employ natural sources of chemical energy. 
Many other organisms thrive on energy passed along in food chains. Beyond the 
biological needs of humanity, energy is an essential component of the goods and 
services of technologically advanced societies. This energy allows us, in 
general, to live under diverse climatic conditions, in great numbers and often in 
comfort. Level of dependence of human societies on external energy sources 
differs, as does the climate, comfort and output of each society. 

In order to gain a global view of the external energy used in the entire world 
for human activities one can consider the following picture published by the 
International Energy Agency (IEA) in 2002 [1]. Figure 1.1 shows the recorded 
and projected development of the world energy demand from 1971 to the year 
2030. The projections are derived from a scenario based on a set of assumptions 
about macroeconomic conditions, population growth, energy prices, government 
policies and technology. It takes into account only those government policies 
and measures that have been enacted, thought not necessarily implemented, as 
of mid-2002. From the graph and the two pie diagrams emerge clearly the main 
characteristics of our world energy market. The global primary energy demand 
will continue to increase steadily, driven mainly by the economic growth. The 
projected growth will amount to almost 6.1 billion toe (tons of oil equivalent), or 
two-thirds of the current demand. Fossil fuels will remain the primary sources of 
energy and will even increase their share in the total energy mix. Oil will remain 
the single largest fuel in the structure of the world energy and the bulk of its 
increase will come mainly from the demand in the transport sector. Natural gas 
will grow faster than any other primary fossil fuel and its consumption is 
projected to double between 2000 and 2030. New power stations will account 
for over 60% of the increase in gas demand over the next three decades. Most of 
these stations will use combined-cycle gas/steam turbine technology. This form 
of generation is often preferred to coal-based power technologies and nuclear 
power because of its high energy-conversion efficiency and low capital costs.  
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Figure 1.1: World energy demand [1]. 

 
Gas is also favoured over coal and oil for its relatively benign environmental 
effects, especially its lower carbon content. Lastly in the projected period 
renewable fuels will grow in importance, while the share of nuclear power in the 
world energy supply will drop. 

These projections emphasize the main problems that the energy sector will 
have to face in the following decades. As production of fossil fuels is 
increasingly concentrated in a small number of producing countries, supply 
security has moved to the top of the energy policy agenda. The governments of 
oil- and gas-importing countries will need to take a more proactive role in 
dealing with the energy security risks inherent in fossil-fuel trade and they will 
look anew at ways of diversifying their fuels, as well as the geographic sources 
of those fuels. Necessary expansion of production and supply capacity will call 
for massive investment at every link in the energy supply chain. Most 
investment will be needed in developing countries, and it is unlikely to 
materialise without a huge increase in capital inflows from industrialised 
countries. The raising in the energy demand will be accompanied with the rise of 
local and global emission of pollutants. Carbon dioxide, for instance, is 
projected to grow slightly more quickly then the primary energy demand 
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analyzed above. In general geographical sources of new emissions will shift 
drastically, from the industrialized countries to the developing world.  

Following this picture it turns out to be clear that combustion will continue to 
play a crucial role in the energy mix that fuels our society. Hence, there is still a 
strong general interest in studying and understanding combustion phenomena. 
Beside the curiosity of analyzing and discovering the nature of flames, two main 
motivations drive the scientific combustion research in academic and industrial 
institutions: 
- Develop burner devices that stabilize flames where fuel is consumed as 

efficiently as possible.  
- Find strategies to reduce to a minimum the emission of dangerous 

intermediate combustion products, which can damage among other things our 
health. 

Combustion can be defined as the chemical reaction of two or more 
substances with a characteristic liberation of heat or both light and heat. In other 
words combustion phenomena concern exothermic chemical reactions in flows 
with heat and mass transfer. In the case of slow combustion the chemical 
reaction takes place at low temperatures and no light is emitted. Cellular 
respiration is a typical example of slow combustion. For our practical uses in 
open fires or in combustor devices, the burning of a fuel (e.g., wood, coal, oil, or 
natural gas) in air take place in a rapid combustion, where huge amount of heat 
at high temperatures are produced. Combustion reactions involve oxidation and 
reduction of chemical compounds (Redox reactions) and air’s oxygen plays 
often the part of the oxidiser during the burning processes.  

This definition as S. R. Turns emphasise in his book [2], clearly shows why 
combustion is so very important: combustion can transform the energy stored in 
the chemical bounds of the fuels in thermal energy that can be subsequently 
utilized in a variety of forms. Combustion is the tool to transform and render 
chemical energy useful.  

Due to its especial characteristics mankind begin to use fire already in the 
lower Palaeolithic period, about 500,000 years ago. The initial ignition was 
provided by Mother Nature, in the form of the electrical discharge plasma of a 
thunderstorm or as volcanic lava, so the efforts of the first “combustion 
engineers” were concentrated on controlling the flame propagation in order to 
provide a steady source of heat and light. The second crucial skill of making fire 
from an independent source was discovered a mare 30,000 years ago, when man 
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become involved with the repetitive actions of tool-making. The ability of 
controlling fire revolutionized the lifestyles, for instance, made migration to 
colder climates possible and enabled people to cook food. These facts clearly 
demonstrate that mankind got familiar with fire in an empirical way. As F. 
Weinberg pointed out in his plenary lecture [3], experiment held over in the field 
of combustion for more then 99% of its history.  

Actually, especially in the field of combustion, it’s important to distinguish 
between the science and the technology of the subject. The march of 
technological process has never hesitated even without scientific understanding. 
It was fed by empirical observation of the natural phenomena, by trial and error 
or fortuitously by application of scientific misconception. Many examples can 
be mentioned also in times closer to the present. The development of steam 
engines, of the early Otto and Diesel engines, in the first and second industrial 
revolution, were performed while combustion theories were infinitely primitive 
or even completely abstract from the empirical evidence. Weinberg [3] suggests 
a plausible argumentation for the historical gap between science and technology 
in the combustion field: “combustion phenomena is so spontaneous that it could 
arise accidentally and works, in a fashion, without requiring any understanding 
of its mechanism”.  

The birth of modern combustion science can be dated around the last half of 
the nineteenth century [4]. Prerequisite for this birth were the first experimental 
combustion studies of Antoine Laurent Lavoisier (1772). They showed clearly 
the active role of air’s oxygen in the combustion processes, discrediting the 
semi-quantitative theory in force during these years (phlogiston theory) and 
launching the modern science of chemistry [5]. Afterwards the experiments of 
Sir Humphry Davy (1815) of Robert Bunsen (1866), of Claude Louis Berthelot 
and Paul Marie Eugène Vieille (1881,1882) and of Ernst Mallard and Henry 
Louis le Chatelier (1881, 1883) and the theories of Vladimir Aleksandrovich 
Mikhel’son (1890), of David Leonhard Chapman (1899) and of Emilie Jouguet 
(1905) let to the emergence of the science of combustion. 

To be more accurate combustion science must be classified as an applied 
science or a derived science [4]. Actually, the study of combustion processes 
implies the deep knowledge of four fundamental or “pure” branches of science: 
thermodynamics, chemical kinetics, fluid mechanics and transport processes. 
From these four disciplines all the equations that describe combustion can be 
extrapolated. In short, the mission of theoretician in a pure science is to find the 
equations and laws that describe the natural phenomenon, while in an applied 
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science it is to solve them. This statement may belittle the work of serious 
researchers in applied sciences but in fact, especially for combustion, the 
solution of these equations and the subsequent interpretation of the results turn 
out not to be trivial at all. In the overwhelming majority of the cases the 
exothermic chemical reactions, involved in the consumption of the fuel, take 
place in a turbulent environment. Both these phenomena are non-linear and they 
influence each other. As T. Poinsot and D. Veynante emphasize in their book [6] 
the complexity of modeling turbulent combustion may be summarized in three 
points: 

• In flames, even without the influence of turbulence, the natural phenomena 
are very complex. Huge gradients of temperatures and concentrations are 
present leading to correspondingly massive heat conduction, species 
diffusion, flow acceleration and a variety of disequilibria. Combustion 
processes take place over a large range of chemical time and length scales: 
usually the fragmentation of fuel occurs during short times; the formation of 
carbon dioxide and even more thermal nitrogen oxide, instead, need longer 
times (see Figure 1.4). Detailed chemical mechanisms may, even for the 
simplest fuel molecule, contain hundreds of species and thousands of single 
reactions.  

• Turbulence alone is still one of the least understood subjects of the physics. 
Also here various time and length scales are involved and the detailed 
description of this chaotic phenomenon is still open.  

• Turbulence and chemical reactions in turbulent combustion influence each 
other strongly. When a flame interacts with a turbulent flow, the heat release 
and the associated temperatures gradients modify the turbulent structures by 
accelerating the flow and changing the kinematic viscosity. This mechanism 
may enhance turbulence (flame-generated turbulence) or dump it 
(relaminarization due to combustion). On the other hand, turbulence can alter 
the flame structure and the reaction rate. The big low-frequency turbulent 
structures, for example, may enlarge the active flame front and consequently 
increase combustion. In cases of extreme turbulence intensity, instead, the 
heat convection rate may exceed the heat produced by the chemical reactions 
leading to partial or complete flame quenching.  

The coupling between the turbulent motion of the reacting flow and the 
chemical reactions is probably the most evident and hard problematic in 
combustion research, it represents also the most serious bottleneck between 
science and its applications [7]. 
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Figure 1.2: Illustration of Moore’s Law [8]. 

 
A revolution in the technical possibilities to study turbulent combustion 

started about thirty-forty years ago. First, in the experimental side, the early non-
intrusive techniques were developed to measure the characteristics of real flames 
in laboratories. Second, the birth of the electronic computer revolutionized more 
then one field of science. The key person for the development of the first 
computers was John von Neumann, a Hungarian mathematician and member of 
the Manhattan project, who developed the modern architecture of digital 
computers during the last years of the Second World War. The first electronic 
computers for civilian use were built in the early 1950s [9], where the first 
application subjects were meteorology, astrophysics, plasma physics and later 
combustion. Ever since, the power of calculators had grown dramatically 
through the years allowing us to challenge problems in a more and more 
complex way.  In 1965, Gordon Moore of the Intel Corporation [10] observed 
that computer capabilities had been growing exponentially, doubling every 18-
24 months. The principle of exponential growth in computing capabilities has 
become known as Moore’s law, and whether evaluated in terms of the number 
of transistors per planar integrated circuit as noted by Moore, or by number of 
floating operations per second (flops), this growth has continued to this date, as 
shown in Figure 1.2. 
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This incredible growth in the computational power enables the combustion 
scientist to analyse numerically the behaviour of flames in a turbulent 
environment. In Computational Fluid Dynamics (CFD) the equations that 
describe the motion of turbulent flows can be solved and coupled to the 
equations that express the behaviour of the chemical reactions. According to the 
review of Charles K. Westbrook and co-authors [9], the first and basic numerical 
methods of CFD were developed at the Los Alamos National Laboratories 
(LANL) and at Lawrence Livermore National Laboratories (LLNL), which 
played and play also a crucial role in the hardware development. A good review 
of the overall history and principles of CFD is given by Roache [11]. 

Even with the enormous development of hardware described above, the 
numerical resolution of all the scales of a practical turbulent flame torn out 
nowadays to be prohibitive. Due to this fact, models have been developed to 
“bypass” the unpractical problem of solving to the smallest turbulent structure 
real reacting flows. Three levels of resolution can be distinguished in the 
numerical analysis of flames using Computational Fluid Dynamics (CFD): 

• In the first category the instantaneous conservation equations that describe 
turbulent reacting flows are all averaged. The models that apply this 
methodology are called RANS (Reynolds Average Navier Stokes). In this 
way only the mean physical quantities can be predicted, and the averaged 
equations need closures to represent in a proper way the turbulent motions 
and the exothermic chemical reactions involved in combustion. RANS 
models have been the first possible approaches and today they are still widely 
used to improve burner devices, especially in the industry. The main 
advantage of these approaches consists in the reduced numerical costs also 
because the numerical discretization of the problem can be coarser and the 
geometries of the combustor devices can be simplified. The performance of 
these models is strongly dependant on the quality of the closures 
implemented.  

• The full description of the turbulence in flames is carried out in direct 
numerical simulations (DNS). In these cases the full instantaneous Navier-
Stokes equations are solved without any model for turbulent motion: all the 
scales involved in the turbulent processes and their effects on the combustion 
processes are explicitly determined. As one could expect, in DNS the 
computational costs become huge, so this strategy nowadays is applied only 
to academic flames and can not be used (with few exceptions) to compute 
flows in real combustor chamber configuration. As a research tool, DNS can 
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be used to study key issues of real flames [12]: simplified flame 
configurations (for instance combustion in a small cubic box) can be 
analyzed to deduce essential information needed to understand combustion 
and develop modelling.  

• The last category, but not in order of accuracy, corresponds to the large eddy 
simulations (LES). Here the turbulent large scales are explicitly calculated 
whereas the effects of smaller ones are modelled using subgrid closure rules. 
In fact the level of accuracy (and so of computational costs), lies between 
these of RANS and DNS. LES appears today as a very promising approach 
for combustion studies, also because the increased computer capabilities 
allow us to calculate successfully real burner devices. The large turbulent 
structures are responsible for many crucial problems in the development of 
better combustor chambers. Noise instabilities are created by combustion 
instabilities due to a coupling between heat release, hydrodynamic flow field 
and acoustic waves. Unsteady mixing effects, instead, can be found in 
systems where the stabilization of the flame is achieved by swirl and 
recirculation zones. The large eddies are generally dependent on the system 
geometry and in LES they are precisely computed without any modelling. 

A graphical representation of the differences between the three levels of 
turbulent flow computation mentioned above can be observed in Figure 1.3. The 
first graph (graph a)) shows which part of the turbulent scales are explicitly 
computed or modelled by the different approaches. The second graph, instead, 
shows an example of a predicted flow variable (in this case temperature) for a 
steady stabilized flame. The temperature values are computed at a fixed point 
during a certain lapse of time. In RANS the entire turbulent phenomena are 
modelled and the flow characteristics of a steady flame are constant in time 
(dotted line in graph b)).  This is exactly the opposite strategy of direct 
numerical simulations, where all the spatial frequencies in the spectrum are 
resolved. Doing so, DNS would predict all the chaotic time variations of 
temperature exactly like a high-resolution sensor would measure them in an 
experiment. Last, LES would capture the low-frequency variation of 
temperature (graph b)), because the largest eddies (up to a cut-of wave number 
kc) are computed by solving the full instantaneous Navier-Stokes equations.  
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Figure 1.3: a) Turbulence energy spectrum plotted as a function of the wave numbers (log-log 
diagram). b) Time evolution of local temperature in a fix point [6]. 

 
CFD simulations, or in a wider sense, the numerical simulations of natural 

phenomena have completely changed not only the science of combustion. 
Computers have brought a new dimension in the scientific analysis of the 
Nature: now theory needs not only to try to explain experimental observation, it 
also needs to explain numerical results. Today it can be said without 
controversy, that computation together with experiment and theory are the three 
significant parts of combustion science. As an example, Charles K. Westbrook 
and co-authors emphasise the importance of this new dimension with the 
following sentence [9]: “combustion is one of many disciplines imbedded in a 
scientific world where the power of computer is driving much of our progress”. 

Technical flames can be classified in different ways but probably the most 
common and clear is due to how the reactants are supplied into the reaction 
zone. So combustion can be classified into three categories, which are namely 
non-premixed, premixed and partially premixed combustion.  

• In non-premixed combustion the reactants enter the reaction zone separately 
and after mixing at the molecular level they react together along a surface at 
stoichiometric conditions. Natural open fires belong to this category and also 
the early diesel engines, household burners and gas turbine combustor have 
worked in non-premix mode. This type of combustion is also called diffusion 
combustion, because the characteristic timescales of diffusion processes are 
usually bigger than those of the chemical one, so the velocity of overall 
phenomena is controlled by the species diffusion step. This kind of 
combustion is relatively stable and safe because the reaction zone is confined 
along delimited surfaces. For these reasons non-premixed combustion is still 
applied in a wide range of combustion devices. The main drawbacks of 
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mixing-controlled flames lie in the fact that they can not be influenced 
through the rate of reaction and are characterized by low combustion 
intensity and efficiency [3]. Moreover, the stoichiometric flame creates high 
peak temperatures, which in terms of pollutant formations enhance the 
production of the largest quantity of thermal nitric oxide.  

• Opposite to diffusion flames, in premixed combustion fuel and oxygen are 
already mixed, inside the flammability limits, before they reach the flame 
front. Here the determining step becomes the rate of chemical reactions and 
the flame propagation happen through heat and radical diffusion in the 
unburned mixture. Typical examples of premixed combustion are the Bunsen 
burner and the Otto engine. Premixed combustion can be controlled by 
regulating the relative proportion of fuel in the initial mixture. So peak 
temperatures, efficiency and pollutant formation can be optimized in a 
combustion device. Safety problems and flame instabilities represent the 
main drawbacks and are the main obstacles for the diffusion of this kind of 
combustion. In fact in a non-premix burner there is always the risk of storing 
a potential explosive mixture outside the projected reaction zone. 

• Lastly, partial premixed combustion occurs when fuel and oxygen are mixed 
together outside the flammability limits before the reaction zone. Partial 
premixing may occur, voluntarily or involuntarily, from the fresh flow 
mixing before ignition or from the local quenching of highly turbulent flames 
and can occur in recirculation zones of non-premixed burners. In application, 
partial premixing can be used as a strategy to avoid the drawbacks and retain 
the advantages of the two combustion modes mentioned above. In many 
furnaces, the fuel is partially premixed with the primary air before entering 
the combustor; this is also the situation in gas turbines with pre-vaporizers. 
Blum et al. [13, 14] have measured NOx and CO emission in a commercial 
household burner, which is operated in the partially premixed mode. This 
burner is normally operated in a pure diffusion mode. A reduction of about 
35% for the NOx and of 60% for the CO emissions was observed for a high 
level of premixing of the fuel flow.  
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1.2 Topic and Aim of this Work 

 

The topic of this work concerns the numerical investigations of diffusion and 
partially premixed methane-air flames using new unsteady versions of the 
flamelet model and a RANS approach to simulate the turbulence. 

Methane as a fuel has been widely studied, mainly because it is the simplest 
molecule of the hydrocarbon family, consisting of an atom of carbon surrounded 
by four atoms of hydrogen arranged symmetrically. With the study of this 
simple molecule, some combustion characteristics of more complex fuels can be 
deduced. Moreover, methane is the principal component of natural gas, a very 
important fossil fuel in the world energy mix and his consumption is projected 
to rise (see Figure 1.1). The percentage of methane in natural gas can vary 
between 70 and 90 percent determining the quality of the fuel [15]. When 
natural gas contains an appreciable quantity of butane and heavier hydrocarbons, 
it is said to be wet gas. Natural gas produced in association with oil is usually 
wet gas. On the contrary dry gas consists mainly of methane with a relatively 
small amount of impurities. Due to its low carbon amount natural gas is the 
cleanest of all fossil fuels. Natural gas flames release relatively very small 
amounts of sulphur dioxide and nitrogen oxides, virtually no ash or particulate 
matter. Lower levels of carbon dioxide, carbon monoxide, and other reactive 
hydrocarbons are also emitted with respect to oil and coal.  

In the last several years, a variety of models were developed in order to 
simulate non-premixed turbulent combustion. As mentioned in [16] and in [6], 
there are models that assume the chemical reactions as infinitely fast while more 
advanced ones assume a finite rate chemistry. In this last category, the most 
common approaches are the probability density function transport equation 
(PDF) model [17] the flamelet model [18] and the conditional moment closures 
(CMC) [19]. The PDF transport equation model can be applied to premixed as 
well as to non-premixed combustion, because this model is less specific in its 
choice of the turbulent mixing model. The CMC model is closely related to the 
flamelet model and shares its properties with respect to the mixing.  

The steady laminar flamelet model (SLFM) views a turbulent flame brush as 
an ensemble of discrete, steady laminar flames, also called flamelets [20]. The 
individual flamelets are assumed to have the same structure as laminar flames in 
simple configurations, where the numerical solution is affordable. The laminar 
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flamelets are then embedded in a turbulent flame using statistical presumed 
distribution functions (PDFs), which simulate the turbulent oscillations. The 
advantage of the laminar flamelet approach is that realistic chemical kinetic 
effects can be incorporated into turbulent flames, with a perfect coupling 
between the chemistry and the molecular transport. The chemistry is usually pre-
processed and tabulated, offering tremendous computational savings. However, 
the steady laminar flamelet model is limited to simulate combustion with 
relatively fast chemistry. In fact the approach is only valid where the 
characteristic timescale of the flow is bigger than those of the chemistry. In 
Figure 1.4 typical time scales of technical combustors are summarized. In SLFM 
the flame is assumed to respond instantaneously to the aerodynamic strain, and 
thus the model cannot capture deep non-equilibrium effects such as ignition, 
extinction, and slow chemistry (like NOx chemistry). Many attempts have been 
made in order to extend the applicability of the flamelet model and incorporate 
curvature and unsteady effects. 

In our laboratory at ETH Zurich (Laboratory of thermodynamics in emerging 
technologies, LTNT) in the mid of the nineties a new transient laminar flamelet 
model (TLFM) was developed by Jorge Ferreira [21, 22]. This new approach 
aims to capture lift-off phenomena in turbulent diffusion flames were highly 
turbulent flames are detached from the burner’s mouth and an equilibrium 
between local extinction and re-ignition controls the flame. These situations are 
a typical example were the local flame structures, after re-ignition, have not 
enough time to reach their steady state conditions since the turbulent time scales 
are too small. The Transient Laminar Flamelet Model (TLFM) assumes that in 
turbulent flames there is a continuous competition between local extinction and 
re-ignition and that the relevant process is not extinction but re-ignition. It 
assumes that after the extinction process hot products from the extinguished 
flame element and from neighbouring still burning flame elements will rapidly 
mix with cold air and fuel. As a result, a partially premixed fluid element is 
generated which may re-ignite. This picture is reflected in the model by 
consideration of complete solutions of the local unsteady flamelets and the 
introduction of two additional model variables. A reaction progress variable 
defines the percentage between burnt and fresh gases at the beginning of the re-
ignition processes and a residence time variable describes the local time 
available for the chemical reactions.  
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Figure 1.4: Characteristic timescales involved in turbulent combustion [21]. 

 
In a second time Pankaj Bajaj, in his work over the potential nitrogen oxide 

reduction in partially premixed combustion [23], improved the TLFM by 
readjusting the range of the variables used to couple the turbulent flow to the 
laminar flame structures and by introducing transformation procedures to 
simulate correctly partially premixed flames.  

An interesting concept was later developed by Lale Demiraydin [24, 25], who 
coupled the transient flamelet approach of Ferreira (TLFM) with the PDF 
methodology. In this way the statistical distributions of the variable that controls 
the mixing processes are precisely calculated with a transport equation and not 
with modelled presumed distribution functions. In addition to that, Demiraydin 
implemented a new interpolation scheme between the flamelets and the 
turbulent variables of the flow and slightly improved the initial conditions used 
for the transient flamelet solutions. 

More recently, Sevket Baykal [26] utilized the TLFM coupled with the 
promising large eddy simulation (LES) approach. The time dependent feature 
and better turbulence solution capacity of LES have allowed an improved 
identification of the local extinction and re-ignition phenomena in highly 
turbulent flames. Moreover the model has shown to be a good candidate for the 
simulation of diffusion flames, which have regions being governed by partially 
premixed processes.  
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The local behaviour of flames in regions where the turbulent scales are 
comparable to the chemical ones is still not completely understood. Till now 
intensive research has been conducted and many models have been proposed to 
capture these phenomena. The transient laminar flamelet model developed in 
our institute has shown to extend the capabilities of the classical steady state 
flamelet approaches and overcomes the limitations of the fast chemistry 
assumption. The aim of this work is the further development of the mentioned 
TLFM in a RANS environment. This study centres its attention in the chemical 
part of the model and the efforts are concentrated in improving the capability of 
the model to follow the chemical development of highly turbulent diffusion and 
partially premixed flames. These are also the reason way a RANS approach is 
preferred towards a LES methodology. RANS models offer definitely a more 
convenient option in terms of computational costs, so more time may be devoted 
to the improvements of the chemical part of the model. On the other hand, they 
still provide enough accurate solutions, especially for simple geometries. 

More precisely, the goals of this work are: 
- Improvement of the numerical solution of the transient flamelet behaviour in 

order to simulate besides pure diffusion flame fronts also partially premixed 
ones. 

- Find better strategies to incorporate in a sensible way unsteady effects in our 
transient laminar flamelet model. 

- Besides the validation of new approaches against experimental data of simple 
piloted jet flames taken from the literature, the new models developed here 
should be used to simulate a real gas turbine combustor device. 

 

1.3 Outline of the Thesis 

 

The present work is organized in seven different parts. Following the 
introduction, a theoretical background of turbulent flows and chemical reactions 
is given in chapter 2. The equations that govern these phenomena are exposed, 
and the two main strategies to model the chaotic motion of turbulence (RANS 
and LES) are taken up in more details. 

In chapter 3, after the detailed explanation of three main combustion modes 
(namely non-premixed, premixed and partially premixed combustion), a review 
of the different modelling approaches for turbulent diffusion combustion is 
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done. Turbulent non-premixed combustion is a big theme and the literature in 
this area is huge. Here the focus will be concentrated on the flamelet modelling 
of turbulent diffusion flames with and without unsteady effects. The explanation 
of other theoretical models are also discussed but more summarily. 

The unsteady flamelet model available in our institute, the new models 
implemented on it and the development of a completely new transient laminar 
flamelet approach are presented in chapter 4. This part can be regarded as the 
core of this study. First, new strategies to correctly map the chemical evolution 
in highly turbulent diffusion flames are explained and discussed. Then, in a 
second part, the numerical behaviour of the unsteady flamelets is analysed 
together with the implementation of new concepts for the more realistic 
prediction of the local flame structures. 

In chapter 5 the numerical models proposed in this work are validated against 
the experimental results of piloted methane-air jet flames, which are the focus of 
an international workshop (Sandia piloted CH4/air jet flames D, E and F). These 
flames are a renowned test-bench for modellers who wish to exanimate their 
concept for the simulation of unsteady effects to coincide with the lift-off of jet 
flames. 

After the models validation the simulation of a real gas turbine burner is 
performed and the results are shown and discussed in chapter 6. The burner in 
question uses a swirl to stabilize the flame and depending on the operation 
conditions runs with different flame types. The simulation results will show the 
flexibility of the numerical approaches developed here.  

Finally, chapter 7 summarizes the main findings, draws the conclusions and 
provides some recommendations for the future.  
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2 FUNDAMENTALS AND GOVERNING EQUATIONS 
FOR TURBULENT REACTIONG FLOWS 

 

As mentioned in the introduction turbulent reacting flows involve a wide 
range of different processes which can be grouped in four categories: 
thermodynamics, chemical kinetics, fluid mechanics and transport processes. 
The aim of this chapter is to review briefly the laws and equations that govern 
these phenomena in turbulent combustion. In this way, the instantaneous Navier-
Stokes equations for reacting flows will be presented and discussed. An 
analytical solution of these conservation equations is not known and complete 
numerical analysis with today computer capacity is only feasible in relatively 
small geometries and at low Reynolds numbers. Hence, in the last part of this 
chapter different averaging procedures will be explained and a review of the 
common turbulent models will be presented. More details and the derivation of 
these equations from species or energy balances may be found in books as those 
by Poinsot and Veynante [6], Williams [27] and Kuo [28].  

 

2.1 Variables for the characterization of reacting flows 

 

Combustion implies multiple chemical species reacting through multiple 
chemical reactions. The Navier-Stokes equations for cold flows can be applied 
for such multi-species multi-reaction environments but they require some 
additional terms. More precisely, variables that describe the different reactant 
percentages in the mixtures and parameters that describe the progress of 
chemical reactions are needed. 

 

A. Mass fraction Y 

First, the local weight of species k in a mixture is generally characterized 
through its mass fraction Yk. The mass fraction of the kth species is defined by: 

 k
k

tot

mY
m

≡      where obviously     
1

1
N

k
k

Y
=

=∑  (2-1) 
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for N different species in a given volume V, where mtot represents the total mass 
of gas in this volume. 

 

B. Mole fraction X 

Additionally, the mole fraction X can be used to describe the species 
distribution in a mixture. Its definition is: 

 k
k

tot

nX
n

≡      where obviously     
1

1
N

k
k

X
=

=∑  (2-2) 

 

C. Stoichiometric factors 

In combustion it is usually very practical to relate the mass fractions of the 
reactants to the mass fraction of the same at stoichiometric conditions. A 
stoichiometric reaction can be defined as a unique reaction in which all reactants 
(fuel and oxidiser) are consumed and the products are in their most stable state. 
For instance, the following formula refers to the global stoichiometric reaction 
describing the combustion of any hydrocarbon fuel: 

 
2 2 2

' ' '' ''
2 2 2F m n O CO H OC H O CO H Oν ν ν ν+ → +  (2-3) 

where the stoichiometric coefficients νk are 

 2 2 2

' ' ' '' ''1 ; ; ;
4 2F O O CO H O
n nm mν ν ν ν ν= = = + = =  (2-4) 

The stoichiometric coefficient of the fuel may be chosen arbitrarily to unity and 
'
Oν  corresponds to the stoichiometric coefficient of the oxidizer and not of the 

oxygen element.  

One of the first ratios that can be defined under stoichiometric conditions is 
the so called stoichiometric mass ratio s which represents the minimum mass of 
oxidant per unit mass of fuel needed for a complete combustion. 

 
'

'
O O O

F F Fst

Y Ws
Y W

ν
ν

⎛ ⎞
≡ =⎜ ⎟

⎝ ⎠
 (2-5) 

Wk is the molecular weight of species k. 
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Moreover, the local actual fraction of fuel and oxidant in a reacting mixture 
can be related to the stoichiometric mass ratio in the following relationship: 

 
( )

( )
1O F O

O F Fst

Y Y Y
Y Y s Y

λ ≡ =  (2-6) 

λ is the so called local air excess ratio and is commonly used to compare the 
behaviour of different flames. Another frequent parameter is the equivalence 
ratio φ which corresponds to the reciprocal of the air excess ratio λ defined 
above. 

 
( )

( )
1F O

F O st

Y Y
Y Y

φ
λ

≡ =  (2-7) 

Both λ and φ are bounded between zero and infinity and with the help of those 
parameters one can classify any reacting mixture in three categories: 

i) Fuel-lean mixtures where 0 < φ < 1 or 1 < λ < ∞ 
ii) Stoichiometric mixtures where φ = 1 or λ = 1 
iii) Fuel-rich mixtures where 1 < φ < ∞ or 0 < λ < 1 

 

D. Mixture fraction Z 

A crucial quantity for the description of non-premixed combustion is the 
mixture fraction Z (sometimes also denoted by f or ξ). In non-premixed 
combustion mixing in the molecular level between the reactants must occur 
prior to chemical reactions. The time needed for convection and diffusion, both 
responsible for the turbulent mixing, is typically larger than the time needed for 
combustion reaction to consume the fuel. So mixing becomes the most relevant 
step in diffusion flames where usually the fast chemistry assumption can be 
applied. Therefore of drastic importance for the right prediction of non-
premixed flames is the introduction of a chemistry-independent “conserved 
scalar” variable for the description of the mixing processes. Different definitions 
can be proposed to calculate the mixture fraction in combustion. Here the must 
important definitions according to the author are presented. A review over the 
conserved scalar approach can be found in [29].  
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Figure 2.1: An example of a two feed system: non-premixed jet flame. 

 
A conserved property β may be defined as any extensive property of a fluid 

which is free from sources and sinks, in other words a property that is neither 
destroyed nor produced in any physical or chemical process. The value of the 
chosen conserved scalar β may be subsequently normalized by its lowest and 
highest values, giving the mixture fraction value: 

 min

max min

Z β β
β β

−
=

−  (2-8) 

The most intuitive way to define the mixture fraction is derived from equation 
(2-3) for homogeneous systems or for heterogeneous systems with equal 
diffusivities for all the species. The reaction equation (2-3) relates the changes 
of mass fractions of oxygen and fuel to each other by: 

 2

2 2

' '
O F

O O F F

dY dY
W Wν ν

=  (2-9) 

This relationship may be subsequently integrated from the unburnt state with 
index u to an intermediate state during reaction. Combining the result of the 
integration with the definition of the stoichiometric mass ratio s (equation (2-5)), 
one becomes: 

 
2 2, ,F O F u O usY Y sY Y− = −  (2-10) 

As the intermediate burning state was arbitrary and the unburned state is 
conserved, equation (2-10) defines a conserved scalar which is known as the 
Shvab-Zel’dovich coupling variable: 
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2F OsY Yβ = −  (2-11) 

Technical combustors may be very complex devices, however in general the 
underlying physical process may be simplified to the mixing of fuel and 
oxidizer. Therefore, a two feed system is a good representative for many 
technical applications. Non-premixed jet flames are an example of two feed 
systems (Figure 2.1), where the fuel is introduced into the system through a 
nozzle in a coflow of air. In this case the maximum and the minimum values of 
the conserved scalar (βmax and βmin) correspond to the boundary values at the 
inlet for the fuel 1 and air flow 2 respectively. So, in this configuration with the 
Shvab-Zel’dovich as conserved scalar the mixture fraction Z becomes: 

 2 2

2

,2

,1 ,2

F O O

F O

sY Y Y
Z

sY Y
− +

=
+  (2-12) 

where the indexes 1 and 2 indicate the different inlet position (1 for the fuel inlet 
and 2 for the air inlet). For a stoichiometric mixture the relation 

2F OsY Y=  holds 
and the stoichiometric mixture fraction can be easily deduced from equation (2-
12): 

 
2,1 ,2

1
1st

F O

Z
sY Y

=
+  (2-13) 

In the case of pure fuel mixed with pure air the stoichiometric mixture fraction 
of common hydrocarbon takes always small values (0.0284 for H2, 0.055 for 
CH4, 0.0635 for C2H4, 0.0601 for C3H8 and 0.072 for C2H2). This means that 
relatively large amount of oxidiser is needed to completely consume 
hydrocarbons in a combustion process.  

The value of the mixture fraction may also be related with the equivalence 
ratio. Combining (2-12) and (2-13) with (2-7) leads to the following expression: 

 
( )1

1
st

st

ZZ
Z Z

φ
−

=
−  (2-14) 

which suggest that the mixture fraction can be interpreted as a normalized 
equivalence ratio [16].  

A more general way to describe the mixture fraction is to relate it to the 
chemical elements, rather than to the equivalence ratio. In reacting systems the 
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chemical species are consumed or generated but the mass fraction of the 
elements is conserved even during combustion. Denoting akj as the number of 
atoms of elements j in a molecule of species k and Wj the molecular weight of 
that atom, one may write the mass fraction of element j as: 

 
1

N
j kj j

j k
k k

m a W
Z Y

m W=

= = ∑  (2-15) 

From the element mass fraction of the mixture several conserved scalars can be 
derived for the definition of the mixture fraction. In principle, any element may 
be used for this scope but because the different species involved in a combustion 
process diffuse at different rates the value of the mixture fraction distributions 
may be different depending on the element selected. This problem is known as 
preferential or differential diffusion. As a consequence one must be very careful 
on how the mixture fraction is defined, especially when different data are 
compared.  

In the work of Ferreira [21] the fuel element mass fractions was chosen as the 
conservative scalar to characterize the mixture fraction. This means that for a 
pure hydrocarbon fuel the fuel element mass fraction corresponds to the sum of 
the element mass fractions of the carbon and hydrogen. 

One relationship often used to find out mixture fraction values from 
experimental or numerical data is proposed by Bilger [30]. In this definition the 
element mass fraction of C, H and O are coupled each other in the following 
conservative scalar: 

 
2 2

'2C OH

C H O O

Z ZZ
mW nW W

β
ν

= + −  (2-16) 

leading to the below expression for mixture fraction: 

 
( ) ( ) ( ) ( )

( ) ( ) ( )
2 2 2

2 2 2

'
,2

'
,1 ,1 ,2

2

2
C C H H O O O O

C C H H O O O

Z mW Z nW Y Z W
Z

Z mW Z nW Y W

ν

ν

+ + −
=

+ +
 (2-17) 

In summary we have seen that it’s possible to describe the mixing state of a 
flame by only one variable and this variable is called mixture fraction (Z). 
Various ways can be chosen to define this quantity but the definition must be 
based on a conserved variable which usually is normalized between zero and 
one. 
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E. Reaction progress variable c 

The chemical reaction progress in flames is the result of a large number of 
competing chemical reactions. Even for the simplest hydrocarbon fuel it may 
involve dozens of intermediate species and hundreds of chemical reactions. 
However it is important to note that only a few particular paths are rate 
determining and condition the overall process. As a consequence, the chemical 
progress can be represented by just a few variables and in the simplest case by a 
single reaction progress variable. This reaction progress variable should be a 
normalized parameter with a range between zero (for an unreacted cold mixture) 
and one (for a fully burnt situation). 

In closed adiabatic systems the temperature grows monotonically with the 
development of the chemical process, hence a normalized temperature function 
may be considered to define a reaction progress variable c: 

 
( )
( )

u

b u

T T
c

T T
−

=
−  (2-18) 

where T represents the local effective temperature, Tb the adiabatic temperature 
of a completely burnt mixture and Tu the temperature of the fresh reactants. This 
formula fits well in systems where energy is not transported away. In open non-
adiabatic systems the temperature may drop due to convection and diffusion 
processes and equation (2-17) will predict underestimated values of c.  

Other possible versions of a reaction progress variable are based on the 
normalized mass fraction of one of the reactants or one of the stable products of 
combustion. As an example, Ferreira in his work [21] utilizes the definition of 
the progress variable c founded on the fuel mass fraction: 

 
( )

( )
,

, ,

F F u

F b F u

Y Y
c

Y Y

−
=

−  (2-19) 

where YF is the real local fuel mass fraction and YF,b and YF,u represent the mass 
fractions at burned and unburned conditions respectively.  

Cant et al. [31] have compared different definitions of the progress variable c 
in a laminar premixed counterflow flame, where a cold reactive methane-air 
mixture is flowing against the corresponding hot equilibrium combustion 
products. In particular they have compared definitions based on the temperature 
(like (2-18)), on the mass fraction of the fuel (like (2-19), of the carbon dioxide, 
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of the water and they have proposed also a relation containing all the species 
involved in the combustion process. They retain the latter definition as the more 
appropriate to calculate c and they also point out that the discrepancies between 
the different definitions become smaller as the strain rate of the flame is 
increased.  

The definitions discussed up to here fit well for premixed combustion. The 
focus of this work is, however, on non-premixed combustion where the 
combustibles mixtures are highly inhomogeneous. So, in this study another 
variable to calculate the advance of the combustion processes in flames is 
proposed. The reactedness variable R relates all the mass fraction of the species 
consumed (YF, YO) and produced (YP) during the reactions in the following 
expression: 

 
1

min ,
1

min ,
k

O
F

N O
P Fk

Y Y
sR

YY Y
s=

⎛ ⎞
⎜ ⎟
⎝ ⎠= −

⎛ ⎞+ ⎜ ⎟
⎝ ⎠

∑
 (2-20) 

where s is the stoichiometric mass ratio of the given fuel. One of the main 
differences between expression (2-20) and the different definitions of the 
progress variable c listed above is that the reactedness R always assumes unity 
when one of the reactants is completely consumed. This is not the case if the 
progress variable c is computed with equation (2-19) in local fuel rich flame 
situations, because even if the oxygen is completely consumed c indicates 
erroneously that there is still a potential for chemical reactions. 

 

F. Dimensionless numbers 

In reacting flows transport of mass, momentum and energy are crucial 
phenomena and it is often useful to relate the various transport coefficients 
together in dimensionless numbers. The Prandtl number is defined as: 

 
rate of momentum transportPr

rate of energy transport
ν
α

= =  (2-21) 

The Schmidt number is defined as: 
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rate of momentum transportSc

rate of mass transportD
ν

= =  (2-22) 

The Lewis number is defined as: 

 
rate of energy transportLe

Pr rate of mass transportp

Sc
D c D
α λ

ρ
≡ = = =  (2-23) 

The Damköhler number is defined as: 

 
Characteristical convective timescaleDa
Characteristical chemical timescale

f

c

τ
τ

≡ =  (2-24) 

 

G. Values for methane combustion 

In this work methane flames will be studied. Therefore it is useful to resume 
the combustion characteristic of this important fuel. First, the overall methane 
combustion may be described by the following stoichiometric equation: 

 4 2 2 22 2CH O CO H O+ → +  (2-25) 

Second in Table 2.1 the numerical values of important methane combustion 
parameters are listed. The flammability limits are the limits inside which a 
mixture can be successfully ignited by a source of external energy. Adiabatic 
flame temperatures are calculated from cold reactants having a temperature of 
298 K. HHV and LHV correspond respectively to the high and low heating 
values of the fuel.  

 

Stoichiometric 
Factors 

Flammability 
Limits 

Adiabatic Flame Temperatures [K] 
(Tstart=298 K) 

Heating Values 
[MJ/kg] 

s Zst φrich φlean Tad (1 bar) Tad (20 bar) HHV LHV 

4 0.55 1.46 0.46 2210 2270 55.5 50.0 

Table 2.1: Characteristics of methane combustion. 

 



Chapter 2 Fundamental and governing equations for turbulent reacting flows 
 

 25 

2.2 Review of chemical thermodynamics and kinetics 

 

Pressure p, density ρ and temperature T are variables to characterize the state 
of a mixture. For gases there is a simple relation between these variables and the 
mean molecular weight W of the mixture: 

 
Rp T
W

ρ=  (2-26) 

 
1

1 N
k

k k

Y
W W=

= ∑  (2-27) 

where R is the ideal gas constant (R=8.3145 J/(mol K)).  The majority of the 
gases in combustion situations fulfil relatively good equation (2-26). However 
under extreme conditions (by very cold temperatures and by high pressures) 
discrepancies arise. A hypothetical gas that under any situation fulfil equation 
(2-26) is also called ideal gas, so equation (2-26) is known as the ideal gas law. 
In the numerical simulation of flames the reacting mixture is usually assumed to 
obey the ideal gas law, where the heat capacities of the species are a function of 
the temperature only. 

In chemical phenomena the specific heat of reaction Δhr is found with the 
help of the specific heat (or enthalpy) of formation Δhf of the single species. 
Consider now a chemical system of N species reacting together under the 
following generic stoichiometric equations for reversible reactions:  

 
' ''

1 1

N N

k k k k
k k

M Mν ν
= =

∑ ∑  (2-28) 

where Mk is the symbol for the species k. The specific heat of reaction at a 
temperature T0 for the forwards reactions may be then calculated with the 
following relationship: 

 
'' '

, ,
1 1

N N

r i f k i f k
k k

h h hν ν° ° °

= =

Δ = Δ − Δ∑ ∑  (2-29) 

In principle any value could be assigned to the reference temperature T0 but the 
standard reference state used to tabulate formation enthalpies is usually set to 
T0=298.25 K. As a convention for exothermic reactions the heat of formation is 
negative and for endothermic chemistry, instead, is positive. With equation (2-
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29) and an energy balance, reaction enthalpies at any temperature can be 
calculated. As an example the data for the heating values and the adiabatic flame 
temperature in Table 2.1 are found with this procedure. 

One can distinguish between mechanical, thermodynamic and chemical 
equilibrium. In chemical equilibrium the chemical potential is at minimum and 
the concentrations of the spices Ck in the mixture are fixed through the following 
relationship. 

 
'' '( )

1

k k

N

c k
k

K C ν ν−

=

= ∏  (2-30) 

Kc is the so called equilibrium constant which is dependent from the temperature 
but independent from the pressure, from the mixture composition and from the 
presence of a catalyst. In chemical equilibrium the species contained in the 
blend continue to react together following equation (2-28) but the rates of the 
forward and backward reactions are equal. In gas phase reactions partial 
pressures may be used to express the low of equilibrium. In this case the partial 
pressures pk takes the place of the concentrations Ck in equation (2-30) and a 
new equilibrium constant Kp is introduced considering the ideal gas law. 

 
'' '( )

1

k k

N

p k
k

K p ν ν−

=

= ∏  (2-31) 

 ( )
'' '

1
( )

N
k kk

p cK K RT ν ν
=

−∑=  (2-32) 

As far as the chemical kinetics is concerned, the mass production or 
consumption rate of the kth species 

.

kω  is given by the summation of all the 
differences of the forward and reverse rates of all the reactions n involving the 
kth species.  

 ( ) ( ) ( )
' ''

, ,
. .

'' '
, , , , ,

1 1 1 1

k n k n

k k

N NN N

k k n k k n k n f n M r n M
n n k k

W k C k C
ν ν

ω ω ν ν
= = = =

⎧ ⎫
= = − −⎨ ⎬

⎩ ⎭
∑ ∑ ∏ ∏  (2-33) 

The variables kf,n and kr,k represent the forward and the backward rates of 
reaction and they constitute a central problem in the combustion issue. The 
empirical Arrhenius law is usually utilized to model these rates. 

 , , expnB n
f n f n

Ek A T
RT

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (2-34) 
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Expressing the reaction rate for a species k means providing the three 
parameters of equation (2-34) for all the reactions in which the species k plays 
an active role. The pre-exponential parameters Af,n and Bn are assumed to 
include the effect of the collision frequency and the activation energy En may be 
interpreted as “energy wall”. The molecules of a given mixture that collide 
together with the right orientation must have a kinetic energy above the 
mentioned activation energy En in order to react. A minimum amount of 
mechanical energy must be available to break the internal bond of the reactant 
molecules.  

The backward rates kr,n are later computed from the forwards rates through 
the equilibrium constants: 

 
,

,
,

f n
c n

r n

k
K

k
=  (2-35) 

It’s important to note that the chemical schemes proposed in the literature 
correspond to models and the values of the three important kinetic parameters 
are often disputed in the kinetics community. The space and time scales related 
to the reaction rates inside flames create a central difficulty in the numerical 
simulation of these phenomena. These scales are usually very small und require 
meshes and time steps which can be orders of magnitude smaller than in non-
reacting flows [6]. 

 

2.3 Mass transfer and diffusion processes 

 

In order to obtain the exact diffusion velocities in a flow one must solve a 
system which presents some difficult mathematical aspects [6]. Hence most 
numerical approaches for combustion are based on Fick’s law which assumes 
that the diffusion flux Jk may be written as: 

 k
k k

i

YJ D
x

ρ∂
= −

∂  (2-36) 

Dk is the diffusion coefficient of species k in the mixture and its dimension is 
m2/s. Fick’s law turns out to be a reasonable approximation for diffusion 
processes in flames, since Lewis numbers of single species are typically varying 
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by small amounts in flame fronts as shown in [6] (generally Lewis numbers are 
close to one).  

 

2.4 Conservation Equations for turbulent reacting flows 

 

The dynamic behaviour of reacting mixtures is represented in a mathematical 
language by a set of conservation equations for mass, species, momentum and 
energy. Since the mass is also conserved during combustion processes its 
conservation equation is the same for non-reacting and reacting mixtures. Using 
Einstein’s summation convention it may be written in Cartesian coordinates as: 

 0i

i

u
t x

ρρ ∂∂
+ =

∂ ∂  (2-37) 

If the global mass remains constant during combustion the mass of individual 
compounds change uninterruptedly till a steady state is reached. Therefore, in 
reacting mixtures conservation equations for the mass fraction of the species 
must be added in comparison with cold flows. 

 
.

k i k k
kk

i i i

Y u Y YD
t x x x

ρ ρ ρ ω
⎛ ⎞∂ ∂ ∂∂

+ = +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
 (2-38) 

Note that the diffusion velocities are modelled using the Fick’s law discussed 

before and that 
.

kω  is the source or sink term of the equation. Usually equation 
(2-38) is not applied to every N components present in the flame, because the 
Nth component can be extrapolated from the global mass conservation: 

 
1

1

1
N

N k
k

Y Y
−

=

= −∑  (2-39) 

As noted in [6] this assumption can be dangerous but if YN is a high 
concentration diluent, as N2 in air flames, the assumption’s error is negligible.  

The third conservation equation is the momentum equation which is the same 
like in non-reacting flows: 

 
ij

i i j
i i i

pu u u
t x x x

τ
ρ ρ

∂∂ ∂ ∂
+ = −

∂ ∂ ∂ ∂  (2-40) 
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As in this work flames with relatively high momentum will be analyzed, the 
effect of gravity can be neglected. So in equation (2-40) no term representing 
body forces is present. τij is the viscous stress tensor and by considering all 
fluids as Newtonian this term may be written as: 

 
2
3

ji i
ij eff ij

j i j

uu u
x x x

τ μ δ
⎛ ⎞∂∂ ∂

= + −⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠
 (2-41) 

where μeff is the effective viscosity, which is set up from the summation of the 
laminar (μl) and the turbulent (μt) viscosity. δij is the Kronecker delta. Although 
in equation (2-40) no explicit combustion term appears, chemistry strong 
influence the flow behaviour. Due to the thermal energy liberated along the 
flame front the dynamic viscosity μ, the density ρ and as a consequence the 
velocity ui change dramatically in comparison with cold flows.  

Multiple forms of the energy conservation equation exist. Here a version is 
presented based on the enthalpy. The enthalpy of a species k may be defined as 
the sum between the chemical (heat of formation at a given temperature T0) and 
the sensible enthalpy.  

 
0

, ,
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cp is the heat capacity at constant pressure, which in the case of an ideal gas is 
only a function of the temperature. Equation (2-43) shows the balance equation 

for the total enthalpy ( 1

N
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h Y h
=

=∑ ) of a system. 
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∑  (2-43) 

Also in this case we neglect any volume force acting on the flow. The first term 
in the right hand side of the balance equation take into account the diffusion of 

enthalpy through conduction and mass transfer. 
.
q  represents the sources or 

sinks of enthalpy (thermal radiation is a typical example). This term is not to be 
confused with the heat realized by combustion which is already taken into 
account in the definition of the enthalpy. Finally, the last term of equation (2-43) 
is important by high Reynolds numbers where compressibility and viscous 
effects become important.  
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2.5 Averaging Procedure 

 

Turbulence is a chaotic phenomenon which covers a wide range of time and 
length scales. As it will be shown later, the fully detailed simulation of turbulent 
processes in flames is still unpractical for today computer capacities. In 
turbulent problems it is common to decompose all the variables into time 
averaged mean and fluctuating components: 

 'ϕ ϕ ϕ= +  (2-44) 

where φ represents any scalar or vector’s component of a flow variable. The bar 
denotes a time averaged quantity, which is defined by the following relationship: 

 
0

1 t

dt
t

ϕ ϕ
Δ

=
Δ ∫  (2-45) 

The time interval Δt must be long compared to the largest time scale of the 
turbulence fluctuations. Inserting equation (2-44), with the appropriate variables, 
into the instantaneous balance equation discussed in the previous subchapter, 
averaged equations to compute mean quantities can be derived. These equations 
are known as the time or Reynolds averaged Navier-Stokes (RANS) equations. 
Every averaging procedure of the exact instantaneous equations simplifies a lot 
the numerical resolution of turbulence but introduce also new unclosed terms. 
The Reynolds averaging procedure is practical to study incompressible flows. 
However, in situations where strong density variations are present (in 
compressible or reaction flows), the Reynolds averaging procedure leads to 
many unclosed correlation which include these density fluctuations. Therefore in 
combustion mass-weighted averages (called Favre averages) are usually 
preferred: 

 
ρ ϕϕ
ρ

=  (2-46) 

where the tilde denotes a mass or Favre averaged quantity. Again the local 
instantaneous variable φ may be spitted into Favre averaged mean and its 
fluctuating part; 

 ''ϕ ϕ ϕ= +  (2-47) 
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where the double prime corresponds to the random oscillation about the mass 
averaged mean. There is no simple relation between Favre (ϕ ) and Reynolds 
(ϕ ) averages. A relation between the two quantities requires the knowledge of 
density fluctuations correlations, ' 'ρ ϕ  which remain hidden in Favre averaged 
quantities: 

 
' 'ρ ϕϕ ϕ
ρ

= +  (2-48) 

Of course if 'ρ  and 'ϕ  are weakly correlated the difference between Reynolds 
and Favre averaged quantities becomes negligible. This fact is particularly true 
in incompressible flows where the two averaging procedures lead to equal 
results. Furthermore special attention must always be given when Favre 
averaged numerical results are compared with experimental data. Measurements 
from experimental devices can be presented in Favre or in Reynolds averaged 
mode, a choice which strongly depends on the experimental technique. 

Using the Favre strategy to average the flow variables the instantaneous 
balance equations (2-37) (2-38) (2-30) and (2-43) become: 

i) Mass: 

 0i

i

u
t x
ρ ρ∂ ∂

+ =
∂ ∂  (2-49) 

ii) Chemical species: 
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iii) Momentum: 
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iv) Energy: 
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As already mentioned, the main difference between these relations and the 
instantaneous Navier-Stokes equations lies in the unclosed terms generated by 
the averaging procedure. This unclosed term may be interpreted as a loss of 
information. The physics of turbulence and turbulence-combustion interaction 
must now be simulated by artificial approaches. It’s here that we can see the 
heart of the matter in the numerical computation of turbulent flames. In order to 
succeed in this challenge models that reproduce correctly real physical 
phenomena should be developed. In particular four unclosed terms can be 
recognized [6]: 

i) Reynolds stresses ( '' ''
i ju u ). 

These terms are resolved by a turbulence model. The closure may be done 
directly or by deriving a balance equation for the Reynolds stresses. The 
turbulence models available for simulating turbulent flames have been 
developed from cold flows and subsequently adapted in terms of Favre 
averaging. A survey of these models will be done in the next subchapter.  

 

ii) Species ( '' ''
i ku Y ) and enthalpy ( '' ''

iu h ) turbulent fluxes. 
These terms are generally closed using a classical gradient assumption: 
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,

t k
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t k i
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μρ ∂

= −
∂  (2-53) 

where μt is the turbulent viscosity, estimated from the turbulence model and Sct,k 
the turbulent Schmidt number of species k. 
 

iii) Species chemical reaction rates (
.

kω ). 
The main task of turbulent combustion modellers is to find approaches for a 
meaningful closure of the mean reaction rates. A detailed discussion of the 
models available nowadays for diffusion combustion will be given in chapter 3.  
 

iv) Radiation energy (
.
q ). 

Radiation is an important heat transfer process. It turns out to be relevant and 
prevails over the other heat transfer mechanisms when temperature differences 
become relatively high. In flames it acts as a heat sink especially in post-flame 
zone where chemical reaction rates reduce to small values or if soot is present. 
In this study the focus is centred on the analysis of phenomena close to the 
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stoichiometric flame surface using a fuel with low carbon content. This means 
that in a fist approximation radiative heat losses can be neglected in the present 
work.  

 

2.6 Turbulence Modelling 

 

Big whirls have little whirls, 
that heed on their velocity; 
and little whirls have littler whirls, 
and so on to viscosity.  

 
This little poem of L.F. Richardson [32] summarizes in a concise way the 

nature of turbulent flows, which are characterized by a large range of time and 
length scales. In fact, the big eddies by high Reynolds numbers break up into 
smaller eddies which in turn break up into even smaller ones. This process 
continues till viscous forces start to dominate over convective forces and the 
smallest eddies are dissipated. This is known as ‘energy cascade’ of the 
turbulent motion and goes back to the Kolmogorov’s theory for homogeneous, 
isotropic turbulence [33, 34]. The local turbulent kinetic energy k is defined as  

 
3

' '

1

1
2 i i

i
k u u

=

≡ ∑  (2-54) 

where '2
iu  are the mean square velocity fluctuations. 

Kolmogorov’s theory states that a stationary energy transfer ε from the large 
eddies down to the smallest eddies occurs in the so-called inertial subrange of 
turbulence. It affirms also that at sufficiently high Reynolds numbers, the small-
scale turbulent motions are statistically isotropic. The mentioned energy transfer 
is local in the sense that energy from one eddy is transferred only to the eddy of 
the next smaller length scale. Due to the locality of the energy transfer, the 
energy transfer rate ε, i.e. the kinetic energy per eddy turnover time, is 
independent of the length scale of the eddies and thus constant within the inertial 
subrange. This scale invariance is the most important hypothesis for large 
Reynolds number flows.  
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Figure 2.2: Energy spectrum of homogeneous, isotropic turbulence [16].  

 
It is integrated into every standard turbulence model, thereby satisfying the 
requirement of Reynolds number independence in the large Reynolds number 
limit and a model for turbulent combustion should also abide this premise. 

Figure 2.2 shows the energy spectrum E(k) of homogeneous, isotropic 
turbulence as a function of the reciprocal of the eddy size, the wave number k, in 
a log-log diagram. For small wave numbers corresponding to large scale eddies 
the energy per unit wave number increases with a power law between k2 and k4. 
This range is not universal and is determined by large scale instabilities, which 
depend on the boundary conditions of the flow. The constant energy transfer rate 
in the inertial subrange leads to a slope of -5/3, which results from dimensional 
analysis. Final, by very small eddies in the so-called viscous subrange, the 
energy per unit wave number decreases exponentially owing to viscous effects. 
Two important characteristic turbulent length scales bounding the inertial 
subrange can also be identified in this figure, the Kolmogorov length scale η and 
the integral length scale lI. The Kolmogorov length scale η denotes the scale of 
the smallest eddies. At this length scale, viscous forces dominate, thereby 
converting the kinetic energy k of the smallest eddies into thermal energy. The 
Kolmogorov length scale thus has to be a function of the kinematic viscosity ν 
and the kinetic energy dissipation rate ε. It can be determined by dimensional 
analysis.  
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 (2-55) 

In addition, the Kolmogorov time scale τη, which is proportional to the turnover 
time of a Kolmogorov eddy, can be calculated  

 η
ντ
ε

=  (2-56) 

Combining (2-55) and (2-56), the turnover velocity of a Kolmogorov eddy can 
be defined as 

 ( )1 4uη ν ε=  (2-57) 

The integral length scale lI corresponds to the length scale of those eddies that 
contain the most energy. The integral length scale lI can be defined with the help 
of the normalized two-point velocity correlation function [16].  
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The quantity R is a measure for the correlation of the velocity fluctuations 'u  
measured at the points x and x + r, thereby indicating to what degree the 
turbulent properties of two points with distance r influence each other. The 
velocity correlation function is equal to unity in the limit of r → 0 and decreases 
asymptotically to zero for large r. The integral length scale is defined by means 
of (2-58), 

 ( )
0

,Il R x r dr
∞

= ∫  (2-59) 

In Figure 2.3, lI is located where the shaded areas above and below the two-
point velocity correlation function are of equal size. Hence, the integral length 
scale lI can be interpreted as the length scale from which point on the velocity 
fluctuations are predominantly un-correlated. In addition, the integral time scale 
τI, which is proportional to the turnover time of an integral eddy, can be defined 
as 

 I
kτ
ε

=  (2-60) 
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Figure 2.3: Normalized two-point correlation function [35]. 

 
In chapter 1 the numerical simulation of turbulence was grouped in three 

different classes. In ascending order of precision: Reynolds Averaged Navier-
Stokes (RANS) models, Large Eddy Simulations (LES) and Direct Numerical 
Simulations (DNS). RANS models for turbulent reacting flows utilize the 
averaged equations shown in chapter 2.5 to predict the mean flow quantities of 
flames. DNS, instead, compute explicitly all the turbulent structure by solving 
the instantaneous Navier-Stokes equations presented in chapter 2.4. The 
precision of LES lies between these of RANS and DNS where only the large 
eddies are explicitly visualized.  

Historically, many models have been proposed and are currently in use. It is 
important to note that there is a wide range of turbulent flows and also a broad 
range of questions to deal with. Therefore, it is useful and suitable to have the 
possibility to choose between a broad range of models that vary in complexity, 
accuracy and other attributes. In general it can be said that there is no one “best” 
model with which every turbulent flow can be perfectly and easily simulated. 
On the contrary, the suitability of a particular model for a particular turbulent 
flow problem depends on a weighted combination of valuation methods. Pope in 
his book [36], proposes five different criteria for apprising suitable turbulent 
models: 

i) level of description, 
ii) completeness, 
iii) cost and ease of use, 
iv) range of applicability and 
v) accuracy. 
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It’s obvious that at a higher level of description a more complete 
characterization of the turbulence can be provided. DNS represents the extreme 
case where great accuracy and wide applicability can be achieved. In any case, 
also the limited description provided by mean-flows closures is adequate in 
many applications. A model can be defined complete if its constituent equations 
are free from flow dependent specifications. Incomplete models can be useful 
for flows within a narrow class, for which there is a body of semi-empirical 
knowledge on the appropriate flow-dependent specifications. However, in 
general, completeness is clearly desirable. Cost and ease of use represent the 
main reason why methods that offer great level of turbulence description are not 
utilized habitually in real flame configurations. The cost of a particular model 
can be sub-divided in two different factors. First, the computer program to solve 
the desired equations has to be obtained or developed and set up for flow in 
question. This is, however, “one-time cost”. Second, the computer program is 
executed to perform the calculation and the required results are extracted. DNS 
is not applicable for real flame configuration with nowadays computer capacities 
because the cost to perform such a calculation will be prohibitive. Cost and ease 
of use may by one factor that limit the range of applicability of a particular 
numerical approach. Last, it goes without saying that accuracy is a desirable 
attribute of any model. In application to a particular flow, the accuracy of a 
model can be determined by comparing model calculation with experimental 
measurements. This process of model testing is of fundamental importance and 
deserves careful consideration.  

In this study the main effort will be concentrated on the closure of the 
chemical source term for turbulent non-premixed flames. Moreover, the 
configuration of the flames used to validate the new ideas proposed here is not 
complex; more specifically high turbulent jet flames will be simulated. Hence a 
RANS approach may be sufficiently appropriate to lead a successful study over 
turbulence-combustion interaction. A standard k-ε model will be used, where 
only mean quantities of flames can be predicted but it offers great advantages in 
terms of computational costs.  

In the next sub-chapters a survey over the main RANS approaches available 
today will be presented. Particular attention will be given on the model used in 
this study (the standard k-ε model). Later the main numerical characteristics of 
LES and DNS will be recapitulated. 
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2.6.1 Reynolds Averaged Navier–Stokes (RANS) models 

In RANS models for reacting flows, Favre averaged conservation equations 
are solved (equations (2-49)-(2-52)) and an appropriate turbulence model close 
the Reynolds stresses '' ''

i ju uρ−  generated by the averaging procedure. The main 
turbulent models developed from the Favre averaged transport equations can be 
classified into two distinct categories. In the first group the unknown Reynolds 
stresses are related to the mean velocity gradient using the Boussinesq 
hypothesis [37]: 
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where μt is the turbulent viscosity (or eddy viscosity) and requires further 
modelling. In this basic assumption the Reynolds stresses are linearly 
proportional to the mean rate of strain and the scalar fluxes are linearly 
proportional to the gradients of their mean quantities. In principle, the Reynolds 
stresses are related to the mean flow variables using the eddy viscosity 
assumption. The main advantage of these approaches is related to the relatively 
low computational cost associated with the calculation of the eddy viscosity μt. 
The disadvantage of the Boussinesq hypothesis lies in the assumption that μt is 
an isotropic scalar quantity, which is not strictly true. To avoid this drawback, in 
the second category of RANS models an alternative approach is used to 
determine the unclosed quantities. In this case transport equations for each of the 
terms in the Reynolds stress tensor and for the dissipation rate are solved. This 
means that five additional transport equations are required in 2D flows and 
seven additional transport equations must be solved for 3D flows. The models 
that use this strategy are called Reynolds-stress or second-moment closures. The 
exact production term and the inherent modelling of stress anisotropies 
theoretically make Reynolds-stress models more suited to complex flows, where 
significant mean streamline curvature and flows with strong swirl are present. 
However practice shows that they are often not superior to standard models 
assuming eddy viscosity hypothesis for μt. 

For models based on the Boussinesq hypothesis the turbulent viscosity μt 
remains unknown. Three main approaches have been proposed to close the 
problem: algebraic expressions which do not require any additional balance 
equation, one-equation closure and two-equation closures.  
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The Prandtl mixing length model [38] is an example of zero-equation model 
where the eddy viscosity is linked to the velocity gradient through a simple 
algebraic expression. In this approach a mixing length, which strongly depends 
on the flow geometry, must be given. Hence this model is a good example of 
model completeness, or better said incompleteness, since is not at all universal. 

A relatively simple one-equation approach is the Spalart-Allmaras model 
[20], where a transport equation for the kinematic eddy viscosity is solved and 
the specification of a characteristic length scale is not needed. This relatively 
new model was designed specifically for aerospace applications involving wall-
bounded flows and has been shown to give good results for boundary layers 
subjected to adverse pressure gradients. 

The simplest “complete models" of turbulence are two-equation models in 
which the solution of two separate transport equations allows the turbulent 
velocity and length scales to be independently determined. The standard k-ε 
model falls within this class of turbulence models and has become the 
workhorse of practical engineering flow calculations in the time since it was 
proposed by Launder and Spalding [39]. Robustness, economy, and reasonable 
accuracy for a wide range of turbulent flows explain its popularity in industrial 
flow and heat transfer simulations. It is a semi-empirical model, and the 
derivation of the model equations relies on phenomenological considerations 
and empiricism.  

The weaknesses of the standard k-ε model have become known and in the 
literature many improvements have been proposed to capture better the 
behaviour of particular flow situations. The RNG k-ε model [40] and the 
realizable k-ε model [41] are two examples of improved versions. The k-ω 
models are also two-equation models developed to extend the capability of the 
standard k-ε model. The standard k-ω proposed by Wilcox [42] incorporates 
modifications for low-Reynolds-number effects, compressibility and shear flow 
spreading.  

As far as the classical k-ε model is concerned the turbulent viscosity μt is 
linked to the turbulent kinetic energy k and its dissipation ε 

 
2

t
kCμμ ρ
ε

=  (2-62) 
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where Cμ is a constant. The local values of the Favre averaged kinetic energy k 
and the dissipation ε come directly from the solution of their individually 
modeled transport equations [39].  

 i t
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u kk k P
t x x x
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 (2-63) 
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where the production rate of the turbulent kinetic energy Pk is defined as 
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The five model constants of the standard k-ε approach are listed in table Table 
2.2. These default values have been determined from experiments with cold air 
and water for fundamental turbulent shear flows including homogeneous shear 
flows and decaying isotropic grid turbulence.  

 

Cμ Cε1 Cε2 σk σε 

0.09 1.44 1.92 1.0 1.3

Table 2.2: Standard k-ε model constants 

 
With these model constants the standard k-ε model has been found to behave 
fairly well for a wide range of wall-bounded and free shear flows. However, it’s 
well known that it over-predicts the spreading rate of axis-symmetrical jet flows.  
Most attempts to overcome this blemish have concentrated on the modifications 
of the model constants. In particular, in order to narrow the cone angle, the 
constant Cε1 is increased to the value of 1.52 [43] or 1.6 [44]. Another 
documented attempt to increase the source term of the kinetic energy dissipation 
rate ε was proposed by Lindstedt at el. [45] who decrease the Cε2 value from 
1.92 to 1.8. 

A tentative of a physical explanation for the failure of the standard k-ε model 
is given by Pope [46], who argues that in axis-symmetrical flow the velocity 
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rings will be starched which results in a higher dissipation rate (ε) as compared 
to planar shear layers. Mathematically Pope expressed its position by adding 
another source term in the ε-equation, which in cylindrical coordinates is: 
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 (2-66) 

Cpc is a constant parameter of the new term. Pope calibrated this value for 
incompressible jet flows and he published a value equal 0.79. In any case it is 
important to keep in mind that the Pope correction is not suitable for other flow 
configurations.  

Another effort to extend the capabilities of the k-ε model was undertaken by 
Sarkar et al. [47] and Sarkar and Laksmanan [48]. They propose the addition of 
a new correction term to take into account explicitly the compressibility effects 
in high velocity jet flows. The form of the correction is found by an asymptotic 
analysis of the compressible Navier-Stokes equations and the unknown 
coefficients are calibrated by direct numerical simulations of compressible 
isotropic turbulence. The suggested modification that takes the place of the sink 
term in the k-equation (equation 2-63) is: 

 ( )2
11sk tP Mρ ε α= − +  (2-67) 

where the turbulent Mach number is computed with the following relationship 
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α1 is a constant set to 1, γ is the ratio of specific heats and W is the molar weight 
of the mixture. 

 

2.6.2 Direct Numerical Simulations (DNS) 

As already mentioned, Direct Numerical Simulation (DNS) is the most 
accurate approach for turbulence simulation, where the instantaneous Navier-
Stokes equations for reacting flows are solved without averaging or 
approximation other than numerical discretization. The computational cost of 
any simulation is largely determined by the resolution requirements. In DNS for 
unreacted flows, in order to perform a meaningful simulation, the computational 
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domain must be at least as large as the largest turbulent eddy. A useful reference 
length may be considered the integral length scale lI defined in equation (2-58). 
Moreover, in a valid Direct Numerical Simulation even the smallest eddies must 
be explicitly resolved. Therefore a numerical grid for DNS must have grid sizes 
comparable with the Kolmogorov length scale of the flow. Using a uniform 
discretization of the computational domain (suitable homogeneous isentropic 
turbulence) and the two constraints mentioned above the computational cost 
may be estimated [36]. In cold flows the number of grid point N needed for a 
DNS becomes proportional to the ReI

3/4 and the total cost for a simulation scales 
with ReI

3; where ReI is the turbulent Reynolds number based on the magnitude 
of the velocity fluctuations u’ and the integral length scale lI. 

 ( )
'

Re Re Re I
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u ll
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= = =  (2-69) 

In turbulent combustion meshes for direct numerical simulations must satisfy 
a third constraint: they must be fine enough to resolve the inner structure of the 
flame. Poinsot and Veynante give in their book [6] the following relationship for 
the computational grid condition: 
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where Q are the number of grids required to have a resolution of the chemical 
scales.  

The power of computers (speed and memory) gives the reasonable limit of the 
number of grid points in a simulation. Nowadays DNS studies are confined to 
small geometries with flows at relatively small Reynolds numbers. However 
DNS is becoming a valuable tool for the understanding of turbulent flames, its 
resolution allows a deep analysis of isolated crucial combustion phenomena.  

 

2.6.3 Large Eddy Simulations (LES) 

Large Eddy Simulation (LES) has been developed to overcome the 
disadvantages of RANS and DNS approaches. On the one hand, the larger three-
dimensional unsteady turbulent motions are directly represented, so LES is more 
accurate and reliable than RANS approaches for flows in which large scale 
unsteadiness is important. The larger eddies of turbulent flows are strongly 
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dependent on the domain geometry and they are supposed to contain must of the 
total turbulent energy. Therefore bluff body flows, flows with a strong swirl and 
unsteady sound generation may be addressed with a more precise technique. On 
the other hand, the small turbulent structures (which have, to some extent, a 
universal character) in LES are modelled, allowing coarser meshes and reduced 
computational costs with respect to DNS where nearly all the computational 
effort is expended on the smallest dissipative structures. LES has been widely 
used for non-reacting flows and pioneering works were motivated by 
meteorological applications [49, 50], but is still at an early stage for combustion 
modelling.  

In principle there are four main step in LES [36] for turbulent reacting flows. 

i) The fluctuating variables of turbulent flows (velocity, species mass fractions 
and temperature) are filtered in two components. A filtered or resolved 
component and a residual or sub-grid scale component. The motion of the 
three dimensional large eddies is represented by the filtered term. 

ii) New conservation equations for the description of the filtered variables are 
derived from the instantaneous Navier-Stokes equations. Although these 
equations are of a standard form, this operation should be carefully 
conducted [6]. As in RANS strategy this procedure leaves unclosed terms of 
the subgrid scale. These terms in reacting flows are: the unresolved 
Reynolds stresses, the unclosed species and enthalpy fluxes, the filtered 
laminar diffusion fluxes and the filtered chemical reaction rate.  

iii) Models for the above citied unknown terms must be developed. Note that 
since combustion take place after molecular mixing in the Kolmogorov 
scales the combustion models used in LES can not be simpler than those 
already developed in a RANS environment. 

iv) Last, the filtered governing equations are numerically solved to obtain the 
turbulent unsteady distribution of the combustion variables.  
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3 FLAMES TYPES & MODELLING STRATEGIES FOR 
NON-PREMIXED COMBUSTION 

 

This chapter is dedicated to the description of the strategies developed to 
model the mean chemical reaction rate of turbulent non-premixed combustion. 
This term appears in the species conservation equations (equation (2-50)) after 
the averaging procedure. Since this work is centred on the unsteady flamelet 
modelling of highly turbulent flames, more emphasis will be given to the 
description of the flamelet closures. Before the literature review over non-
premixed combustion models, all the different main types of flames will be 
described in great details and the different combustion regimes depicted.  

 

3.1 Premixed turbulent flames 

 

Premixed combustion occurs whenever reactants are mixed on a molecular 
level before entering the reaction zone. This combustion mode is found in 
classical spark ignition engines (Otto-engines), in many household appliances 
and in Bunsen burners. Such a laminar Bunsen burner flame is shown in Figure 
3.1. The laminar flame velocity (sL) is the fundamental quantity which describes 
this mode of combustion. It’s defined as the velocity with which the flame front 
propagates normal to itself into the fresh reactants. In a steady state Bunsen 
burner, the absolute value of this laminar flame velocity corresponds to the flow 
velocity normal to the flame front of the unburned mixture. Inside the premixed 
flame front the fuel is completely consumed and the resulting species are 
definitely oxidized to the more stable products (typically CO2 and H2O) with the 
air entrained from outside of the burner in a post flame oxidation zone.  

Characteristic times and length scales of non premixed flames can be deduced 
by studying their laminar flame front structure. In particular three main zones 
can be identified (r.h.s. of Figure 3.1): a preheat zone, an inner layer and an 
oxidation layer [35]. 
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Figure 3.1: Premixed Bunsen burner and its laminar flame structure [51]. 

 
The preheat zone of size O(1) is not chemically active. Here the fresh reactants 
are heated through the energy coming from the travelling reactive flame front 
and an equilibrium between convection and diffusion exists. The main chemical 
reactions occur in the thin inner layer of size O(δ). The temperature of this zone 
is denoted as T0 and corresponds to the crossover temperature between chain-
branching and chain-breaking reactions. Diffusive-reactive processes control the 
equilibrium of this central layer, vital for the flame existence. The structure may 
be destroyed in cases when diffusion transport processes of heat and radicals out 
of the zone exceed their production through chemical reactions. Last, the 
intermediate combustion products that diffuse outside the central inner layer are 
completely oxidized in the so called oxidation layer of size O(ε).  

From the laminar premixed flame structure described above two important 
characteristic length scales may be extrapolated. First, the size of the entire 
laminar flame structure, the flame thickness lF, may be approximated by the size 
of the preheat zone, defined as: 
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The superscript “0” denotes here the quantities evaluated at the inner layer 
temperature T0. Furthermore, the thickness of the inner layer lδ may be 
calculated from the flame thickness lF with the following relationship:  

 Fl lδ δ=  (3-2) 

where δ is found to be approximately 0.1 for stoichiometric laminar methane-air 
flames at ambient pressure [52].  

 

3.1.1 Regimes of premixed turbulent combustion 

To characterize the different physical situations encountered in turbulent 
premixed combustion, dimensionless numbers turn out to be very useful. The 
turbulent Reynolds number in premixed flames can be computed by substituting 
the kinematic viscosity ν by the product sL·lF: 

 
'

Re I
t

L F

u l
s l

=  (3-3) 

Here u’ are the mean square root of the velocity fluctuations and lI is the integral 
turbulent length scale. Moreover, a turbulent Damköhler number can be 
evaluated from the characteristic integral turbulent and chemical timescales. The 
chemical timescale in premixed regimes may be defined as the ratio between the 
laminar flame thickness lF and the laminar flame velocity sL, leading to a 
definition of the Damköhler number as follow: 

 'Da L I

F

s l
u l

=  (3-4) 

Last, the Karlovitz number may be formulated. This number defines the ratio of 
the flame time scale to the smallest time scale of the turbulence, the 
Kolmogorov time scale. The Karlovitz number can be interpreted as an inverse 
Damköhler number in the Kolmogorov scale.  
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Figure 3.2: Combustion Regimes in premixed turbulent combustion, Borghi diagram [51].  

 
Flame characteristics may be summarized in terms of the above dimensionless 

numbers and the different flame regimes may be graphically shown in diagrams. 
Many regime-diagrams exists in the literature, here we will discuss the Borghi’s 
famous diagram [53] shown in Figure 3.2. In the Borghi diagram the logarithm 
of u’/sL is plotted over the logarithm of lI/lF. If the flow field is laminar, like in 
the Bunsen burner discussed before, the result is a laminar flame imbedded in a 
laminar flow field. This situation is of low practical interest since in technical 
application the flow is usually turbulent. In turbulent premixed combustion one 
can recognize three main regimes. In the flamelet regime the smallest eddies of 
size η are still bigger than the laminar flame thickness lF. So the processes 
within the flame structure remain basically undisturbed by the turbulent chaotic 
motions. On the other hand, the macroscopic flame front may be distorted by the 
eddies, leading to an increased surface area for the chemical reactions and so to 
an increasing flame velocity. The laminar and the turbulent flame velocity may 
be derived mathematically from combustion variables. Many relationships may 
be found in the literature for these velocities but a description of these theories is 
beyond the scope of this review. Moreover, the flamelet regime can be 
subdivided into two other classifications. The limit u’/sL=1 determines the bound 
between the wrinkled flamelet regime and the corrugated flamelet regime. When 
the laminar burning velocity (sL) still dominates the turbulent velocity 
fluctuations (u’) the flame front is only slightly bent. Above the line Ka=1, also 
called the William-Klimov criterion [54], one enters the so called distributed 
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reaction zones regimes. In this case the smallest turbulent eddies (η) are smaller 
than the laminar flame thickness (lF), leading to situations of local extinction 
since the flame structures can be seriously compromised by the turbulent flow 
motions. Lastly, when the chemistry is relatively very slow (above the 
Damköhler criterion) all the turbulent structure up to the size lI are able to 
penetrate and destroy the premixed flame structure. In the well-stirred reactor 
regime turbulence homogenizes the scalar field by rapid mixing leaving the 
slow-chemistry to be the rate-determining step.  

 

3.2 Non-premixed turbulent flames 

 

Unlike premixed combustion, in non-premixed flames fuel and oxidizer enter 
the reaction zone separately and subsequently they react together along a well 
defined thin stoichiometric surface. A simple non-premixed flame may be 
created by closing the air holes in a Bunsen burner and let only the fuel flow 
thought the nozzle. This is the simplest non-premixed jet flow configuration 
(Figure 3.3). As already mentioned, species diffusion is definitely the slowest 
and determining step in most non-premixed flame situations. With respect to the 
premixed combustion discussed before, diffusion flames feature complete 
different characteristics. First, a non-premixed flame is not able to propagate 
towards neither the rich nor the lean mixture because of the lack of oxidizer or 
fuel. Hence non-premixed combustion doesn’t have any reference flame speed 
like premixed flames. This fact makes non-premixed combustion more sensible 
to turbulent perturbations [6]. Second, a reference non-premixed flame thickness 
can not be defined, because it strongly depends on local flow stretch and can 
take a wide range of values. 

Since mixing is the controlling physical phenomena in non-premixed flames 
is usually preferred to study the structure of these flames, not in the physical 
space, but in the mixture fraction space. The simplest analytic analysis of the 
diffusion flame structure may be performed on the base of the following three 
assumptions: 

i) the chemistry is described by a single one-step reaction (equation (2-3)) 
ii) the chemistry is infinitely fast 
iii) the chemistry is irreversible, i.e. no backward reaction is possible. 
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Figure 3.3: Non-premixed flame and its laminar structure [51]. 

 
In this way the thermo-chemical variables of the flow are piecewise linear 

functions of the mixture fraction only and an infinitely thin non-equilibrium 
layer at Z=Zst exists. This analysis was first proposed by Burke and Schumann in 
1928 [55], and the resulting analytical flame structure is usually known as 
Burke-Schumann limit or Burke-Schumann solution. Such a solution for a 
methane flame is showed in the r.h.s. of Figure 3.3. From the graph one can 
immediately recognize the location of stoichiometric mixture fraction value (Zst) 
where the educts are completely consumed and products and temperature reach 
their peak values. The fuel and oxygen mass fraction of any hydrocarbon fuel 
may be easily computed by re-arranging equation (2-12), which says that the 
oxidizer and fuel mass fractions become zero respectively on the rich and on the 
lean side of the flame. The stoichiometric mass fraction of the two stable 
products generated by hydrocarbon flames (namely CO2 and H2O) may be found 
by considering the element mass fraction of carbon and hydrogen [21]. Last, the 
temperature at stoichiometric conditions for the Burke-Schumann limit is equal 
to the stoichiometric adiabatic flame temperature.  

Although the Burke-Schuman analysis is based on strong limiting 
assumptions, it is very useful to give us a rough picture of what happens in a 
diffusion flame. Moreover, it reduces the problem of reacting flows to a pure 
mixing problem and surprisingly its distributions give reasonable results when 
compared with experimental data.  



Chapter 3 Flames types & modelling strategies for non-premixed combustion 
 

 50 

Despite the fact that it is difficult to recognize clearly scales in turbulent non-
premixed combustion, two main length scales may be defined. First, the 
diffusion layer thickness ld may be viewed as the thickness of the zone where the 
mixture fraction substantially changes and the reactants mix together. Second, 
the active layer where the chemical reactions take place may be used to define 
another length scale, the so-called reaction zone thickness lr. The ratio between 
these two scales is (quantitatively seen) dependent on the Damköhler number.  

 

3.2.1 Regimes of non-premixed turbulent combustion 

Classification of reacting flows is first achieved by comparing the 
characteristic chemical and mechanical time scale of the problem. In non-
premixed combustion this task is not obvious and the classification of diffusion 
flames in different combustion regimes is still a controversial subject in the 
scientific community. In the literature Borghi [56], Bray and Peters [57], Libby 
and Williams [58], Peters [16] have proposed different diagrams introducing 
different parameters. Here the diagram developed by Cuenot and Poinsot [59] 
will be presented.  

A timescale for molecular mixing may be defined at the smallest turbulent 
timescale before the kinetic energy is definitely transformed into heat. So, in 
first order, diffusive thickness (ld) and time can be assumed to be controlled by 
Kolmogorov motions. 

 dl η≈      and     t ητ τ≈  (3-6) 

In this way we may introduce a Damköhler number for the local diffusion flame 
structure. 

 Da t
fl

c c

ηττ
τ τ

= ≈  (3-7) 

The characteristic chemical time can be regarded as the time needed in the local 
flame structure to reach chemical equilibrium. This time tend to zero in the 
Burke-Schuman analysis. Moreover, similar to premixed combustion, another 
Damköhler number may be introduced based on the integral length scale of the 
turbulent motion.  
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Figure 3.4: Schematic representation of turbulent non-premixed combustion regimes [6]. 

 
This other dimensionless number may be related to the turbulent Reynolds 
number (Ret) and the Damköhler number (Dafl) relevant for the local flame 
structure in the following expression: 

 Da 2 Re Dat I
t fl

c c

τ τ
τ τ

= = ≈  (3-8) 

Using the dimensionless numbers cited above a simple diagram that defines 
the different regimes of non-premixed combustion may be introduced. This 
diagram is shown in Figure 3.4. The different flame configurations are presented 
in a log-log graph where in the abscissa there is the turbulent Reynolds number 
(Ret) and in the ordinate the integral Damköhler number (Da). It is obvious that 
a laminar flame in a laminar flow will be established if the turbulent Reynolds 
number is lower than one. In turbulent non-premixed combustion three different 
regimes may be recognized. These regimes are separated by lines of slope ½ in 
the log-log graph (see equation (3-8)). When the chemistry is faster with respect 
to the turbulent scales the stoichiometric diffusion flame is supposed to be 
relatively thin and the small turbulent structure can not destroy the diffusion 
layer thickness. In this case the local structure of the flame can be assumed to be 
laminar. Laminar flame structures are commonly called flamelets and this word 
countermarks also the regime where they are observed. On the other hand, for 
slow chemistry, extinction of the flame is observed. Heat and species diffusion 
outweighs the chemical kinetics and the reaction rate drops to zero. 
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Figure 3.5: The S-shaped curve showing the effect of Damköhler number on the maximum 
combustion temperature [16]. 

 
Between the flamelet and the extinction regimes, i.e. when 
Da Da Daext fl FLA≥ ≥ , unsteady effects may be observed. In these situations the 
local chemical timescales and the local mixing timescales are comparable and 
the stoichiometric flame structures may not have reached the quasi chemical 
equilibrium state. 

Figure 3.5 can be very helpful to analyze the effect of the Damköhler number 
on the maximum combustion temperature of a mixture [16]. This graph shows 
the famous S-curve and is valid for all type of combustion: premixed, non-
premixed and partially premixed. The S-curve is divided in three distinct 
branches. The upper branch represents the temperatures of a reacting flow. Here 
the maximum temperature (Tmax) decreases when the mechanical timescale 
decreases. Convection and diffusion of heat and species are enhanced and so the 
flame temperatures are lowered. This situation persists till a critical quenching 
value of the Damköhler number (DaQ) is reached where the local conditions can 
not support anymore the development of the chemical process and the flame is 
extinguished. Flows without important chemical activity lay in the lower branch 
of Figure 3.5, where the conditions may be favourable for combustion (enough 
temperature and radical species) but the low residence times prevent the thermal 
runaway. The physical behaviour of this kind of flows can be seen as a pure 
mixing problem till the Damköhler number is increased to a limit (DaI) where 
the chemical processes have enough time to ignite and develop entirely. The 
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middle branch marked by the dashed line represents highly unstable situations. 
In other words, any thermo-chemical state that has a Damköhler number 
between DaQ and DaI and that have a temperature in the range between the upper 
and the lower branch is rapidly driven to either one of them. Therefore, the 
probability to find situations apart from these represented by the two stable 
branches of Figure 3.5 is very low. 

 

3.3 Partially premixed turbulent flames 

 

In some circumstances, the fresh reactants in non-premixed burners may mix 
before reaching the reaction zone. This pre-mixing, outside the flammability 
limits, leads to the phenomenon of partially premixed combustion. There are 
different technical applications where partial premixing is definitely important 
[60]: 
- In laminar or turbulent non-premixed jet flames, oxidizer and fuel may mix 

each other before ignition. This is the typical situation of jet flames lift-off, 
when flames are not attached to the mouth of the jet burner. This 
configuration may be chosen in large industrial burners because the lifting of 
the flame can avoid the erosion of the burner material. This is the canonical 
problem for studying partially premixed combustion.  

- After quenching the reaction zone, the reactants can mix leading to the 
possibility of re-ignition and combustion in a partially premixed regimes.  

- In auto-ignition systems, like in Diesel engines, some part of the non-
homogeneous mixture can mix in the molecular level before the auto-ignition 
occurs.  

- In most devices where a spray of liquid fuel is injected, partially premixed 
flame propagation is observed, as in gasoline direct injection engines or in 
aircraft jet engines.  

As already discussed in chapter 1.1, partial premixed combustion may be very 
attractive because it exhibits hybrid features between premixed and non-
premixed combustion. In fact in partially premixed flames one can avoid the 
high peak temperatures associated with high pollutant emission created along 
the stoichiometric surface of pure diffusion flames. On the other hand partially 
premixed mixtures are still safer than fully premixed one. 
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Figure 3.6: A schematic representation of the triple flame structure [16]. 

 
An interesting phenomenon of partially premixed combustion is observed 

when in laminar flows the flow velocity is of the same order of the flame speed. 
In this case a triple flame structures may stabilize the combustion. First observed 
by Phillips [61], triple flame structures start in regions where fuel and oxidiser 
have been mixed in stoichiometric proportion. So two premixed flames and one 
diffusion flame are observed (see Figure 3.6). The leading edge of the flame, 
called the triple point, propagates along the surface of stoichiometric mixture. 
On the lean side of that surface there is a lean premixed flame branch and on the 
rich side there is a rich premixed flame branch, both propagating with a lower 
burning velocity. Behind the triple point, on the surface of stoichiometric 
mixture, a diffusion flame develops where the unburnt intermediates like H2 and 
CO from the rich premixed flame branch burn with the remaining oxygen from 
the lean premixed flame branch [62]. The edge of the reaction zone found at the 
extremity of the laminar diffusion flame is controlled by two factors [12]: the 
curvature of the partially premixed flame front and the heat released by reaction. 

In many practical burners the flow speed is much larger than the premixed 
flame speed, so the existence of triple flames is improbable. Partially premixed 
combustion simulation may be successfully achieved by applying models 
originally developed for diffusion combustion [63].  
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Figure 3.7: Turbulent length scales in non-premixed combustion. 

 

3.4 Modeling approaches for non-premixed combustion 

 

Favre averaging of the balance equations that governs the turbulent reacting 
flows creates several unclosed terms to be modeled. In chapter two we have seen 
how the Reynolds stresses can be simulated by different turbulent models. 
Moreover, classical gradient assumptions may be applied to find the species and 
enthalpy fluxes generated from the averaging procedure. In this subchapter 
another crucial unknown term will be analyzed. The simulation of the mean 
chemical reaction rates of the mass fraction balance equations represents the 
main problem in combustion simulations. Here the different main strategies to 
model this source term in diffusion combustion will be presented. Strategies 
that, with some modifications, can be applied successfully also to partially 
premixed combustion. 

As already repeated several times, characteristic mixing times in non 
premixed combustion are usually much bigger than chemical ones. So the 
representative Damköhler numbers are normally very high. This fact may be 
graphically shown by Figure 3.7, where a piece of a turbulent diffusion flame 
front is presented. If a flame is mixing-controlled the smallest turbulent 
structures (the Kolmogorov structures) must be bigger than the reaction zone 
thickness lr. Under this assumption the turbulent mixing processes and the 
chemical reactions may be decoupled and studied separately. The scale 
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separation assumption turns out to be incredible useful to simplify in a 
reasonable way the investigation of turbulent combustion. The thin chemical 
reactive layer sits on the stoichiometric mixture fraction surface and the local 
flame structure may be regarded as laminar. Scale separation is implemented, 
directly or indirectly, in almost every combustion models for non-remixed 
flames and it splits the numerical treatment of the problem in two different 
blocks [6]. 

• A mixing problem. The turbulent averaged distribution of the variables that 
describes the macroscopic mixing between fuel and oxidizer must be 
correctly predicted. In simplest cases, the mean mixture fraction field 

( ),iZ x t  must be computed and some of its higher moments may be provided 
in order to forecast its statistical distribution. In more advanced approaches, 
many other variables may be defined to take into account specific secondary 
chemical-mixing interaction phenomena.  

• A flame structure problem, where the conditional mean species reaction rates 
.

kω , directly or indirectly, are computed. “Indirectly” means that, instead of 
the conditional mean reaction rate, the conditional mean species mass 
fraction are provided. This second approach, the “primitive variable method” 
[6], is clearly less expensive than the more direct “reaction rate approach” 
because the species mass fraction conservation equations (equation (2-50)) 
are no longer needed. This short cut is only valid under certain assumptions 
and the results from a reaction rate approach may be more complete, since it 
has the potential to represent more correctly additional effects such as 
compressibility or secondary reactant injection. In conclusion one has to be 
aware that, even under the same assumption, the two methodologies are not a 
priory equivalent and they may lead to different results when applied to the 
same case.  

The two scales of turbulent reacting flows are then linked together to build the 
whole picture of the combustion phenomenon. In a turbulent environment this 
step is achieved by integrating the product between conditional quantities found 
in the reactive layer and the statistical distribution of the variables that 
characterize the turbulent mixing. In mathematical language this process is 
expressed for the reaction rate approach by: 

 ( )
1. .

* * *

0

|k k z p z dzω ω
⎛ ⎞
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⎝ ⎠

∫  (3-9) 
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and for the primitive variable method by: 

 ( ) ( )
1

* * *

0

|k kY Y z p z dz= ∫  (3-10) 
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⎛ ⎞
⎜ ⎟
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 and ( )*|kY z  denote the conditional averaged quantities of the reaction 

rate and of the mass fraction for a given set of mixing-variable values (z*). p(z*) 
is the probability density function (PDF). Depending on the complexity of the 
numerical model the probability density functions p(z*) may be extrapolated 
from modelled presumed distribution functions or directly computed from exact 
transport equations.  

As far as the mixing problem is concerned, the turbulent mean mixture 
fraction distribution may be computed form a conservative transport equation 
without source terms, which is also another definition for the mixture fraction 
itself. Under the assumption that all the chemical species have the same 
molecular diffusivity, the mixture fraction transport equation is: 

 Sc
i t

Z
i i t i

u ZZ ZD
t x x x

ρ μρ ρ
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 (3-11) 

The value of the diffusion coefficient DZ is then arbitrary. Peters in his book 
[16] argues that since the maximum temperature locates the position of the 
reaction zone, diffusion of enthalpy becomes the must important process in 
mixture fraction space. As a conclusion, the thermal diffusivity may be chosen 
as the diffusion coefficient in equation (3-11). Another possible idea to compute 
this transport coefficient for methane flames is to derive it from empirical 
correlations. A first relationship can be found in the classical book of Cussler 
[64], where the diffusion coefficient of methane in a methane-air mixture may 
be computed with the following relationship: 

 
1.75

05
3 1,759.835963 10Z

T m kgD
p s K

− ⋅⎡ ⎤= ⋅ ⋅ ⎢ ⎥⋅⎣ ⎦
 (3-12) 

Here, T is the temperature in Kelvin and p is the pressure in Pascal. This 
equation leads to diffusion coefficients at standard conditions in the order of 0.2 
cm2/s. A second approximation is proposed by Karpetis and Barlow [65] and 
Barlow et al. [66], where the mixture fraction kinematic diffusivity is a fit to the 
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mixture-averaged diffusivity from a calculation of an opposed-flow, laminar, 
partially premixed CH4-air flame.  
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  (3-13) 

In this work this latter relationship will be used in the simulations. However, it’s 
important to point out that for high velocity flows molecular diffusion plays a 
very little role in comparison to turbulent diffusion and convective mass 
transport. Therefore, final simulation results of highly turbulent flames may be 
independent of the choice of the expression for the mixture fraction diffusivity.  

In turbulent flows also the mixture fraction variance is needed when the 
probability density function in the equations (3-9) (3-10) must be evaluated 
without an exact transport equation. The Favre averaged balance equation, in 
closed form, for the first moment of the mixture fraction can be written as: 
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  (3-14) 

where the last two terms on the r.h.s. correspond respectively to the production 
and the dissipation of this variance. The terms that measure the decay of 

2''Z is 
also called the scalar dissipation rate χ, and depending on authors may or may 
not include the density.  

 
2''C Z

kχ
εχ =  (3-15) 

The scalar dissipation rate χ plays for the variance of mixture fraction the same 
role as the dissipation rate ε for the turbulent kinetic energy [6]. As we will 
discuss later, the scalar dissipation rate χ is a very important variable in turbulent 
non-premixed combustion, because it’s the first variable used to evaluate non-
equilibrium effects of the chemistry caused by turbulence. In the literature 
different values have been associated to the parameter Cχ.  
Jones [67] suggests a value of Cχ=1 while Janicka and Peters [43], by studying 
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an inert methane jet flows, found a value of Cχ=2 more suitable to predict the 
decay of scalar variance. Moreover, other authors suggest that the scalar 
dissipation rate should depend in a more subtle way on the characteristics of the 
turbulent flow field and propose a modelled transport equation instead of a 
simple algebraic equation like (3-15) [16]. In the present study Cχ=2 will be 
used. 

Different criteria can be utilized to classify RANS numerical approaches for 
turbulent diffusion combustion. Models may be grouped by the statistical 
method used to evaluate the turbulent probability density functions, by the way 
they treat the local flame structure (infinitely fast, finite rate chemistry) or by the 
mixing model they use. Here, in ascending order of complexity, models that 
evaluate indirectly the rate of chemical reaction by computing the species mass 
fraction in function of the mixture fraction will be first described. Conserved 
scalar equilibrium models, flamelet models, conditional moment closure (CMC) 
models belong to this first class. Later models like the Eddy Dissipation Concept 
(EDC) and the Probability Density Function (PDF) transport equation models 

which evaluate directly the mean chemical reaction rate (
.

kω ) will be explained.  

 

3.4.1 Conserved scalar equilibrium models  

Under the simplifying assumption that the chemistry is infinitely fast the local 
flame structure is fully determined by the mixture fraction. The Favre averaged 
species mass fractions are then computed by the simplest version of equation (3-
10).  

 ( ) ( )
1

0
k kY Y Z p Z dZ= ∫  (3-16) 

The laminar species mass fraction distributions (Yk) are taken from Burke-
Schumann solutions or from chemical-equilibrium solutions (Figure 3.12). So 
the influence of turbulence on combustion is very limited and it is represented 
by the probability density function p(Z). In engineering applications the β-
function is the most popular presumed pdf function used to model the 
probability density function for the mixture fraction. The shape of the β-function 
depends only on two parameters: Z and its variance. It has the form 
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where Γ is the gamma function and the coefficient α, β and γ are calculated from 
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The β-function is a very malleable function and can take completely different 
shapes. In Figure 3.8 different shapes of the β-distribution as a function of Z and 
γ may be observed. For relatively small values of the mixture fraction variance 
(large γ) the distributions are bell-shapes, approaching Gaussian distributions. 
For α < 1 it develops a singularity at Z = 0 and for β < 1 a singularity at the other 
bound of the mixture fraction domain, resulting in “L”, “J” and “U” distribution 
shapes.  

The range of validity of these models is clearly restricted to mixing controlled 
flames where the local Damköhler numbers are high everywhere. The 
limitations of this mixing-controlled paradigm may become a serious drawback 
in predicting the distributions of minor species involved in slow chemistry 
reactions, such as CO and NOx [68]. The predictions of these compounds 
became a priority objective in the early 1970s when stricter legislations for 
pollutants emission were first introduced. Another negative aspect of these 
equilibrium approaches is that they can in no way capture extinction 
phenomena. As a conclusion conserved scalar equilibrium models can be used 
for a first approximation and their solutions used as an initial guess for more 
realistic flame simulations.  

 

3.4.2 Flamelet models 

In order to introduce non-equilibrium chemistry in turbulent combustion 
models, governing equations for fluid elements in which mixing and chemical 
reactions occur simultaneously must be developed. Peters has derived these 
balance equations for non-premixed combustion in the mixture fraction space 
with two different methods. In [16] a two-scale asymptotic analysis was chosen 
to obtain the mentioned equations. This is different from the previous 
presentation in [69], where a local coordinate transformation and boundary layer 
arguments were used.  
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Figure 3.8: Shapes of the β-function pdf [16]. 

 
The flamelet conservation equation for the species mass fractions may be 

written as  
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where Lek is the Lewis number of the kth species. In methane combustion Lek 
can be assumed to be one for all the species without running into a remarkable 
error. To close the problem, Peters [69] has also provided the energy flamelet 
equation.  As explicitly stated by the author the energy equation in [69] was 
derived assuming a constant heat capacity (cp) for the mixture. This is clearly 
incorrect for reacting flows, so here a version with variable heat capacity is 
shown [21]. 
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In both flamelet equations the mass fractions and the temperature depends on 
three different variables: the mixture fraction Z, the scalar dissipation χ and the 
time t. These equations are valid for fully burning flamelets but also for non 
reacting layers where the reaction rates vanish.   
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Figure 3.9: Z iso-surface and its orthogonal coordinate system [21].  

 
During unsteady transition states, which correspond to ignition and extinction 
events discussed in Figure 3.5, the unsteady term balances the reaction rate and 
the diffusion terms. Equations (3-19) and (3-20) describe the behaviour of the 
local flame structure while assuming that the local mixing processes are one 
dimensional. In other words, they assume that there is only one main direction 
for the mixture fraction gradients and the overall combustion phenomena are 
controlled by surface-like structures. This idea is shown graphically in Figure 
3.9, where a mixture fraction iso-surface is depicted. Molecular mixing 
processes are assumed to occur only along the normal direction because these 
occurring along the surface may be regarded as negligible.  

The laminar scalar dissipation rate χ is defined as  
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χ
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 (3-21) 

and has the dimension of one over seconds. This variable defined in the mixture 
fraction space corresponds to a characteristic strain rate (stagnation-point 
velocity gradient) in the physical space and may be interpreted as an inverse of a 
characteristic diffusion time. Note that χ is in general a function of the mixture 
fraction, hence it may change within the flame structure and is therefore a 
function of time and space (χ = χ(Z,t)). In a first approximation the scalar 
dissipation distribution across the flamelet may be regarded as constant. A more 
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realistic distribution of this variable can be found by studying a physical 
configuration which reflects the one-dimensional character of the flamelet 
equations. Such a configuration is, for instance, the laminar counterflow 
diffusion flame, a stagnation point laminar flame. It consists of two concentric, 
circular nozzles directed towards each other (see Figure 3.10). If one stream 
consists of fuel and the other of oxidizer, a diffusion flame is established. This 
flame usually sits on the oxidizer side of the stagnation plane at the position of 
stoichiometric mixture (Zst). Peters [69] has shown that under certain 
simplifying assumption the χ-profile of the counterflow flame is a univocal 
function of the mixture fraction (Z). Moreover, he has demonstrated that the 
same relationship exists in the unsteady mixing layer configuration, another 
representative mixing field in turbulent combustion. Here an improved version 
of the mentioned relationship will be presented. This expression has been 
derived by Kim and Williams [70] and it also takes into account the effect of 
density variations.  
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The variable a correspond to the characteristic strain rate, ρ∞ instead is the 
density of the oxidizer stream. erfc-1 is the inverse (and not the reciprocal) 
complementary error function. For the counterflow geometry, the flamelet strain 
rate a can be related to the scalar dissipation at the position where the mixture 
fraction is stoichiometric by: 
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So in conclusion, the scalar dissipation distribution is unequivocally determined 
by the mixture fraction Z, the stoichiometric value of χ and the density 
distribution. In a recent publication Claramunt et al. [71] have compared 
different strategies to simulate the key aspect of the scalar dissipation 
dependence on the mixture fraction. They found incommutably that an 
analytical approximation such as that represented by equation (3-22) improve 
the performance of flamelet models compared to the assumption of constant 
scalar dissipation rate. 
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Figure 3.10: Laminar counterflow diffusion flame [21].  

 
Physically, as the flame is strained, the width of the reaction zone diminishes, 

and the gradient of the mixture fraction at the stoichiometric position Z = Zst 
increases. The instantaneous stoichiometric scalar dissipation, χst is used as the 
essential non-equilibrium parameter. In the limit χst = 0 the chemistry tends to 
equilibrium, and as χst increases due to aerodynamic straining, the non-
equilibrium increases. Local quenching of the flamelet occurs when χst exceeds a 
critical value. This is exact the physical behaviour described by the upper branch 
of the S-curve in Figure 3.5. In fact the Damköhler numbers, which in the graph 
represent the variable on the abscissa, may be substituted in non-premixed 
combustion by the inverse of the stoichiometric scalar dissipation rate (1/χst). 

Very often the unsteady terms of the flamelet equations (3-19) (3-20) are 
neglected and the local flame structure is assumed to be controlled only by a 
balance between steady chemical reactions and steady diffusion processes. 
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These are the equations that form the base of the Steady Laminar Flamelet 
Models (SLFM). By solving these equations the local laminar flame structures 
are determined and the whole picture of the turbulent flame is given by 
averaging the laminar profiles.  

 ( ) ( )
1

0 0

, ,k k st st stY Y Z p Z dZ dχ χ χ
+∞

= ∫ ∫  (3-26) 

Statistical independence of the mixture fraction Z and the stoichiometric scalar 
dissipation χst is usually assumed.  

 ( ) ( ) ( ), st stp Z p Z pχ χ= ⋅  (3-27) 

As noted by Poinsot and Veynante [6], this assumption may seem very rough 
but it represents quite well the reality. The mixture fraction distributions are 
mainly controlled by large scale flow motion, which is not the case for the scalar 
dissipation rate. χ is controlled by local gradients in the diffusion flame 
thickness, hence governed by small scale features. Also here, β-functions are 
usually taken to simulate the statistical distribution of the mixture fraction. The 
presumed distribution of stoichiometric scalar dissipation rate, instead, may be 
modelled by a simple Dirac-delta function [21, 72]. A second, more physical 
approach is to use log-normal distributions [73]. 
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where the parameter μ is linked to the Favre mean value of χst with 
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and σ is the variance of ln(χ). In the literature different expression have been 
proposed to model this variance but in reality σ has a limited practical influence 
on the probability density function p(χst) and on final results [6]. Often this 
variable is assumed to be constant and equal to one [73].  

To close the Steady State Flamelet Model it remains to determine the Favre 
averaged value of the stoichiometric scalar dissipation rate χst in the turbulent 
flow field. Janicka and Peters [43] propose to extract this value from the pdf 
transport equation for the mixture fraction. Another less expensive possibility is 
to derive the mean χst from a model that assumes the same dependence on Z as 
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in the equations (3-22) [74]. Doing so, the mean value of χst is computed from 
the following expression, where the Favre averaged scalar dissipation rate is 
computed with equation (3-15). 
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F(Z) corresponds to the exponential term in (3-22) 

 ( ) ( )( )21exp 2 2F Z erfc Z−⎡ ⎤= − ⎣ ⎦  (3-31) 

Steady Laminar Flamelets Models (SLFM) assume that a turbulent diffusion 
flame front behaves locally as a steady, one-dimensional, laminar strained 
flame. In this way they have got the potential to capture correctly the flamelet 
and the extinction regimes shown in Figure 3.4. On the other hand, two major 
effects are not accounted for [75]: curvature effects which can alter the flame 
structure through diffusion in directions other than the normal to the mixture 
fraction iso-surface and unsteady effects. Unsteady behaviour of the local 
laminar flame structure may be observed when the latter has not reached its 
quasi-steady state. This fact can happen in transition states, between the two 
stable branches of Figure 3.5, when transient extinction or ignition occurs. 
Another typical situation where transient effects are present is when sudden 
changes in the scalar dissipation χ occur in the turbulent flow. The local flame 
structure may not follow instantaneously these changes and the mass fractions 
and temperature profiles may take some time to stabilize in a new quasi-steady 
state. In general unsteady effects are likely to take place when the local 
Damköhler numbers are close to one. The characteristic mixing times approach 
the characteristic chemical times and the unsteady terms of the flamelet 
equations can not be considered negligible: the complete, transient version of the 
flamelet equations (equations (3-19) and (3-20)) must be included in the model. 
The nature and the occurrence of transient phenomena in the local flame 
structure is a not yet clear and a controversial issue in the combustion 
community and the correct model of these phenomena is the central topic of this 
work. The Transient Laminar Flamelet Model (TLFM) developed by Ferreira 
[21, 22] in our institute will be taken as a starting point for this investigation and 
it will be described in great details in the next chapter. 
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As regards the research activities outside our laboratory, one of the first works 
that recognizes the importance of unsteady effects was presented by Haworth et 
al. [76]. In this work is emphasised that in regions of rapid scalar dissipation 
decay the response of flamelet structures may not be infinitely fast. In order to 
take into account these phenomena they propose a model, which uses steady 
state flamelet libraries, where the effects of χ-changes are limited in a way that 
accounts for the residence time limit on the growth of the diffusive layers in the 
turbulent flows.  

Unsteady flamelets were first used by Mauss et al. [77] to simulate extinction 
and re-ignition phenomena in a steady turbulent jet diffusion flame. In this 
model the local integrated residence time in the turbulent flows is computed 
along the stoichiometric surface by summing up the inverse of the velocities. 
Mathematically this Lagrangian time may be written as  

 ( )0
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st

t dx
u x Z Z

=
=∫  (3-32) 

In the first version of the Lagrangian Flamelet Model (LFM) nine different 
flamelet histories have been computed and interpolated with the turbulent 
residence time. In a second time the LFM was applied on a turbulent hydrogen-
air diffusion flame [72] where species profiles involved in slow reactions (such 
as NOx) are better captured by using unsteady flamelets. Moreover the authors 
have introduced a characteristic diffusion time and they have compared it with 
the Lagrangian time defined in (3-31). In this way one may be able to identify 
the regions where transient effects become important. Later, other turbulent jet 
flames were simulated with the Lagrangian Flamelet Model. Pitsch [78] has 
computed a turbulent CH4/H2/ N2-air diffusion flame taking also into account 
differential diffusion effects. Pitsch and Steiner [79], instead, have successfully 
performed large eddy simulations with the LFM on a piloted jet diffusion flame. 
More recently, the LFM was completely reformulated by Pitsch [80] in a LES 
environment in Eulerian coordinates. This model aims to predict better pollutant 
distributions by considering the locally resolved fluctuations of the scalar 
dissipation rate and the unsteady response of the interaction between molecular 
mixing and chemistry. However one must be aware that the mentioned χ 
fluctuation can only be observed in calculations with a high level of accuracy, 
such as LES simulations.  
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Another way to use unsteady flamelets in an Eulerian framework was first 
proposed by Barths et al. [81]. In this approach transient flamelets are seen to be 
attached to imaginary marker particles which travel through the computational 
domain experiencing different histories of the scalar dissipation rate. The 
expectation of finding a tracer particle at a given location is computed from the 
solution of an unsteady convection-diffusion equation for each particle. The 
species mass fraction concentrations are then calculated via integration over 
time and number of marker particles. In this first study, using the Eulerian 
Particle Flamelet Model (EPFM), a gas turbine combustor was simulated 
assuming that the transient effects can be neglected during the calculation of the 
major species. However these effects have been taken into account for slow 
reacting species like NOx and soot. Other burners have been simulated with this 
methodology. In [82] Coehlo and Peters have validated the EPFM against a 
turbulent piloted diffusion flame and in [83] the same scientists have studied a 
mild combustor burner.  

In order to have an overview of the logic of flamelet models, Figure 3.11 
shows a simplified flowchart of the flamelet methodology. This flowchart turns 
out to be useful also to better understand conserved scalar models described 
before, since they can be regarded as a simplified version of the flamelet 
models. During a numerical iteration the RANS flow solver computes the mean 
Favre flow variables. In addition, the turbulent distribution of the mixture 
fraction, of its first moment and of other the flamelet variables are also 
calculated. The scalar dissipation rate χ is usually deduced form equation (3-15) 
and extra parameters (τ1, τ2, …, τn) may be computed to capture more exactly 
non-equilibrium effects. With the mentioned Flamelet variables the local 
laminar flame structures are then interpolated from a set of pre-calculated 
flamelet libraries where the solutions of the steady or of the transient flamelet 
equations are stored. Note that the flamelet libraries are usually parameterized 
with the stoichiometric value of the scalar dissipation rate, which is usually 
computed from equation (3-30) and from the presumed PDFs of the mixture 
fraction. The presumed statistical Z-distributions are also used to compute the 
mean turbulent combustion variables from the interpolated laminar flamelet 
values. Last, the density is computed from the temperature and sent back to the 
flow solver. The temperature distribution of the flame may be derived directly 
from the solution of the flamelet equation or (as Figure 3.11 shows) computed 
from an additional enthalpy transport equation. The latter strategy may be 
advantageous when radiation phenomena must be added into the model. 
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Figure 3.11: Example of a flowchart for steady and unsteady flamelet models.  

 
Depending on the supposed simplifying assumption and on the flamelet 

parameters the laminar flame structure may take different forms. Figure 3.12 
summarizes clearly different typical flamelet temperature distributions, which 
correspond to different modelling assumptions. First, if no significant chemical 
activity is observed and the local conditions correspond to the one described in 
the lower branch of the S-curve (Figure 3.5), the flamelet problem cuts down to 
a simple mixing problem. In this case the mass fractions of the reactants and the 
temperature become simple linear functions of the mixture fraction determined 
by their boundary values. In reacting cases, if we assume that the chemistry is 
irreversible and infinitely fast, as we have already seen, the Burke-Schumann 
limit may be established. 
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Figure 3.12: Summary of diffusion flame structures plotted for the temperature versus the 
mixture fraction Z. 

 
This first crude method to view the flamelet structure can be refined by adding 
equilibrium chemistry effects. In doing so fuel, oxidiser and products may 
coexist at the same location, leading to a more complex flame structure: at each 
point in the Z-space reactants and products mass fractions must satisfy the 
equilibrium conditions (equation (2-30) and (2-31)). By introducing the scalar 
dissipation rate χ or an equivalent variable, finite rate chemistry effects are 
retained and in flamelets are ruled by an equilibrium between chemical reactions 
and molecular transport processes. So the temperatures in flamelets with 
reversible reactions in quasi-equilibrium are lower than the ones observed in the 
Burke-Schumann case because the diffusion phenomena transport heat away 
from the hot reaction layer. In principle any flamelet temperature distribution 
must be located in the window delimitated by the pure mixing state and the 
Burke-Schuman limit. 

 

3.4.3 Conditional Moment Closures (CMC) 

An interesting method for non-premixed combustion, called Conditional 
Moment Closure (CMC), was proposed independently by Klimenko [84] and 
Bilger [19]. The basic idea behind this concept is that, rather than considering 
conventional averages, one should condition the reactive scalars on the mixture 
fraction.  
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By using the conditional probability density function [16] 
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the first conditional moment of the mass fractions of the species involved in the 
combustion process may be defined as  
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which correspond to the mean value of the mass fraction Yk for a given value of 
the mixture fraction Z=z*. In the CMC approach exact balance equations for 
these conditional reactive scalars must be derived, closed and solved. Then the 
Favre species mass fractions are computed by the following integral: 
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Klimenko’s [84] argument for the choice of this methodology is that the 
turbulent diffusion in mixture fraction space can be modelled more rigorously 
than in real physical space. Bilger [19], instead, defends the CMC idea on the 
basis that most of the fluctuations of the reactive scalars can be associated with 
the fluctuations of the mixture fraction. Later, in [85], the two authors cited 
above have reviewed the CMC methodology, compared its basic assumptions 
and developed also an extension for premixed turbulent combustion.  

CMC methods presented in the literature usually make the assumption that 
combustion processes may be adequately simulated by taking into account only 
first-order moments, like these expressed by equation (3-34). This closure 
assumption may be inaccurate for flame stabilization problems. One possible 
improvement is to close the conditional chemical source term using second-
order moments [86]. The range of applicability of CMC models and their 
advantages towards other approaches is still a controversial issue in the 
combustion community. Peters [16] emphasizes the similarities of first-order 
CMC and flamelet models and argues that since both models lead to the same 
equations the base-assumption of the two approaches must be the same. Later, 
Klimenko [87] has further analyzed the possible links between unsteady flamelet 
models and CMC and proposed a coordinate-invariant flamelet model. In 
conclusion, CMC models even thought more expensive than flamelet 
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approaches, may constitute a more refined description of turbulent combustion. 
Anyway the potential benefits of higher moment closures must be convincingly 
demonstrated.  

 

3.4.4 Eddy Dissipation Concept (EDC) 

One of the first attempts to evaluate directly the mean chemical reaction rate 
in the species conservation equation discussed in the previous chapter (equation 
(2-50)) is due to Magnussen and Hjertager [88]. They developed from the Eddy-
Break-Up (EBU) model [89], a concept devoted to premixed flames, the so-
called Eddy Dissipation Model (EDM) which is supposed to simulate diffusion 
combustion. The EDM is based on the assumption of the infinitely fast 
chemistry limit. Therefore, the model assumes that the reaction rate may be 
related directly to the time required to mix reactants at the molecular level. In 
turbulent flows, this mixing time is dominated by eddy properties and so the rate 
is proportional to a mixing time defined by the ratio between the turbulent 
kinetic energy k and its dissipation ε. More precisely, the model takes the 
minimum of three rates [16], those defined with the mean fuel mass fraction: 
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and with the product mass fraction 
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in order to deduce the mean chemical source term. In the three expressions s 
denotes the stoichiometric mass ratio. A and B are the two empirical parameters 
of the model and usually they are not universal. They must be “tuned” to capture 
the behaviour of the particular problem. The advantage of this model lies in the 
low computational costs, but obviously this simple approach is not able to 
predict minor combustion products and non-equilibrium effects.  
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3.4.5 Probability Density Function (PDF) transport equation models 

Different models are available in the literature to evaluate directly the mean 
chemical species reaction term by considering also non-equilibrium phenomena. 
One possibility is to compute the mean reaction rate from a flamelet approach, 
where from the flamelet libraries instead of the species mass fraction mean 
laminar reaction rates may be interpolated. Another option may be given by 
flame surface density models [90], where the mean turbulent reaction rates are 
expressed as the product between the flame surface density and the local 
reaction rate per unit flame area. Here one of the most famous models among 
this category will be discussed more in detail. In the Probability Density 
Function (PDF) transport equation models [17] assumptions on the flame 
structure are no longer required. In fact these models may be applied without 
distinction to diffusion, premixed and partially premixed combustion. Another 
advantage of these approaches is that the chemical source terms ωk may be 
provided exactly from kinetics theories (Arrhenius laws, equation (2-33)) and 
therefore it doesn’t need any modelling. The mean turbulent reaction rates are 
computed with the help joint probability density functions p(φ1, φ2, …, φN) like 
in the following expression.  
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The trouble of the closure of the turbo-chemical interaction in reacting flows is 
then shifted to the calculation of the joint probability density function. In 
practice it is shown that it is very difficult to presume the shape of a joint PDF 
depending on more than two variables, so balance equations must be derived to 
close the problem. The first attempt to derive, model and solve a joint PDF 
transport equation was done by Lundgren [91], who studied the joint PDF of the 
velocity. Later Dopazo and O’Brien [92] and Pope [93] derived the transport 
equation for the composition joint PDF, the term also contained in equation (3-
19). With the composition-PDF a full statistical point description of the species 
mass fractions and of the temperature distributions can be achieved. However 
the mean velocities and their fluctuations must still be found with Favre 
averaged transport equations and turbulence models. More recently velocity- 
and composition-PDF have been combined [17], in order to exploit the 
advantages of both methodologies.  
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From the numerical point of view, the first characteristic of PDF models that 
draw attention is their high dimensionality. For this reason classical finite-
volume or finite-difference techniques are not very attractive, since memory 
requirements increase roughly exponentially with dimensionality [16]. In 
Monte-Carlo methods, instead, the memory requirements depend only linearly 
on the dimensionality of the problem. That’s why, virtually all numerical 
implementations of the PDF methods for turbulent reactive flows use the Monte-
Carlo methodology. In these methods large numbers of particles are introduced 
into the computational domain and these particles are supposed to represent 
different realizations of the turbulent reactive flow problem under investigation. 

As already mentioned before the main advantage of the PDF transport 
methods lies in the perfect closure of the reaction source term. However, in the 
conservation equations for the joint PDFs some gradient terms are present, such 
as the terms related to the molecular mixing. Since in single point PDFs 
information about the neighbouring points are not available all these gradient 
terms need modelling. This represents the week point of PDF methods, also 
because in combustion reactions occur at the molecular level after molecular 
mixing. The performance of PDF models depends strongly on the closure 
chosen to simulate mixing processes.  

As a final remark one can say that PDF methods are attractive to simulate 
non-premixed combustion but their applicability, especially in industrial 
applications, is still limited due the high numerical costs related with this 
technique.  
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4 MODELLING TRANSIENT PHENOMENA IN 
TURBULENT DIFFUSION FLAMES 

 

In Chapter 3 the basic idea behind the flamelet closure for turbulent non-
premixed combustion was extensively explained. The differences between 
steady and unsteady flamelet modelling were identified and a literature review 
over the transient flamelet approaches was presented. In this chapter, our 
unsteady flamelet concepts to model turbulent diffusion flames will be 
illustrated. The Transient Laminar Flamelet Model (TLFM) will be presented 
and improved. Moreover a new transient flamelet approach will be developed: 
the so called Flame Age Model (FAM).  

The description of the two approaches will be done in the following structure. 
First, it will be explained how the transient phenomena, in the two models, are 
simulated in the turbulent flow field. Second, the different modelling approaches 
to compute the local laminar flame structure will be described. Finally, in a third 
and last section, some comments on the statistical distributions of the variables 
that link the turbulent flow field to the laminar flame structure will be listed.  

 

4.1 Mapping the chemical development in turbulent flows 

 

In many practical applications the structure of turbulent diffusion flames may 
be governed by a simple balance between chemical reactions and transport 
processes. In other words, in most diffusion flames the characteristic chemical 
times are usually smaller than the turbulent ones. The local flame structures are 
then described by the steady laminar flamelet equations (equations (3-19) and 
(3-20)). On the other hand, as discussed in chapter 3.4.2, there can be situations 
where the time available for the chemical processes may not be enough to reach 
the steady state conditions. In these situations the mentioned equilibrium 
between chemical and transport processes may not be already established and 
the local flame structures may experience unsteady phenomena. 
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Figure 4.1: Finite rate chemistry and unsteady phenomena in non-premixed combustion. 
Shaded areas correspond to high scalar dissipation zones. 

 
Figure 4.1 graphically shows a diffusion flame front where unsteady 

behaviours of the local flame structure are likely to occur. In Figure 4.1 a detail 
of a flame close to the nozzle of a combustor is depicted, where the solid line 
denotes the stoichiometric conditions and the broken-arrow lines correspond to 
hypothetical stream lines in the flow. The shaded areas indicate zone in the flow 
where the scalar dissipation is high, close or over the extinction limits. As soon 
as the fuel and the oxidizer mix together at the molecular level in a flame, 
chemical reactions can occur unless the Damköhler numbers are too low and the 
local flame structure is destroyed by excess of convective transport processes. 
Point “A” in Figure 4.1 marks exactly a region of the flow where the fuel after 
entering the combustion chamber can not be burned completely since the scalar 
dissipation is too high and local extinction is observed. If the dimension and the 
intensity of the shaded area become too large the local extinction phenomena 
can spread leading also to the total quenching of the flame. After travelling 
through the low Damköhler number domains the extinguished fluid particles 
may encounter zones favourable for the thermal runaway of the chemical 
reactions. The flamelets, in point “B”, start to ignite. Afterwards, fuel is rapidly 
consumed and temperatures rise till the local conditions reach the mentioned 
equilibrium between heat production and convection in the reaction layer (point 
C). 

 

4.1.1 Transient Laminar Flamelet Model (TLFM) 

The Transient Laminar Flamelet Model (TLFM) developed by Ferreira in our 
institute [21] views the local extinction and re-ignition in flames as a 
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competitive process. The model assumes that the local extinction of flame 
elements due to excess of scalar dissipation rate (χ) is a fast process. The local 
flame structure after quenching mixes instantaneously with the surrounding fluid 
particles leading to partially premixed mixtures. These mixtures of fresh and 
burned reactants may travel further through the combustion chamber and 
encounter regions favourable for the combustion process. In Figure 4.1 such a 
region is marked with the point “B”. In other words, “regions favourable for the 
combustion processes” means that in these areas χ has dropped and there are 
enough energy and radicals to re-ignite the flamelets. On the contrary of the 
extinction phenomena, the TLFM assumes that the re-ignition events in a flame 
are not infinitely fast. It supposes that re-ignition can only occur when the local 
residence times are bigger the ignition delay times defined by the local mixture 
fraction and scalar dissipation rate. Therefore, the re-ignition processes depend 
strongly on the fluid-chemical interaction and without any doubt can not be 
captured by considering only the steady state version of the flamelet 
conservation equations. After re-ignition, the flame elements, travelling along 
their stream lines, approach their steady state solution in a finite time interval. 
This transient approach can be described by a characteristic flame time, which is 
defined as the time interval needed for stable species to depart from the mixing 
state towards the fully burned conditions. In Figure 4.1 point “C” can be 
interpreted as the point where the flame structure reaches its steady state 
condition after the re-ignition event in point “B”. 

Mathematically Ferreira expressed this concept with the help of two scalars 
used to simulate the transient re-ignition phenomena. In order to capture the 
partial premixing effects which occur when extinguished fluid elements mix 
together, a reaction progress variable c is introduced into the model. As already 
discussed in chapter 2.1, a reaction progress variable is a normalized parameter 
which indicates the degree of development of combustion processes. Although 
the reaction progress variable is manly a parameter for the description of 
premixed flames it may fit well to describe the partial premixing situations 
encountered in non-premixed combustion. From a partially premixed structure 
chemical reactions can burn partially or completely the remaining fuel, 
depending if the local residence times are bigger than the characteristic flame 
times. Local residence times are estimated through algebraic relationships and 
constitute the second unsteady flamelet parameter in the TLFM. 

In turbulent non-premixed flames c can be computed by solving a 
conservative transport equation for a reactive scalar.  
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 (4-1) 

where the last term on the r.h.s. correspond to the source term and needs 
modelling. Conceptually, the reaction progress variable in a reactive flow can 
only grow if the local transient flamelet solution indicates that non-negligible 
chemical activities have taken place. In order to measure the local growth of the 
reaction progress variable the difference between the c calculated from the 
solution of the transient flamelet equations (cfl) an the c computed from the 
transport equation (4-1) is retained. In conclusion if this difference is positive 
the reaction term is activated, since the local transient flamelet indicates relevant 
combustion processes. Otherwise, the reaction term is deactivated and set to 
zero. 

 ( )1max 0;c fl
R

S c c
τ

⎧ ⎫
= −⎨ ⎬

⎩ ⎭
 (4-2) 

As shown in chapter 2.1, different possibilities exist to calculate the local 
reaction progress variable (cfl). Ferreira in his work [21] proposes to capture this 
parameter by taking the definition based on the fuel mass fractions (equation (2-
19)): 

 
,

, ,

F F u
fl

F b F u

Y Y
c

Y Y
−

=
−  (4-3) 

YF,b and YF,u are the fuel mass fractions of respectively a completely burned 
flamelet and an unreacted cold fluid element. However, in inhomogeneous 
systems like in non premixed combustion this definition could lead to unclear 
results. For instance, in the rich side of a diffusion flame, equation (4-3) may 
indicate that the combustion processes are not fully developed, although the 
oxidizer is completely consumed and it is impossible that further combustion 
activities can occur. For this reason, in the present work we prefer to predict the 
local value of the reaction progress variable (cfl) with the reactedness parameters 
defined in equation (2-20):  

 flc R=  (4-4) 

In order to close equation (4-2) the turbulent residence time (τR) remains to be 
modelled. In the original version of the TLFM [21] the local residence time is 
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evaluated from integral time scale τI (equation (2-60)), which is proportional to 
the turnover time of an integral eddy.  

 R R
kCτ
ε

=  (4-5) 

The parameter CR is a non-dimensional constant and in previous works was set 
to one [21, 23, 25]. Also in this case, another concept can be taken to model 
better the unsteady effects. In a numerical domain the local residence time in a 
computational cell may be more exactly extrapolated by dividing the 
characteristic length of that computational cell with the absolute value of the 
flow velocity.  

 
cell

R R
dC
u

τ =  (4-6) 

This idea was already proposed by Baykal in his work [26], where the constant 
CR was always set to one. It is important to note that in unstructured grids it is 
not always trivial to find the characteristic diameter of the computational cells. 
Especially for long and thin elements one must be careful on the definition used 
to compute this quantity. In structured numerical grids aligned to an orthogonal 
coordinate system the definition of the characteristic grid size is defined without 
ambiguity. In this case the local residence time is calculated from the following 
expression  

 min ; ;yx z
R R

x y z

C
u u u

τ
⎧ ⎫ΔΔ Δ⎪ ⎪= ⋅ ⎨ ⎬
⎪ ⎪⎩ ⎭

 (4-7) 

where Δi are the sides of the grid elements and ui are the components of the 
velocity vector.  

Introducing two new variables in a flamelet approach the dimensions of the 
TLFM are doubled with respect to a classical steady state flamelet model. In fact 
the local laminar flame structures stored in the flamelet libraries (see figure 
3.11) are now parameterized by four parameters: the mixture fraction (Z), the 
stoichiometric scalar dissipation rate (χst), the reaction progress variable (c) and 
the turbulent residence time (τR). With these variables laminar species mass 
fraction distributions may be interpolated and then, with the help of presumed 
probability density functions, mean quantities may be computed. Assuming that 
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the four flamelet variables are statistically independent the integral to compute 
the mean species mass fractions becomes 

 ( ) ( ) ( ) ( ) ( )
1 1

0 0 0 0

, , ,k k st R st R st RY Y Z c p Z p p c p dZ d dc dχ τ χ τ χ τ
+∞ +∞

= ⋅ ⋅ ⋅ ⋅∫ ∫ ∫ ∫  

  (4-8) 

In every previous works, where the TLFM was applied, the β-function was used 
to simulate the statistical distribution of the mixture fraction. As regards the 
other three flamelets variables, no statistical distribution was assumed and their 
distributions have been modelled with delta functions. In this study this aspect 
has been further investigated and in the subchapter 4.3 a discussion over this 
topic can be found.  

In the turbulent flow field every flamelet variable has got its own role. The 
mixture fraction captures the mixing features of the problem, the scalar 
dissipation rate accounts mainly for the non-equilibrium effects and the reaction 
progress variable together with the residence time consider the transient 
development of the flamelets when the flame times are lower than the turbulent 
times. From the point of view of the laminar flame structure these four 
parameters may be grouped in two different groups. As noted by Ferreira [21], 
the vector containing the stoichiometric mixture fraction (Zst) and the reaction 
progress variable (c) determines unequivocally the starting conditions of the 
local flamelets from where ignition may occur. On the other hand, the vector 
(χ,τR) defines the new conditions after chemical reactions have changed the 
flamelet distributions.  

A controversial issue of the TLFM is that it models the transient development 
of the combustion process locally. Although the reaction progress variable is 
considered with a transport equation the residence time (τR) is a local quantity. 
Therefore, the TLFM assumes turbulent flames as been governed everywhere by 
re-ignition phenomena of partially premixed elements. This picture may not 
always correspond to reality. So, in the next subchapter a new transient approach 
is developed in order to simulate more realistically unsteady effects in diffusion 
flames.  

 



Chapter 4 Modelling transient phenomena in turbulent diffusion flames 
 

 81 

4.1.2 Turbulent flame age 

Reactive fluid particles once ignited or re-ignited continue to react along their 
streamlines till they burn completely or till they reach regions not favourable for 
combustion processes where the chemical reactions break down. Therefore, the 
time available for the chemical reactions in the flamelets structures is not a local 
property in the turbulent flow. More precisely this time starts when the flamelets 
are ignited and increases continuously until, for the reasons mentioned above, it 
is stopped. As a conclusion the flame time in turbulent flows has the 
characteristic of an integrated variable rather than a quantity that represents local 
phenomena.  

In order to derive an equation to predict this integrated flame time (here this 
time will be called “flame age τF”), let us consider Figure 4.1. If the local 
conditions in the flow depicted in Figure 4.1 would be always good for the 
progress of chemical reactions (no shaded area and the scalar dissipation rate 
always lower than its extinction limit), combustion will occur as soon as the fuel 
mixes at molecular level with the oxidizer. In this way a flame will be 
established attached to the burner mouth and the flame age starts to grow from 
the very beginning, at the location where the fluid particles enter the combustion 
chamber. In conclusion, in this situation, the flame age corresponds exactly to an 
integrated residence time computed along the streamlines of the turbulent flow.  

In order to predict the distribution of such an integrated residence time let us 
consider the following relationship [94]: 

 1FDDt
Dt Dt

τ
= =  (4-9) 

If the Eulerian (or material) derivative of the flame age (τF) is set to one, the 
flame age is equal to the summed residence time of the fluid particles entering 
the numerical domain. The derivative of equation (4-9) may be developed 
leading, after the Favre averaging procedure, to the following conservative 
transport equation for the flame age.  
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As in any other transport equations the first term on the l.h.s. of equation (4-10) 
reflects the unsteady changes of the variable, while the second term corresponds 
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to the convective transport of the flame age. The last term on the l.h.s., instead, 
represents the mixing of fluid particles due to the turbulent motion of the flow.  

Until here we have considered an ideal situation where combustion takes 
place in an environment free from excessive stresses and transport processes that 
can locally compromise the existence of the flame front. If we consider the 
complete physical picture shown in Figure 4.1 we must retain the effects of local 
extinction and re-ignition in the formulation of the flame age transport equation. 
In order to do so, the source term of equation (4-10) (r.h.s. variable) must be 
consequently readjusted with solid physical argumentations. In the shaded area 
of Figure 4.1 the combustion is mitigated because the local scalar dissipation 
rate values exceed their extinction limits and so in the same way the flame age is 
stopped since the combustion process can not carry on. In mathematical 
language this concept may be expressed in the source term of equation (4-10) by 
the expression below.  
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 (4-11) 

Equation (4-11) stops the growth of the flame age when the scalar dissipation 
rate at the stoichiometric conditions χst becomes critical for the equilibrium of 
the flame structure. The parameter “n” is an empirical variable used to smooth 
the stepwise-behaviour of the function implemented in equation (4-11). 
Numerical experiments have shown that this parameter can have a remarkable 
influence on the solution of practical combustion problems only if it assumes 
values lower than two. In this study n is always set to a fixed value equal three. 
Expression (4-11) has also a second term containing the reactedness R. This 
factor represents the observation that the flame age can not increase further if 
the reaction progress variable indicates that all the fuel or oxidizer are consumed 
and the formation of stable products is completed. Here again an empirical 
parameter m is introduced and the same comments done for the variable n are 
valid. In this work the variable m is always kept constant and equal 10.  

Calculating the turbulent flame time from a transport equation the reaction 
progress variable utilized in the TLFM is not needed anymore and the unsteady 
effects in a flame are simulated with only one variable; the flame age. Therefore 
this new transient laminar flamelet model during a flame simulation interpolates 
the transient flame structures with the help of tree flamelet variables (see figure 
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3.1) and the turbulent mean values of the reactive scalars are then computed by 
the integral below.  

 ( ) ( ) ( ) ( )
1

0 0 0

, , ,k k st R st F st FY Y Z c p Z p p dZ d dχ τ χ τ χ τ
+∞ +∞

= ⋅ ⋅ ⋅∫ ∫ ∫  (4-12) 

The statistical distribution of the flame age variable is not known, hence in this 
study it will be modelled with a simple delta function.  

This new transient flamelet model, which from now on may be called the 
“Flame Age Model (FAM)”, has several advantages with respect to the TLFM. 
First, as already mentioned, the transient flame time is now a transported 
quantity and not a strict local quantity like τR in the TLFM. The growth of the 
flame age (τF) is controlled by a source term modelled under solid physical 
argumentations and in this first version of the model, elements to represent 
correctly regions where local extinction and complete combustion occur are 
included. In future works other effects may be retained and the source term of τF 
further refined. Second, the FAM reduces the number of the flamelet variables 
(with respect to the TLFM) from four to three, resulting in a simplification of 
the turbulent code and in smaller flamelet libraries. Third, although the new 
FAM doesn’t contain any progress variable, the simulation of partial premixing 
effects during re-ignition phenomena is still retained. Transient flamelet 
distributions between the mixing state and the fully burning conditions may be 
regarded as partially premixed elements in the sense that fully burned particles 
are mixed with cold ones. 

The Flame Age Model has the potential to be more flexible than the previous 
TLFM. Moreover, with respect to the Lagrangian Flamelet Model [77] described 
in chapter 3.4.2 the FAM can model also burners with recirculation zones and 
complex geometries. 

 

4.2 Unsteady laminar flamelet structure 

 

In chapter 3.4.2 the unsteady flamelet conservation equations (equations (3-
19) and (3-20)) have been introduced. These equations describe the behaviour of 
non-premixed flame fronts where mixing and chemical reactions occur 
simultaneously. They are the base of every flamelet model and so of the models 
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used in this study: the new Flame age Model (FAM) and the Transient Laminar 
Flamelet Model (TLFM).  

Both the transient and the steady versions of the flamelet equations require 
proper boundary and initial conditions to resolve correctly the laminar structure 
of turbulent non-premixed flames. However, transient development of the 
flamelet behaviour depends strongly on the conditions imposed at the beginning 
of the calculation, whereas the steady state solutions aren’t sensible to the choice 
of the initial conditions. In steady state flamelet simulations it is only important 
to provide enough robust initial profiles in order to facilitate ignition processes. 
The final solution is only dependent on the stoichiometric scalar dissipation rate 
(χst), which determines the relative strength of transport phenomena inside the 
flame structure. Therefore, flamelet approaches that aims to capture unsteady 
effects of turbulent flows require adequate models to simulate the starting 
conditions for flamelet ignition.  

In the previous chapter it has been mentioned that the initial conditions in the 
TLFM are determined by the sub-vector (Zst, c). In fact, the TLFM views the 
ignition, re-ignition processes as provoked by partially premixed mixtures of 
cold and hot gases that can eventually become fully burnt fluid particles. 
Following the Interaction by Exchange with the Mean (IEM) mixing approach 
[56], Ferreira in his study [21] models the starting conditions at re-ignition with 
a linear combination between the fresh mixing state and the complete burnt 
solution. In synthesis, for a given fuel the stoichiometric mixture fraction 
becomes a constant fixed value and the initial conditions are a function of the 
progress reaction variable (c) alone. This dependence is simply described by the 
equation below.  

 ( ) ( ), , ,1k IC k u k bc c cϕ ϕ ϕ= − ⋅ + ⋅  (4-13) 

φi represents any reactive scalar, i.e. mass fractions of the species involved in 
the combustion process and energy variables (temperature or enthalpy). Ferreira 
proposes for the unburnt component of the initial solutions (φi,u) the pure mixing 
limit and for the burned conditions (φi,b) the Burke-Schumann solution based on 
one-step chemistry. 
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Figure 4.2: Flamelet initial conditions defined by the reaction progress variable and laminar 
flame development. 

 
To have a better understanding of the concept for the initial conditions 

implemented in the TLFM Figure 4.2 may be helpful. In the mentioned picture 
temperatures inside a flamelet are schematically shown in function of the 
mixture fraction. The initial temperatures are depicted with a solid line. As 
described above, these starting conditions are the results of a linear combination 
between the Burke-Schumann limit and a pure mixing flamelet, both shown with 
the help of dashed lines. During a flamelet simulation when the initial 
temperatures are high enough to re-ignite the flamelet structure, the combustion 
processes can evolve towards the steady state solution determined by the value 
of the scalar dissipation rate at stoichiometric conditions. On the other hand, if 
the reaction progress variable is to low, the flamelet tends to approach the pure 
mixing limit where negligible chemical activities are present.  

In the case of the Flame Age Model (FAM), transient phenomena are 
simulated without the help of a reaction progress variable. Hence, the concept to 
build the flamelet initial conditions of the TLFM becomes useless. A new 
method must be developed and its detailed description can be found in chapter 
4.2.4.  

In the present study the unsteady flamelet equations (3-19) and (3-20) are 
solved by using the FLATRA code [95]. The discretization in time and space is 
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achieved with the finite difference method, whereas the time integration is 
performed with double-precision VODPK (variable coefficient ordinary 
differential equation solver with pre-conditioned Krylov method) package [96]. 
The VODPK solver has been developed for stiff ordinary differential equations 
and can considerably increase the performance for many problems.  

In the subchapters that follow, the different improvements implemented in 
this work to better simulate the transient flamelet behaviour will be listed and 
explained in detail. First, a modelling assumption for the energy flamelet 
equation retained in the previous studies will be discussed and clarified. Then, in 
the sub-chapter 4.2.2 the initial conditions implemented in the TLFM, based on 
the reaction progress variable, will be revisited and improved. Third, since in 
technical applications fuel may be partially premixed with cold air before 
entering the combustor in chapter 4.2.3 partially premixed flamelets will be 
generated. After the explanation of these three changes in the FLATRA code, a 
new strategy to simulate the ignition process of non-premixed flame structures 
will be presented. This strategy will be used in the new FAM model and in the 
analysis of other important aspects of the transient flamelet behaviour, such as 
the internal flamelet distribution of the scalar dissipation rate and the 
performance of different chemical mechanisms. In previous studies done using 
the TLFM, the chemical reduced mechanism of Smooke [97] (Appendix A) has 
been used as the chemical scheme of reference to simulate methane combustion. 
Here the same scheme will be used but its characteristics will be compared 
against other chemical mechanisms.  

 

4.2.1 Transient flamelet energy equation 

In chapter 3.4.2 we have presented and commented the transient energy 
flamelet equation for variable heat capacities. Here for convenience, we rewrite 
this conservation equation.  
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Ferreira in his work [21], while developing the TLFM, argues that under steady 
state conditions the last term on the r.h.s. of equation (4-14) may disappear. This 
assumption is certainly correct when the balance between chemical heat 



Chapter 4 Modelling transient phenomena in turbulent diffusion flames 
 

 87 

production and heat dissipation is established, but it is not valid in transient 
circumstances. 

In this study every flamelet calculation is done by considering the full version 
of energy flamelet equation, in order to represent correctly every physical 
situation of the laminar flame structures.  

In Figure 4.3, the error introduced by neglecting the mentioned term on the 
r.h.s. of equation (4-14) is analyzed. Figure 4.3 shows the transient development 
of the temperature in function of the mixture fraction for two distinct flamelets. 
The graph on the left (graph a)) shows the temperature computed with the 
simplified energy equation, while graph b) displays the temperature distributions 
predicted with the complete flamelet energy equation. The two flamelets 
characterize a situation where the stoichiometric scalar dissipation rate (χst) is 
equal to 0.5 1/s and the starting conditions are represented by a mixture with a 
reaction progress variable equal to 0.8. The initial conditions are represented 
with dashed black lines, whereas the distributions after ignition are shown with 
the solid coloured lines. Note that in Figure 4.3, only a portion of the mixture 
fraction domain is shown (between 0 and 0.25). In fact this portion in methane 
combustion, around the stoichiometric mixture fraction value (Zst = 0.055), 
contains the reaction layer of the diffusion flamelets. From Figure 4.3 one can 
immediately recognize huge differences between the two flamelet profiles. 
Although the steady state contours (black solid lines) seem to be independent on 
the version of the energy equation, the transient developments of graph a) and b) 
are not equal. With the simplified transport equation the temperatures increase 
less rapidly because the chemical reaction terms are only retained in the species 
conservative flamelet equations. With the correct energy equation, instead, the 
profiles reach faster the steady state conditions. In fact, only after 1 millisecond 
(blue line) the flamelet in graph b) shows to be completely developed in the lean 
side and around the stoichiometric point. Diffusion processes on the rich side 
take more time to raise the enthalpy. 

By assuming the reaction term of the flamelet energy equation as negligible 
not only the temperature profiles are wrongly predicted. Temperatures effect the 
density of the mixture and so, also the mass fractions of the species involved in 
the combustion processes are modified. Moreover, a correct energy equation is a 
prerequisite to capture the extinction and re-ignition limits of flamelets under 
different strain values. 
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Figure 4.3: Flamelet temperature evolution close to the stoichiometric point (χst=0.5 1/s, 
c=0.8). a) Calculation with simplified energy equation. b) Calculation with complete energy 
equation.  

 

4.2.2 Initial conditions for flamelets containing an initial mixture of 
fresh and burned gases 

As already discussed, initial flamelet conditions in the TLFM are determined 
by a linear combination between the cold pure mixing limit and the Burke-
Schumann solution. Assuming that the burned part of the flamelet starting 
conditions consists only of the main stable species (CO2 and H2O in the case of 
methane) is clearly inaccurate. Demiraydin [25] in her work tries to improve the 
model for the starting conditions by considering a Burke-Schumann solution that 
contains also concentrations of CO and H2. In order to do so, she models the 
burnt part not with the one step equations (2-25) but with a rudimental 
stoichiometric equation that considers also the mentioned two minor species. 

Here another approach for the initial conditions is implemented. Instead of 
taking fast irreversible solutions to model φi,b in the equation (4-13), pre-
calculated steady state flamelet solutions are considered. In this way all the 
species contained in the particular chemical mechanism used for the turbulent 
combustion simulation play an active role in the flamelet starting conditions and 
the physical picture become more realistic. With this model the initial conditions 
become also more “robust”, since radical species (as for instance O, H and OH) 
are already present from the very beginning. The initial presence of these 
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species, so important in the ignition processes, may as a consequence lower the 
re-ignition limits. In fact, with respect to the previous model, mixtures with 
lower reaction progress variable may now be inflammable since there are more 
radicals available for the breaking of fuel and oxygen molecules. More details 
over the numerical implementation of this idea and a broad discussion may be 
found in the work of Omerbegovic [98]. 

In order to analyze the effects of the new model for the starting conditions let 
us observe Figure 4.4, where the transient development of carbon monoxide in 
two flamelets after re-ignition is presented. As in Figure 4.3, the initial mixture 
is a composition containing 80% of already burned gases and the stoichiometric 
scalar dissipation rate (χst) during the combustion is kept constant and equal to 
0.5 1/s. The carbon monoxide distributions are shown over the whole range of 
the mixture fraction domain, from 0 to 1. Graph a) presents the CO evolution in 
a flamelet where the initial conditions are calculated from the Burke-Schumann 
limit using the one step chemistry described by equation (2-25). Graph b), 
instead, shows a flamelet where the burnt part of the starting conditions is 
modelled with a steady state solution of a pre-calculated flamelet. It is obvious 
that since the two flamelets have the same stoichiometric value of the scalar 
dissipation rate, the two steady state solutions are equal. Anyway great 
differences are observed for the transient profiles depicted in the figure with 
solid coloured lines. In the flamelet computed with the Burke-Schuman limit 
remarkable CO concentrations are first observed after 1 millisecond (blue line). 
In the other flamelet, instead, CO concentrations are always present in the 
laminar structure. In graph b) one can observe that after ignition the CO profiles 
in the reactive layer exceed temporarily the steady state burning conditions. This 
is due to the fact that chemical consumption of CO molecules is a relatively 
slow process and that may not compensate the production of CO in the initial 
phase of the re-ignition processes.  

It’s important to point out that with this new approach the flamelet starting 
conditions are now a function of the reaction progress variable (c) and the 
stoichiometric scalar dissipation rate (χst). In fact, in steady state flamelet 
solution that forms φi,b, χst plays an important role and its value most coincide 
with the one imposed to the unsteady flamelet that is going to be simulated. 
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Figure 4.4: Flamelet carbon monoxide transient distributions (χst=0.5 1/s, c=0.8). a) Burnt part 
of the initial conditions from Burke-Schumann limit. b) Burnt part of the initial conditions 
from steady state simulation. 

 

4.2.3 Partially premixed flamelets 

As discussed in the previous chapters, in many technical applications fuel and 
oxidizer may be mixed (outside the flammability limits) before entering the 
reaction zone. As a consequence partially premixed flames may be established 
in the combustor. Partially premixed flames can be viewed as a strategy to avoid 
the high pollutant emissions of diffusion flames (especially NOx) while still 
working under secure conditions.  

In this work, the developed turbulent combustion models will be validated 
against well known turbulent piloted partially premixed jet flames [99] (see 
chapter 5). In fact, through the core jet of the burner in question flows a mixture 
made of one part of methane and three parts of air by volume. In this 
configuration, the turbulent mixture fraction values in the burner are not 
bounded between 0 and 1 but since the fuel jet is partially premixed the upper 
bound is lower than one. As a consequence the pure diffusion flamelet libraries 
created to simulate turbulent diffusion flames may be inadequate to compute 
correctly the mentioned partially premixed jet flames.  

Bajaj in his work [23] has simulated a Sandia piloted CH4/air flame with the 
Transient Laminar Flamelet Model (TLFM). 
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Figure 4.5: Axial temperature distributions for different equivalence ratios φ of the fuel jet in 
a counterflow configuration (a=50 1/s). 

 
In order to take into account the presence of air in the fuel jet, he introduces a 
transformation in the turbulent mixture fraction space that allows the use of pure 
diffusion flamelets. Moreover, Bajaj analyses the reasons why laminar partially 
premixed flames, under low strains and enough partially premixing, produce less 
pollutants. He studied numerically the laminar counterflow burner (figure 3.10) 
and he confirms the presence of a double flame structure when the fuel stream is 
sufficiently partially premixed with air. The double flame structure consists of 
two separated reaction zones: one rich premixed and the other non-premixed. 
The presence of the rich premixed flame depends directly from the energy and 
radical pool available from the non-premixed reaction layer. In the rich 
premixed flame, there is no oxygen available for the NOx production due to the 
prompt mechanism. This fact leads to lower total NOx emissions in laminar 
flames with twin flame structure as compared to pure diffusion flames.  

The creation of the double flame structure can be viewed in Figure 4.5, where 
different numerical axial temperatures of a counterflow burner are shown in 
function of the dimensionless axial distance. The steady state temperatures are 
computed with the OPPDIF code [100] and the chemical mechanism GRI 3.0 
[101] is used to simulate the combustion of methane. The strain rate (a), which 
corresponds in the mixture fraction space to the scalar dissipation rate, is kept 
constant and equal to 50 1/s for all the seven cases shown in the graph. 
Immediately, from Figure 4.5 the following trend can be recognized: as the air 
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amount in the fuel nozzle placed on the left hand side of the graph is increased, 
the temperature bell becomes wider and wider. This tendency is particularly true 
on the rich side of the burner and indicates that the reaction layer is becoming 
more ample. In fact, at low equivalence ratio (φ) values in the fuel nozzle a 
double flame structure may emerge in the laminar counterflow burner.  

In this work we want to simulate turbulent partially premixed flames with the 
corresponding partially premixed flamelets. In this way, any fictitious mixture 
fraction transformation is no more needed. To do so, the laminar code used to 
generate the laminar flamelet libraries has been improved in order to simulate 
correctly hybrid flame structures. The turbulent problem is then properly closed 
if the boundary conditions of the hybrid flamelets are the same as the boundary 
conditions of the turbulent flame investigated.  

Figure 4.6 compares the temperatures of a diffusion and of a partially 
premixed flamelet computed with the FLATRA code. The two transient 
structures have been evaluated under a constant stoichiometric scalar dissipation 
rate (χst) of 0.5 1/s and a reaction progress variable (c) equal to 0.8 has been used 
to build the initial conditions. Note that the air amount on the fuel side of the 
partially premixed flamelet (graph b)) is exactly the same as in the turbulent jet 
flames that will be used to validate the new concepts developed in this study. 
From now on, every partially premixed flamelet solution computed in this work 
will have the same characteristics of the one shown in the diagram b) of Figure 
4.6. This means that the partially premixed flamelets will have only the fuel side 
partially premixed in the proportion described above. 

In the two graphs one can observe, how the two structures reach the steady 
state limit around the stoichiometric point more or less at the same time. 
However the partially premixed flamelet reaches the global steady state 
conditions faster. In this case the mixture fraction domain is shorter since the 
fuel side is mixed with air and diffusion processes take less time to establish the 
flamelet equilibrium.  
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Figure 4.6: Non-premixed (a)) and partially premixed (b)) flamelets (χst=0.5 1/s, c=0.8). Fuel 
boundary condition in case b) is a mixture of three parts air and one part methane by volume. 

 

4.2.4 Ignition of reactants in flamelets 

The initial conditions for the unsteady flamelet equations in the Transient 
Laminar Flamelet Model (TLFM) are modelled with a reaction progress 
variable. In the new Flame Age Model (FAM) there is no such a variable to help 
constructing the flamelet starting conditions and so a new strategy must be 
developed. 

In order to ignite a mixture of hydrocarbons and start its complete 
combustion, two factors must be provided. First, enough energy must be 
introduced into the system to exceed the activation energy of the particular fuel. 
In other words, the temperature must be increased, especially in places where 
the mixture is at stoichiometric conditions, so that the chemical bounds of the 
stable educts can be broken. At this point the oxidizer can react with the fuel in 
an exothermic combustion reaction that provides additional heat for the further 
propagation of the process. Second, prior to the thermal runaway, some radical 
pool must be built inside the mixture. In chemistry, radicals (often referred to as 
free radicals) are atomic or molecular species with unpaired electrons or an 
otherwise open shell configuration. These unpaired electrons are usually highly 
reactive and may help to break the stable bounds of the stable products. So 
radicals are likely to take part in chemical reactions and are a crucial element in 
combustion phenomena. So, in our new initial conditions these two elements 
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(energy and radical species) should be present. The questions now are how and 
how much of these elements should be introduced into the system to simulate a 
realistic ignition. 

There is some arbitrariness in the choice of the initial stimulus to ignite a 
flamelet structure. In a steady flamelet model the flamelet initial conditions have 
no influence on the final performance of the turbulent model. In a transient 
approach, instead, these initial conditions must be modelled with special care 
because they play a central role in the simulation of the unsteady effects that 
occur in turbulent flames. Here we point out two aspects which the flamelet 
initial conditions must satisfy. The first argument is quite obvious and it states 
that when the value of the stoichiometric scalar dissipation rate is under its re-
ignition limit, the flamelet initial conditions must be enough robust to ignite the 
laminar structure. Second we argue that starting conditions should influence the 
development of the chemical process as little as possible. As a consequence, the 
optimum initial conditions should be the smallest external stimuli able to initiate 
the thermo-chemical runaway of a cold hydrocarbon mixture. 

Following the two criteria listed above, in the present study the external 
ignition spark is simulated using small rectangular functions of temperature and 
radical concentrations around the stoichiometric mixture fraction point. The 
stoichiometric mixture fraction (Zst) for methane combustion is 0.055 and it can 
be assumed that the base of the mentioned rectangular jumps lie between the 
mixture fraction values of 0.045 and 0.065. This fictitious ignition stimulus can 
be viewed as a laser beam that suddenly rises the temperature of a stoichiometric 
mixture and provides some radical species inside the laminar structures. In this 
work three radical compounds are introduced into the system at time t=0 s, 
namely OH, O and H. These are very important radicals in combustion 
processes of hydrocarbon flames; in particular OH which is also chosen to mark 
the flame front in combustion devices. 

Since the base of the rectangular functions used to build the flamelet starting 
conditions has been fixed it remains to determine the heights of these 
rectangular sparks. 

As far as the radical concentrations are concerned, Figure 4.7 shows the 
steady state mass fraction distributions of OH radicals in the reactive layer for 
different flamelets calculated with the FLATRA code and the skeletal chemical 
mechanism proposed by Smooke [97]. 
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Figure 4.7: Steady state mass fractions of OH radicals for flamelets with different 
stoichiometric scalar dissipation rates (xhi=χst). DIFF: diffusion flamelets. PP: partially 
premixed flamelets.  

 
The distributions depicted with red lines show the behaviour of diffusion 

flamelets (DIFF), while blue lines mark the behaviour of partially premixed 
flamelets (PP). As already discussed, partially premixed flamelets are laminar 
flame structures where the fuel side consist of one part of methane and three 
parts of air. Figure 4.7 clearly shows that the OH mass fractions of diffusion 
flamelets, for the same value of χst, are equal to the mass fractions of partially 
premixed structures. The size and the amplitude of the OH bells seem to be 
independent on the equivalence ratio applied at the fuel side of the flamelet. 
Moreover, one can immediately note that the sizes of the mass fraction bells 
decrease strongly with the decrease of the stoichiometric scalar dissipation rate. 
The same numerical analysis has been performed with the O and H radicals and 
both species have shown the same trends described by Figure 4.7: the radical 
mass fractions are the same for diffusion and partially premixed flamelets and 
they decrease when the stoichiometric scalar dissipation rate is decreased. One 
can conclude that a first option to define the level of the radicals O, H and OH in 
the flamelet starting conditions may be suggested by the peak values of these 
radicals at steady state conditions. Peak values which seem to be independent on 
partially premixed phenomena. 
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Figure 4.8: Transient distributions of OH radicals in diffusion a) and partially premixed 
flamelets b) (χst=0.1 1/s). 
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Figure 4.9: Maximum transient OH mass fractions for diffusion and partially premixed 
flamelets with different values of the stoichiometric scalar dissipation rate (χst=xhi). 

 
Another interesting aspect of the radical’s behaviour is their transient 

development during the ignition process. Figure 4.8 shows the unsteady 
behaviour of the OH radicals after ignition for two different flamelets under the 
same stoichiometric scalar dissipation rate (χst=0.1 1/s). The diffusion flamelet 
in graph a) and the partially premixed flamelet in graph b) show that the radical 
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amounts in the laminar structures during the ignition processes may reach values 
far higher than those at the steady state conditions. In fact, 10-4 s after the begin 
of the computation (red line), the peak values of the OH mass fractions are more 
or less one order of magnitude higher than the steady state ones. This 
characteristic seems to be the same for partially premixed flamelets and for 
diffusion ones. Moreover, the maximum heights of the transient OH bells are 
also independent from the stoichiometric scalar dissipation rate as shown in 
Figure 4.9. In this picture the maximum OH transient distributions of four 
flamelets noticed at 10-4 s after the start of the simulation are compared in a 
single diagram. In the mentioned distributions the peak values converge in a 
unique point although the widths of the bells vary. In diffusion flamelets the 
curves are wider with respect to partially premixed flamelets. 

This behaviour of the OH radical during the transient ignition process is 
observed also in the case of the O and H radicals. The radicals, which at the 
beginning of the computation are not present in the flamelet structure, start to be 
produced around the stoichiometric point when the temperatures are sufficiently 
raised. These radicals after an ignition delay time reach their maximum values, 
which are independent from the stoichiometric scalar dissipation rates and from 
the amount of air introduced in the fuel side of the flamelet. Subsequently, when 
the thermo-chemical runaway is fully established the radical pool is used 
intensively in the chemical reactions and the radicals are consumed till steady 
state conditions are established.  

The maximum transient radical concentrations, since they are independent 
from strain and partially premixed effects, may be viewed as another possibility 
to define the starting radical profiles in the flamelet simulations. In fact the 
constant transient maximum radicals values, measured in the case of OH from 
Figure 4.9, may be set equal to the height of the rectangular functions choose to 
simulate a fictitious spark.  

In conclusion after the analysis of the transient behaviour of the radical mass 
fraction in different flamelet structure two possibilities have been recognized to 
define a reasonable amount of radicals (O, H, and OH) that can be set as initial 
conditions in the flamelet simulations. The steady state peak values, which are 
dependent from χst or the maximum transient values found after the ignition 
delay time.  
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Figure 4.10: Ignition and transient development of partially premixed flamelets (χst=0.5 1/s). 
a) Radical initial conditions taken from steady state values. b) Radical initial conditions taken 
from maximum transient values.  

 
The two methods found to prescribe the O, H and OH radicals in the flamelet 

initial conditions are compared in Figure 4.10. In this picture the transient 
temperature development of two partially premixed flamelets with a 
stoichiometric scalar dissipation rate equal 0.5 1/s is presented. In graph a) the 
flamelet is ignited with steady state radical concentrations, while in diagram b) 
the laminar structure is ignited with the help of the maximum transient radical 
mass fractions found in the previous analysis. The temperature initial conditions 
in the two diagrams are marked with broken lines and define the rectangular 
spark around the stoichiometric mixture fraction value. The height of the 
temperature-spark is defined with an iterative process that determines the 
minimum ignition temperature with a precision of ±5 K. One can immediately 
observe that in case a) the initial temperature jump is definitely bigger than in 
case b). This is simply due to the fact that in case b) more radicals are 
introduced into the system at time t=0 s and therefore the flamelet in question is 
more easily flammable. For the rest, the transient developments of the two 
flamelets are quite the same. Exception made for the profile at t=10-04 s, where 
in case b) the ignition process seems to be a little faster.  

In this subchapter a new strategy to define the initial conditions for transient 
flamelet simulations have been developed. This methodology will be further 
used to create the flamelet libraries for the new Flame Age Model (FAM). The 
mentioned starting conditions consist of a stoichiometric temperature jump that 
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contains the minimum amount of energy to let the thermo-chemical runaway 
take place. In addition, to facilitate the ignition process, stoichiometric 
concentrations of three radical species (O, H and OH) are added to the flamelets. 
These radicals allow the lowering of the minimum ignition temperature so that 
the transient development of the laminar structures is not too much influenced 
by the initial conditions. In this work the initial radical distribution will be 
suggested by the transient analysis of the flamelet ignition. 

 

4.2.5 Realistic scalar dissipation rate distribution across flamelets 

The scalar dissipation rate (χ) is a quantity that defines the strength of the 
diffusive processes inside a flamelet element. As explained in chapter 3, there 
are models that assume a constant distribution of the scalar dissipation across the 
flamelet structure and others that suppose a variable distribution, usually 
dependent on the mixture fraction. In all the past implementation of the TLFM 
[21, 23, 25, 26], constant profiles of the scalar dissipation rates have been 
retained. In the present study this approach is considered as too approximate and 
it is presumed that the values of χ inside a laminar flame configuration follow 
the model given by Kim and Williams [70] represented by equation (3-22). 
Therefore, it might be interesting to analyze which consequences have different 
profiles of the scalar dissipation rate on the flamelet behaviour. In this 
subchapter two different flamelets, one partially premixed and another non-
premixed, will be simulated. The two structures will be calculated by using 
equation (3-22) and by assuming a constant distribution of the scalar dissipation 
rate. 

The transient scalar dissipation rate distributions computed with equation (3-
22) inside the two flamelets are plotted in Figure 4.11. As reported in the 
literature the value of the scalar dissipation rate at the bounds of the mixture 
fraction space is equal to zero. The flamelets above were computed by setting χst 
in equation (3-23) equal to 1.0 1/s. In Figure 4.11 one can easily observe that at 
the stoichiometric point (Zst=0.055) the scalar dissipation rate assumes values 
larger than 1 1/s (more or less 1.6 times larger). The density dependent term in 
equation (3-22) is responsible for this fact. The density at the stoichiometric 
point is lower than the density at the minor bound of the mixture fraction space, 
so the mentioned term becomes higher than one. This density dependent ratio of 
equation (3-22) is also responsible for the transient behaviour of the scalar 
dissipation rate. 
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Figure 4.11: Transient χ distribution across flamelets (χst=1.0 1/s). a) Non-premixed flamelet. 
b) Partially premixed flamelet.  

 
After ignition, the flamelets start to burn and the temperature to rise, in this way 
the density inside the flamelet continues to decrease and the density dependent 
term continues to rise till the steady state conditions are reached. A symmetric 
bell is the typical shape of the scalar dissipation rate distribution at steady state 
conditions because the stagnation point of the counterflow configuration lies 
exactly in the middle of the mixture fraction space. The peak value of the scalar 
dissipation rate of partially premixed flamelets (by constant χst values) is lower 
than the peak value of diffusion flamelets. In partially premixed flamelets the 
mixture fraction space is shorter and the stagnation point is moved towards the 
stoichiometric point of the flame where χst is fix.  

 
Figure 4.12 shows the steady state temperature distributions of the diffusion 

and of the partially premixed flamelets. The dashed black lines show the 
numerical data computed with a constant scalar dissipation rate. The solid lines, 
instead, show the data computed assuming a more realistic distribution of the 
scalar dissipation rate. In the pure diffusion flamelet there are no visible 
differences between the two approaches to compute the flamelet profiles. The 
two temperature distributions are practically the same. In the partially premixed 
flamelet, on the contrary, one observes some differences in the rich part of the 
flame.  The flamelet computed assuming a variable scalar dissipation rate has 
got lower temperatures than the ones computed with a constant scalar 
dissipation rate (ΔT=80 K for Z=0.1). 
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Figure 4.12: Flamelet steady state temperatures (χst=1.0 1/s). a) Diffusion flamelet. b) 
Partially premixed flamelet. 

 
The transient behaviour of the temperature for the two flamelets is exposed in 

Figure 4.13. In the graphs the blue lines correspond to the transient profiles 
computed with variable scalar dissipation rate. The red lines show the profiles 
simulated using a constant scalar dissipation rate. The black lines indicate the 
steady state temperature distributions computed using equations (3-22) and (3-
23). 

In the diffusion flamelets the time window analyzed lies between 0.01 and 
0.05 seconds. During this time one observes huge differences between the two 
numerical methods. The distributions computed with a variable scalar 
dissipation rate are more or less one order of magnitude (in the time scale) more 
developed with respect to those computed with a constant scalar dissipation rate. 
After 0.05 seconds the temperature computed with the new approach has 
reached already its steady state conditions. On the contrary, in the rich part of 
the flamelet the temperature simulated with a constant scalar dissipation rate is 
still very low because the diffusion processes haven’t reached that part of the 
flame. The reason for these different transient behaviours resides in the high 
values of the scalar dissipation rate simulated in the rich part of the flame 
(Figure 4.11). There the scalar dissipation rate values are very high with respect 
to the value at the stoichiometric point, so the diffusion processes are 
accelerated and the flamelet develops faster.  
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Figure 4.13: Flamelet transient temperatures (χst=1.0 1/s). a)  Diffusion flamelet. b) Partially 
premixed flamelet.  

 
The time window chosen for the flamelet in graph b) includes times between 

0.001 and 0.005 seconds. Here the differences between the two numerical 
methods are not so evident, probably because the peak of the scalar dissipation 
rate in a partially premixed flamelet is lower than the one observed in a pure 
diffusion flamelet. Note that in this second graph the overshoot of the 
temperature in the rich part of the flame is almost no more visible if the flamelet 
is computed with a variable scalar dissipation rate. 

After this comparison between the two methods to view the scalar dissipation 
distribution inside the flamelet structures the following conclusions may be 
drawn: 

• The steady state distributions of the temperature (and as a consequence, of the 
main chemical species involved in the combustion process) don’t change 
much if one applies a variable scalar dissipation rate instead of a constant one 
inside the flamelet configuration. 

• The new approach to simulate the scalar dissipation rate distribution in 
flamelets changes drastically the transient behaviour of the laminar flame 
structures enhancing the diffusion processes inside the flamelets. This fact is 
particularly true for pure diffusion flamelets where the stagnation point of the 
counterflow configuration is far away from the stoichiometric point of the 
flame. As a result the flamelets burn faster and reach their steady state 
conditions quicker. 
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4.2.6 Different chemical mechanisms 

This work focuses on the simulation of reacting flows with methane as fuel. 
In order to estimate the production or consumption rate of the kth species in 
flames a suitable reaction mechanism must be provided. A mechanism that 
contains all the three parameters of the empirical Arrhenius law (equation (2-
34)), which are used to estimate the forward and backward rates of all the 
reactions involved in the combustion processes. 

In chapter 2.1 we have seen that the overall methane combustion may be 
described by a stoichiometric one step equation (equation (2-25)). In reality, 
even the consumption of this simple hydrocarbon fuel involves a great number 
of intermediate species and elementary reactions. In the case of methane, several 
hundreds of elementary reactions may be needed to have a mechanism 
sufficiently detailed. This number may be increased by an order of magnitude 
for other more complex hydrocarbon molecules, which may have mechanisms 
containing thousands of elementary reactions. Cetane C16H34 is a typical 
example of such a complex molecule which may represent Diesel fuel [102].  

In practice different analysis methods exists to study the features of different 
chemical mechanisms. These methods may be used to define the important 
reactions for a particular problem and are a technique to simplify chemical 
schemes. In fact, independent of the specific properties of the fuel, all reaction 
mechanisms show some generic properties common for all combustion 
phenomena. In general three main analysis techniques may be recognized [102]: 
sensitivity analysis, reaction flow analysis and eigenvector analysis. Sensitivity 
analyses are very helpful to identify the rate limiting reaction steps. Actually, in 
this method the rate coefficients of the elementary reactions are changed in order 
to diagnose the effects on the species concentration at a given time t. Many 
elementary reactions are so fast that they can not influence the overall results of 
the combustion. On the other hand, a small group of chemical reactions may 
often have a great impact on the final solutions and thus may be regarded as rate 
determining reaction steps. It’s important to note that these crucial elementary 
reactions may be the same independently on the type of hydrocarbon considered 
and that generally unsteady phenomena show more sensitive reactions than 
stationary ones. Second, the reaction flow analysis determines the characteristic 
reaction paths. Like the other methods, reaction flow analyses are usually 
performed numerically and can give an overview of local and global chemical 
phenomena involved in combustion processes. The results of reactions flow 
analyses are usually graphically depicted with reaction flow diagrams. Such a 
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flow diagram for methane combustion may be observed in Figure 4.14. The 
oxidation path includes the most important radicals at each step and points out 
the importance of the C2 path in the case of rich combustion. In Figure 4.14 the 
reactions which govern the oxidation of hydrogen are not shown but one should 
keep in mind that the hydrogen reactions are always present during the oxidation 
of any hydrocarbon fuel. Lastly, the eigenvalue analysis may turn out to be 
useful to determine the characteristic time scales and directions of the single 
chemical reactions. These three analysis techniques are used simultaneously to 
gain a deeper understanding of any chemical schemes and are the bases for the 
simplifications of large mechanisms.  

After recognizing the less critical reactions for a given problem, chemical 
mechanisms are usually simplified and reduced with the help of two instruments 
[102]: the concepts of quasi-steady states and partial equilibria. In the case of 
very reactive species, like radicals, their consumption rates may be set equal to 
their formation rates (quasi-steady state assumption). On the other hand partial 
equilibria may be assumed for species, which are formed and consumed by 
reactions with equal forward and backward reaction rates. In this case the 
concentration of minor, very reactive species, may be calculated from 
equilibrium equations (see equation (2-30)) and set as a function of more stable 
compounds.  

In many turbulent combustion models (PDF models, CMC models) the use of 
detailed chemical mechanisms is limited due to the prohibitive computational 
costs related with them. Therefore the techniques cited above are intensively 
utilized to create reduced chemical mechanisms suitable for practical 
simulations of turbulent reactive flows. One of the main advantages of flamelet 
models is that the chemical part is completely decoupled from the turbulence 
problem during a numerical simulation. The flamelet structures are pre-
calculated using a one-dimensional code and so any detailed chemical 
mechanism may be implemented to simulate the chemistry since the numerical 
costs of the turbulent simulation are independent on the size of the chemical 
scheme. In other words, the construction of the flamelet profiles for a particular 
problem is a one-time cost, and the flamelet solution may be stored in libraries 
and used for an infinite number of different simulations.  

In this and in the previous studies done using the Transient Laminar Flamelet 
Model (TLFM) a skeletal chemical reaction mechanism [97] (Appendix A) was 
used to simulate methane combustion. 
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Figure 4.14: Reaction paths of the methane oxidation [21].  

 
This particular mechanism contains 17 different species and 36 different 
chemical reactions and as stated by Ferreira [21] it may be seen as a good 
compromise between accuracy and computational costs. Here we want to 
compare the performance of this mechanism with two other more detailed 
chemical schemes. The GRI (Gas Research Institute) mechanisms [101] are 
optimized chemical schemes that are suitable to capture the stable and unsteady 
combustion of both methane and natural gas. In this work the versions 2.11 and 
3.0 are implemented. The version 3.0 is the most advanced version of the GRI-
series and contains 53 species and 325 reactions. The NOx chemistry is also 
included and according to the developers, The GRI 3.0 should replace all the 
other editions of the GRI-mechanism. However, in practise, the version 2.11 
(with 49 species and 279 reversible reactions) is still in use today. The main 
reason for that is that the version 2.11 predicts lower amount of NOx and many 
modellers choose it because it may perform better when compared with 
experimental data of NOx concentrations. 
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Figure 4.15: Steady state distributions of a non-premixed flamelet for different chemical 
mechanisms (χst=1.0 1/s). 
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Figure 4.16: Steady state distributions of a partially premixed flamelet for different chemical 
mechanisms (χst=1.0 1/s). 
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In Figure 4.15 and Figure 4.16 the steady state species distributions of a 
diffusion and a partially premixed flamelet are shown. The distributions depict 
the numerical behaviour of the main stable species and of the temperatures 
computed with the mentioned three different chemical mechanisms. As already 
mentioned before, the partially premixed flamelets have the fuel side mixed with 
75% of air by volume. The flamelet in the two figures are computed with a 
stoichiometric scalar dissipation rate equal 1.0 1/s and, as usually, the numerical 
code FLATRA was used to perform the flamelet simulation. Between the two 
GRI mechanisms no big differences are observed in the steady state profiles. 
Only in the H2 predictions one can observe lower peak amount of this compound 
when calculated with the GRI 2.11. On the other hand, big differences may be 
detected between the Smooke and the two GRI chemical schemes. These 
discrepancies are located in the rich part of the flame and are particularly acute 
for the CO2, CO and H2 mass fractions. For the latter two compounds the 
skeletal mechanisms predicts lower mass fraction amounts with respect to the 
GRI mechanisms. In the case of CO2, instead, the Smooke mechanism results in 
a higher mass fraction in the rich part of the flame. These behaviours may be 
due to the fact that the Smooke mechanism does not contain any C2 chemistry 
which, as already stated before, may play an important role under rich 
combustion conditions. As regarded the other stable components and the 
temperatures, the differences are less remarkable. 

The steady state OH mass fractions of the same flamelets analyzed in Figure 
4.15 and Figure 4.16 are shown in Figure 4.17. In this picture it can be seen 
clearly that the OH distributions computed with the different chemical 
mechanisms are practically the same. Moreover, it has been noticed (not shown 
here) that also the steady state mass fractions of the other two radicals (H and O) 
used in chapter 4.2.4 to ignite the flamelets are independent from the chemical 
scheme. It can be concluded, that the amount of radicals used in the initial 
condition of the new ignition method developed in the context of the Flame Age 
Model (FAM) is suited also for different chemical mechanisms other than that 
suggested by Smooke.  
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Figure 4.17: OH mass fractions in diffusion (a)) and partially premixed flamelets (b)) 
computed with different chemical mechanisms (χst=1.0 1/s).  
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Figure 4.18: Transient flamelet behaviour with different chemical mechanisms (χst=1.0 1/s). a) 
non-premixed flamelet. b) partially premixed flamelet.  

 
Lastly, the transient developments of the flamelet structures in question are 

analysed in Figure 4.18. In this picture the transient reactedness (R) is plotted 
against the mixture fraction (Z) for the diffusion and the partially premixed case. 
The flamelets are ignited following the technique presented in chapter 4.2.4. The 
reactedness may represent the transient behaviour of the chemical species in one 
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single variable. As can be easily seen from the picture, this normalized 
parameter close to the stoichiometric conditions reach pretty soon the value one 
(which means complete combustion). Subsequently, through diffusion processes 
also the other areas of the flamelets are modified by the combustion processes. 
From the l.h.s. graph (diagram a)) it can be observed that at distinct times the 
distributions of the diffusion flamelet computed with the three different 
chemical mechanisms are practically the same. On the other hand, the 
distributions in the graph b) show some dissimilarity when computed with 
different chemical mechanisms. However, these differences are not big and the 
transient development may be considered if not identical, very similar.  

Form this subchapter the following conclusions may be drawn: 

• Without any problem any chemical mechanisms may be implemented in the 
code FLATRA to compute the transient development of the flamelet 
structure. With nowadays computational resources also detailed chemical 
schemes may not constitute a problem in terms of computational costs. 

• The skeletal chemical mechanism used in the previous studies, done using the 
TLFM, shows similar characteristic if compared with detailed chemical 
schemes. However the steady state distributions of CO, CO2 and H2 show 
some discrepancies in the rich part of the flame. 

 

4.3 Note over the statistical distributions of the flamelet 
variables 

 

In chapter 3.4.2 it was described how the mean combustion variables are 
calculated in a flamelet approach. The laminar species mass fractions and 
temperatures are interpolated from pre-calculated flamelet libraries with the help 
of the different flamelet variables. These flamelet variables (mixture fraction 
(Z), stoichiometric scalar dissipation rate (χst), etc.) permit the coupling between 
the laminar structures and the turbulent flow field. Subsequently, turbulent mean 
combustion variables are computed from the integral in equation (3-10), with the 
help of presumed shape Probability Distributions Functions (PDFs). More 
precisely in our two transient flamelet models, the Transient Laminar Flamelet 
Model (TLFM) and the Flame Age Model (FAM), the Favre mean species mass 
fractions are determined with equation (4-8) and equation (4-12), respectively.  



Chapter 4 Modelling transient phenomena in turbulent diffusion flames 
 

 111 

In principle, during every iteration of the turbulent flow solver the presumed 
shaped PDFs must be evaluated and the mentioned integrals solved. It has been 
found [26] that this average procedure is very expensive and take a good 
percentage of the total computational time during a complete numerical 
iteration. As suggested by Baykal [26] and implemented in other applications 
[103], the mean species mass fractions together with the presumed PDFs may be 
calculated and stored before the turbulent simulation. In this way, only a 
relatively simple interpolation step must be performed during every iteration to 
found the turbulent species mass fraction distributions from the flamelet 
variables. According to Baykal [26] this second strategy to implement a flamelet 
approach in a turbulent flow solver results in considerably speed increases in the 
simulations up to 30 times compared to the first and more intuitive method. In 
particular, for the TLFM a 5th order interpolation is needed in order to extract 
the right mean mass fractions from the pre-calculated artificial solutions. In fact 
the mean combustion variables are stored in function of the mixture fraction (Z), 
the stoichiometric scalar dissipation rate (χst), the reaction progress variable (c), 
the turbulent local residence time (τR) and the variance of the mixture fraction 
(Z’’2). On the other hand, in the FAM, only a 4th order interpolation procedure is 
needed since the reaction progress variable (c) does not play a role anymore and 
so is not considered in the calculations. 

The variance of the mixture fraction is meanly used to build the presumed 
PDFs of the mixture fraction which in our case are approximated with β-
functions. In fact, in all the applications done with the TLFM only the mixture 
fraction was assumed to have a statistical distribution. The statistical distribution 
of the other flamelet variables was always assumed to be negligible and 
modelled with delta functions [21]. Here we state that also the statistical 
distribution of the stoichiometric scalar dissipation rate may play a crucial role 
for the final performance of the turbulent combustion models. In particular for 
regions where the scalar dissipation rates are close to their extinction limits, a 
model that does not consider the probability distribution of this variable may 
give the wrong physical picture. Imagine a stoichiometric fluid particle that has 
a χst value slightly over the extinction limit. Let us assume that the extinction 
limit is χst,ext=10.0 1/s and the stoichiometric χ of the mentioned particle is 
10.0+ε 1/s (ε is a very small number). A flamelet approach that models the 
turbulent distribution of χ with simple delta functions will estimate the mass 
fractions of the fluid area in question as governed by the pure mixing limit. This 
physical representation does not reflect correctly the reality of the turbulent 
phenomena. In situations where the turbulent scalar dissipation rate approaches 
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its extinction limit the flame particles have hybrid characteristics, between the 
pure mixing limits and the fully burnt state. These hybrid characteristics may be 
captured in an unsteady flamelet approach by the transient features of the 
flamelet structures. However, also the statistical distribution of χ may play a 
central role in correct prediction of these situations. Therefore, in the present 
study the two transient flamelet approaches (the TLFM and the FAM) are 
implemented using the log-normal function (equation (3-28)) to evaluate the χ-
PDF. 
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5 VALIDATION OF THE UNSTEADY FLAMELET 
MODELS 

 

In this chapter the Flame Age Model (FAM) will be tested against the 
experimental data of well known piloted methane jet flames. Moreover, in a 
second part, the FAM will be compared with the improved Transient Laminar 
Flamelet Model (TLFM) in order to discover which one of the two flamelet 
approaches performs better. Then, in the sub-chapter 5.4, a single piloted flame 
will be simulated using the three different chemical mechanisms discussed in the 
previous chapter. Analysis that should indicate how sensitive are the species 
mass fraction distributions in the turbulent flame to chemical schemes. 

 

5.1 Experimental configuration 

 

As discussed in chapter 1 computer simulations in the combustion science 
have added a new dimension to the analysis and the comprehension of 
combustion phenomena. With the continuous growing of computational 
resources, numerical models have been steadily improved and nowadays may 
contain more and more flame details. In this way, numerical approaches become 
more and more sophisticated and their resolution and accuracy gradually 
increase. Side by side with the development of more detailed numerical 
approaches also the experimental analysis of combustion phenomena must be 
improved at the same rate. In [102] two main reasons are listed in favour of this 
parallel development of numerical and experimental research tools. 

- First, from the comparison of detailed numerical and experimental results 
unknown chemical behaviours or physical phenomena may be discovered. In 
synthesis, it is through this iterative comparison between numerical and 
laboratory flame analysis that progress in the understanding of combustion 
phenomena can be made (investigation). 

- Second, since simulation results come usually from the solution of simplified 
mathematical approaches, it’s absolutely necessary to verify the accurateness 
of the mentioned numerical models with data taken from real combustor 
devices. In fact, it is by following this procedure that one can recognize the 
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important physical and chemical aspects that need to be retained in a good 
model (validation). 

In this chapter, precisely, the two transient flamelet model presented in the 
previous chapter (the FAM and the TLFM) will be validated against the 
experimental data of well known turbulent piloted jet flames. 

If in the past experimental data were obtained from intrusive probe 
measurements, nowadays experimental tests are achieved mainly by optical 
diagnostics. In particular, the development of laser spectroscopic methods has 
lead to considerable progresses in the field of combustion. Combustion devices 
for scientific purposes are developed with a completely different philosophy 
from industrial burners. In fact, while in an industrial environment efficiency 
and pollutant formation are the main topics, in academic projects experimental 
set-ups must satisfy other rules. In principle, three main guiding lines may be 
recognized to construct scientific burners.  

- First the geometry of the combustor device should be as simple as possible 
and the boundary conditions must be well defined in order to have a precisely   
fixed frame for all the numerical groups that wish to test their models against 
experimental data.  

- Second, for obvious reasons, flames in research laboratories must be easily 
accessible for the measuring instruments and optical devices.  

- Last, academic burners should be developed in order to isolate and analyse 
only selected phenomena occurring in flames. In laminar and turbulent 
combustion, many competing chemical and physical phenomena controls the 
behaviour of the reacting flow. For this reason, it is often very difficult to 
judge which mechanisms characterize a certain flow situation. Therefore, 
laboratory combustors should be designed to emphasize the manifestation of 
chosen mechanisms. So the selected phenomena may be described and 
modelled in great details.  

Examples of non-premixed combustor devices for scientific studies are (in 
order of complexity) [25]: simple jet burners, piloted jet flames, bluff-body 
burners and swirling flames. In simple jet burners the fuel is injected into the 
combustion chamber through a nozzle placed inside a still air reservoir or 
imbedded in a coflow of air. The first studies over diffusion flames have been 
performed with this configuration, which is still relevant to investigate laminar-
turbulent transition phenomena or differential diffusion effects. Moreover, 
simple jet burners at relatively low flow velocities may be interesting to analyze 
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soot formation and thermal radiation, while at high jet momentum lifted flame 
situations may be studied. In order to stabilize more robustly non-premixed jet 
flames a pilot ring of premixed reacted gases may be placed around the main 
fuel jet nozzle (Figure 5.1). In this way the hot gases from the pilot stabilize the 
jet flame to the burner rim, regardless of the flow velocity in the main jet. 
Eventually, at relatively high jet velocities, local extinction may occur after the 
burner mouth, where the scalar dissipation rates may become too excessive. 
These quenched fluid elements, as depicted in Figure 4.1, may then later re-
ignite in regions where gradients become more “relaxed”. So, piloted jet flames 
are therefore a very good candidate for the analysis of local extinction/re-
ignition phenomena and unsteady effects in diffusion flames. Moreover, these 
kinds of flames do not feature particular intense soot formation and related 
thermal radiation. For these reasons, some well documented piloted jet flames 
are also chosen for the validation of the combustion models developed in the 
present work. The third category of burners listed above are called bluff-body 
burners because they stabilize the flame with the help of dump geometries [6]. 
In fact in those combustor devices the main fuel and the co-flow air streams are 
separated by a large step generating recirculation zones and mixing between fuel 
and oxidizer. These geometries offer another good chance to study the 
turbulence-chemistry interaction and are also used in industrial applications. 
Last, for high intensity combustion devices with large inlet flow speeds, creating 
a recirculation zone behind a sudden expansion may not be sufficient to ensure 
flame stabilization while minimizing pressure losses. For such cases, swirl offers 
another efficient stabilization mechanism used in multiple industrial turbulent 
non-premixed flames. Swirling flames are applied intensively in gas turbine 
burners since they have excellent mixing properties, a high reaction density, 
good burnout characteristics, outstanding flame stability and the potential of 
reducing NOx-emissions. This kind of stabilization strategy will be discussed 
more in detail in the next chapter, where the simulation of the ALSTOM gas 
turbine burner will be presented.  

For validation purposes, the Turbulent Non-premixed Flames (TNF) 
workshops [104] have placed detailed data archives, for all the flames 
mentioned above, at the disposal of the scientific community. Also the 
experimental data of the piloted methane/air jet flames analyzed in this study are 
taken from this source. 
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Figure 5.1: Geometry of the Sandia piloted CH4/Air jet flames. 

 

5.1.1 Sandia piloted CH4/Air jet flames 

The geometrical configuration of the flames analyzed in this chapter, the 
Sandia piloted CH4/Air jet flames, is quite simple and consists of two concentric 
tubes embedded in a wind tunnel. Figure 5.1 shows a schematic representation 
of this geometry where the diameters of the jets are indicated. The diameter (d) 
of the main jet is equal 7.2 mm, while the diameters of the pilot jet and the wind 
tunnel measure 2.53 d and 41.66 d respectively.  

With this geometry different flames have been measured and analyzed. The 
different flames are marked with a capital letter, from A to F, according to their 
increasing jet velocities. As already mentioned, in piloted jet flames local 
extinction phenomena may be observed if high enough jet velocities are reached. 
In this study flames D, E and F will be numerically investigated with the 
transient flamelet approaches described in chapter 4. While in flame D the 
probability of local extinction and re-ignition is still quite small, in flame E and 
F local quenching situations become definitely important. In flame F the 
velocities are so high that the resulting flame is close to global extinction. The 
inflow bulk velocities and temperatures boundary conditions for all the three 
flames discussed in this work are shown in Table 5.1. In the Sandia flames the 
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main fuel jet is partially premixed and consists of a combination of one part of 
CH4 and three part of air by volume. This mixture significantly reduces the 
problem of fluorescence interference from soot precursors and also the flame 
length, producing a more robust flame than pure CH4. The pilot composition, 
instead, is a lean pre-mixture of C2H2, H2, air, CO2 and N2 with a normalized 
mixture fraction value of 0.27. 

 

Flame D Flame E Flame F 

Rejet 22400 33600 44800 

Ujet [m/s] 49.6 (±2) 74.4 (±2) 99.2 (±2) 

Upilot [m/s] 11.4 (±0.5) 17.1 (±0.75) 22.8 (±1.0) 

Uco-flow [m/s] 0.9 (±0.05) 0.9 (±0.05) 0.9 (±0.05) 

Tjet [K] 294 294 294 

Tpilot [K] 1800 (±50) 1800 (±50) 1780 (±50) 

Tco-flow [K] 291 291 291 

Table 5.1: Sandia piloted CH4/Air jet flames specifications. 

 
The experimental data for the temperature, mixture fraction and mass 

fractions of the species involved in the combustion processes have been 
measured at the Sandia National Laboratories [99]. Temperatures and the main 
compounds have been measured with Raman-Rayleigh scattering techniques, 
while the minor and radical species have been quantified by using Laser Induced 
Fluorescence (LIF) [105]. The data set available in [104] includes axial and 
radial profiles of Reynolds- and Favre-averaged mass fractions with rms 
fluctuations taken at several axial and radial positions. Measurements 
uncertainties are outlined in [105] and further described in [106] but, usually, 
people do not show uncertainties estimations around experimental data when 
they validate their numerical models. Velocities measurements were, on the 
contrary, performed at the Technical University of Darmstadt. There 
experimental data for flame D, E and F were taken from two component laser-
Doppler anemometry techniques [107].  

The mixture fraction in the experimental results is defined following the 
definition given by Bilger [30] which is represented in equation (2-17). 
However, it must be pointed out that in the published data the elemental oxygen 
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mass fraction was not considered in the definition of Z due to the shot noise 
related to this component [106]. 

 
( ) ( )
( ) ( ),1 ,1

C C H H

C C H H

Z mW Z nW
Z

Z mW Z nW
+

=
+  (5-1) 

In equation (5.1) the element mass fraction with the indices “1” represent the 
mass fractions in the main fuel jet stream, while Wi are the atomic weights.  

The numerical grid used in this work was kept equal for all the three piloted 
flames. In principle, it is a 2-D grid adapted for the commercial solver ANSYS-
CFX. The numerical discretization covers a physical domain from x/d=0 to 
x/d=100 and from r/d=0 to r/d=20, where d is the diameter of the main jet nozzle 
(see Figure 5.1). 200x100 grid nodes were used, arranged in a similar way like 
those in the grid of Coelho and Peters [82]. Moreover, with the numerical 
discretization used in this work, the author has performed several grid 
independency studies using the piloted jet flame F. Studies that have confirmed 
the accuracy of the methodology used here. 

 

5.2 Validation of the Flame Age Model (FAM) 

 

In this subchapter the Flame Age Model (FAM) will be validated by 
analysing the piloted jet flames D and F. The numerical data of the FAM will be 
compared against the experimental one and also against the results of the Steady 
Laminar Flamelet Model (SLFM). With the confrontation of these two 
numerical approaches it should result clearly if the unsteady effects are 
important in the piloted flames in question.  

 

5.2.1 Numerical details 

Like the other flamelet models, the algorithm of the Flame Age Model (FAM) 
may be split in two parts. As depicted in Figure 3.11, the turbulent flow may be 
solved decoupled from the chemical part. In this study, for the validations of the 
unsteady flamelet models described in chapter 4, the version 10 of the 
commercial solver ANSYS-CFX [108] will be used to resolve the turbulent 
features of the flow. This commercial CFD-code computes the averaged 
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densities, velocity components and pressures with the help of a standard k-ε 
model (see chapter 2.6.1). Moreover, also the turbulent distributions of the 
flamelet variables (Z, χ, τF) are calculated from the turbulent flow solver. The 
mixture fraction (Z) and its variance (Z’’2) are computed respectively with the 
conservation equations (3-11) and (3-14), while the turbulent scalar dissipation 
is computed from the algebraic equation (3-15). The main flame age is predicted 
by solving the transport equation (4-10), where its source, during the validation 
process, has always been modelled with equation (4-11).  

As already discussed in chapter 2.6.1, it is known from the literature that 
RANS approaches which use the standard k-ε model over-predict the spreading 
rate of turbulent jets. Like in the work of Thies and Tam [109], in this study the 
correction proposed by Pope [46] and Sarkar et al. [47] are implemented in order 
to get around this problem. Moreover, with these two corrections implemented 
in the turbulent code, the author has undertaken many numerical parameter 
studies in order to analyse the effects of all the constants of the k-ε model (listed 
in table 2.2) on the turbulent flow. From these parameter studies it may be 
concluded that the turbulent round jet anomaly may be adjusted with both 
strategies: by refining the parameters of the k-ε approach or by adding an 
appropriated correction. However, the author considers the latter solution better. 
The five variables listed in table 2.2 have different influences on the flow and it 
is usually difficult and time consuming to find an appropriate set for a specific 
problem. With the correction proposed by Pope [46] and by changing its 
constant, Cpc, one may observe that with relatively little waste of time the jet 
solutions are very well improved. Therefore, the results presented here are 
calculated with the standard values of the k-ε model by tuning only the constant 
of the famous Pope correction. The numerical values of the constant Cpc 
implemented in the computation of the three piloted jet flames studied in this 
work are listed in Table 5.2. As a final remark over this issue, it has been 
observed that the correction published by Sarkar et al. [47] and Sarkar and 
Laksmanan [48] does not change at all the solutions of the Sandia piloted jet 
flames. This is probably due to the fact that the velocities in those flames are not 
so high and the compressibility effects are not so pronounced.  

The FLATRA code [21] has been used to calculate the laminar flame 
structures, where the flamelet profiles have been parameterized in function of 
the mixture fraction (Z),  the stoichiometric scalar dissipation (χst) and the flame 
age (τF). The chemical mechanism implemented to validate the Flame Age 
Model (FAM) is the same used in the previous studies done in our institute.  
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Flame D Flame E Flame F 

Cpc 0.263 0.395 0.359 

Table 5.2: Values used in this study for the constant Cpc in the round jet anomaly correction 
proposed by Pope [46].  

 
It is the skeletal chemical scheme proposed by Smooke [97]. The unsteady 
flamelet libraries were ignited following the methodology described in chapter 
4.2.4 where maximum transient radical amounts are introduced in to the system 
at time equal t=0 s. The flamelet libraries used in the simulations of the piloted 
jet flames contain four different values of the stoichiometric scalar dissipation 
rate, seventy values of the mixture fraction and eighteen discrete values of the 
flame age; for a total of 5040 different solutions. 

The coupling between the turbulent flow and the laminar flame structures 
occurs using the integral (4.12), where presumed distribution functions are 
retained in order to simulate the statistical distribution of the mixture fraction 
(Z) and the stoichiometric scalar dissipation rate (χst). For the mixture fraction β-
functions are considered, while the log-normal distribution is implemented to 
model the fluctuations of the χst variable. 

Simulations in the validation process are assumed to be converged when the 
local normalized maximal residuals of each conservative equation are under 
5.0E-4 and the global imbalances are lower than 1%. 

 

5.2.2 Results and discussion 

The mixture fraction and the axial velocity profiles, of flame D and F, 
measured and calculated along the centreline and at different radial locations are 
shown in Figure 5.2 and Figure 5.3. The first figure shows the data of flame D, 
while in the other one the behaviour of the highly turbulent flame F may be 
observed. In the graphs three different data are depicted. Solid lines mark the 
numerical distributions calculated with the Flame Age Model (FAM) and the 
dashed lines show the distributions of the Steady Laminar Flamelet Model 
(SLFM). The experimental data, instead, are depicted with points. In this 
chapter, in order to better visualize the trend of the experimental records, the 
measured points are jointed with thin line segments. 



Chapter 5 Validation of the unsteady flamelet models  
 

 121 

The only difference between the SLFM and the FAM consists in the fact that 
in the SLFM the transient behaviour of the flamelet structures are not 
considered. In the SLFM only the steady state flamelet structures are taken into 
account during the computation of the turbulent jet flames and the time variables 
are not used. So, in principle, the mixture fraction and the axial velocity 
distribution in the two models are solved with the help of the same transport 
equations which should lead to the same results. However, in reality this fact is 
not confirmed because the density distributions, which may be different in the 
two models, can have a significant effect on the solution of the two variables 
depicted in the two figures 5.2, 5.3. As we will see later, the temperatures and 
the species mass fractions of the FAM are different from these of the SLFM 
which cause the dissimilar density distributions inside the burner. 

More in detail, differences between the two models are manly detected on the 
rich side of the piloted flames. In fact, for the FAM one can observe lower 
mixture fraction and velocity profiles with respect to the SLFM. These 
differences become sharper as the main jet velocity is increased: for flame F the 
velocity and mixture fraction drop along the centreline is more pronounced. On 
the other hand, on the lean side of the flame the results of the two numerical 
approaches become almost the same. 

Along the centreline for the Flame Age Model (FAM) the discrepancies with 
the experimental data are clearly located in the regions closer to the burner 
nozzle. There the mixture fraction and the velocities, as noted above, are under 
predicted. For the rest, after an axial distance of x/d=35 the numerical results are 
quite in good agreement with the experimental data. Only for the mixture 
fraction in flame F, the numerical data lay always above the experimental ones.  

As regards the three radial profiles, it can be easily observed that the 
numerical predictions for both flames become better as one moves away from 
the burner mouth. In fact, at the position x/d=15, the radial mixture fraction and 
velocity profiles show that there is still an over prediction of jet spreading rate: 
the momentum exchange is not perfectly predicted. This flow in the numerical 
models can not be fixed by tuning the parameters of the turbulence model 
without compromising the axial distributions. On the other hand the radial 
profiles taken at a distance from the nozzle of x/d=45 show, especially for the 
axial velocities, good agreement with the measured data. 
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Figure 5.2: Numerical and experimental mixture fraction and axial velocity distributions 
along the centreline and at different radial locations in flame D. 
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Figure 5.3: Numerical and experimental mixture fraction and axial velocity distributions 
along the centreline and at different radial locations in flame F. 
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After the analysis of the velocity and mixture fraction profiles in flame D and 
F, the temperature distributions inside the two flames may be studied by 
observing Figure 5.4. In this picture the temperatures of the FAM and the SLFM 
are compared against the experimental data. The graphs on the l.h.s of Figure 
5.4 show the data of flame D, while the diagrams on the r.h.s show the results of 
flame F. 

The graphs a) and b) illustrate the temperatures along the axial direction of 
the two flames. From these two diagrams one may clearly observe that the FAM 
performs definitely better, especially on the rich part of the combustion 
chamber, with respect to the simple SLFM. The FAM predicts better the 
chemical development on the rich part of the flame, while the SLFM always 
over-predicts the advancement of the combustion processes in that part. 

For the radial profiles, instead, the distributions of the two numerical models 
are quite similar. Especially for the radial distributions at x/d=15, no big 
difference is observed between the two theoretical approaches and especially for 
flame F the predictions are in good agreement with the experimental data. At the 
axial position x/d=30 a general over-prediction of the temperature is observed. 
The stoichiometric temperature differences along this radial direction oscillate 
between 200 and 250 K. Probably the thermal radiation, which is not taken into 
account in the present models, is not responsible for this over-prediction. The 
thermal radiation effects should increase as the fluid particles travel away from 
the burner nozzle, but in Figure 5.4 the peak temperatures are more 
overpredicted at x/d=30 than at x/d=45.  However, in the future improvements 
of the FAM this heat transfer mechanism should be considered in the approach. 
Moreover, on the rich side of the flame one can still observe the benefits of 
retaining the transient development of the local flame structure and the FAM-
temperatures result closer to the experimental data. Finally, at the axial position 
x/d=45 the stoichiometric peak temperatures, especially for flame F are in good 
agreement with the experimental measurements. On the lean side, far from the 
symmetrical axis of the burner, the temperature of the FAM becomes lower than 
these of the SLFM. 
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Figure 5.4: Numerical and experimental temperature distributions along the centreline and at 
different radial locations in flame D (graphs on the l.h.s.) and F (graphs on the r.h.s.). 
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Figure 5.5: Importance of the unsteady effects on the rich flame zones: flame age τF along the 
axial direction of flame D, a), confronted with the local transient flamelet development b). 

 
The temperature differences observed between the FAM and the SLFM on the 

rich side of the turbulent piloted flames can be explained by commenting Figure 
5.5. In this picture two diagrams are shown. In graph a) the axial flame age (τF) 
distribution computed in flame D with the FAM is depicted, where the vertical 
axis has a logarithmic scale. In graph b), instead, the transient development of 
the CO2 mass fractions in a flamelet with χst equal to 0.5 1/s are shown. 

In the local laminar flame structure CO2 and the other main combustion 
products begin to appear after a certain ignition delay time. Afterwards, the 
temperatures increase rapidly, the fuel is consumed and the product mass 
fractions reach their steady state burning conditions. From Figure 5.5, it can be 
easily observed that on the rich part of the flamelet the steady state conditions 
are not reached before 2.5E-02 s after the ignition has occurred.  

On the other hand, the flame age in the turbulent flame D (graph a)) begins to 
grow immediately after the nozzle of the combustor (x/d=0). The increase of this 
time parameter is almost always positive along the symmetrical line of the 
burner. Only in zones close to x/d=10 the flame age drop a little bit, probably 
because the fluid particles there experience excessive scalar dissipation rates or 
they are mixed together with particles that have smaller flame age. Anyway, the 
flame age generally increases and reaches a value of more or less 6 milliseconds 
at the stoichiometric point of the flame (for flame D the stoichiometric point lies 
circa at x/d=45). Therefore, it is revealed the reason why unsteady effects are 
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important in the piloted Sandia jet flames D, E and F and why differences are 
observed between the FAM and the SLFM. Along the centreline, on the rich part 
of the flames, the integrated residence times are low and the flame age times are 
always lower than the times needed in the laminar flame structures to reach their 
steady state conditions. As a consequence and as demonstrated in Figure 5.5, the 
transient flamelet information are important to predict correctly the chemical 
behaviour of the piloted flames in their rich side and should be retained in a 
flamelet approach. 

Continuing with the analysis, in the graphs presented from Figure 5.6 to 
Figure 5.13 the axial and radial species mass fraction distributions of flame D 
and F are discussed. The graphs, as in the previous pictures, contain the 
numerical data calculated with the FAM and the SLFM plus the experimental 
records measured at the Sandia facility. The components analyzed here are the 
two educts (CH4 and O2), the two main combustion products (CO2 and H2O) and 
two important minor species, namely CO and H2. These compounds, as for the 
temperature in Figure 5.4, are studied along the burner symmetry line and at 
locations perpendicular to the three different axial position x/d=15, 30 and 45. 

From the eight pictures containing a total of 42 graphs it may be concluded 
that the species involved in the combustion processes follow the trends dictated 
from the distributions of the temperature described before. These trends may be 
summarized in the following points. 

- On the rich side of the flames, the FAM follows better the chemical 
development than the SLFM. This fact is particularly evident along the 
centreline of the burner, where the FAM species mass fraction distributions 
are in very good agreement with the experimental data for the both flames.  

- Along the radial direction and on the lean regions, the behaviour of the two 
numerical models becomes more similar.  

- At the radial position x/d=15 the computed profiles follow well the 
experimental data. It’s interesting to note that the predictions for flame F are 
better than those for flame D. The discrepancies found in flame D may be 
related to the errors in the mixture fraction profiles.  

- The distributions at x/d=30 show in general an over-prediction of the burning 
processes, resulting in the over-prediction of the products and the under-
prediction of the two educts (CH4 and O2). This aspect is predominating 
especially at the stoichiometric points and on the lean side of the flames.  
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Besides these general observations, it is interesting to notice how well both 
numerical approaches capture the minor species CO and H2. These good 
predictions are probably caused by the use of appropriate partially premixed 
flamelets developed in chapter 4.2.3. These flamelet structures allow the models 
to better simulate the real nature of the main jet. 

In the radial profiles at x/d=45 the methane mass fractions computed with the 
flamelet models seem to be incredibly over-predicted if confronted with the 
experimental data. However, it should be noted that mass fractions of this 
compound, at this radial location, are relatively small (less than 2.5% of the CH4 
mass fraction available in the main fuel jet). 
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Figure 5.6: Species mass fraction distributions along the centreline of flame D. 
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Figure 5.7: Radial species mass fraction distributions at x/d=15 for flame D. 
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Figure 5.8: Radial species mass fraction distributions at x/d=30 for flame D. 
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Figure 5.9: Radial species mass fraction distributions at x/d=45 for flame D. 
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Figure 5.10: Species mass fraction distributions along the centreline of flame F. 
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Figure 5.11: Radial species mass fraction distributions at x/d=15 for flame F. 
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Figure 5.12: Radial species mass fraction distributions at x/d=30 for flame F. 



Chapter 5 Validation of the unsteady flamelet models  
 

 136 

r/d

M
as

s
fr

ac
tio

n
C

H
4

0 1 2 3 4 5 6 7 8
0

0.0025

0.005

0.0075

0.01

Exp

SLFM

FAM

a)

           r/d

M
as

s
fr

ac
tio

n
O

2

0 1 2 3 4 5 6 7 8
0

0.05

0.1

0.15

0.2

0.25 b)

 

r/d

M
as

s
fr

ac
tio

n
C

O
2

0 1 2 3 4 5 6 7 8
0

0.02

0.04

0.06

0.08

0.1

0.12 c)

           r/d

M
as

s
fr

ac
tio

n
H

2O

0 1 2 3 4 5 6 7 8
0

0.02

0.04

0.06

0.08

0.1

0.12 d)

 

r/d

M
as

s
fr

ac
tio

n
C

O

0 1 2 3 4 5 6 7 8
0

0.01

0.02

0.03

0.04

0.05

0.06 e)

           r/d

M
as

s
fr

ac
tio

n
H

2

0 1 2 3 4 5 6 7 8
0

0.001

0.002

0.003 f)

 

Figure 5.13: Radial species mass fraction distributions at x/d=45 for flame F. 
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Figure 5.14: Flame age contours in the axial plane of flame D.  

 
With Figure 5.14 we want to emphasize once more where and why unsteady 

flamelets play an important role in the Sandia piloted flames. In Figure 5.14 the 
flame age (τF) contours on the axial plane of flame D are depicted. These 
contours show the mean distribution of the flame age in a time interval from one 
to nine milliseconds. In the picture a solid black line is also inserted to mark the 
mean stoichiometric surface of the turbulent jet flame. From the figure the 
following observation about the flame age distribution may be done. First, it 
appears clear that, as already discussed with Figure 5.5, low values of τF are 
located on the rich side of the jet flame. There the velocities are relatively high 
and the integrated residence times low. Second, for obvious reasons, the 
turbulent flame age on the lean side takes always relatively large values. It is 
interesting to note how in the very lean regions the flame age is lower than at 
stoichiometric conditions. This behaviour is related to the fact that in pure air the 
reactedness is always one and the flame age variable can not grow.  

So, following Figure 5.14 the open combustion chamber of the turbulent 
piloted Sandia jet flames (flames D, E and F) may be split in two main areas. 
The rich, partially premixed zones where the flame age is small and the laminar 
flamelet structures have not reached their steady state conditions and the lean 
zones. Lean regions where the transient behaviour of the flame structure does 
not play a role also because in that part the unsteady flamelets reach the quasi-
equilibrium in a relatively short time (see Figure 5.5). As a consequence, at lean 
and at stoichiometric conditions, the only parameter that controls the partial 
extinction phenomena in the turbulent flames is the scalar dissipation rate. 
Variable that controls the peak values in the radial profiles discussed in the 
previous figures. For this reason, the discrepancies observed in those profiles 
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(for instance the over-predictions noted at x/d=30) may be related to the 
inaccurate prediction of χst and its statistical distribution in the flame. 

 

5.3 Comparison between the FAM and the TLFM 

 

After the tests on the Flame Age Model (FAM), in this section also the 
improved Transient Laminar Flamelet Model (TLFM) will be analysed. This 
analysis includes the simulation of the flame E with both models and the 
subsequent comparison with the experimental data.  

 

5.3.1 Numerical details 

The numerical characteristics of the Flame Age Model (FAM) were already 
described in detail in chapter 5.2.1 and so here only the numerical features of the 
improved Transient Laminar Flamelet Model (TLFM) are discussed. 

The only difference between the FAM and the TLFM lies in the modelling of 
the unsteady effects. In the TLFM the unsteady features of the local laminar 
flame structures are simulated with the progress variable c and the local 
residence time τR. As described in chapter 4.1.1 the reaction progress variable in 
the turbulent flow is computed with a transport equation (equation (4-1)). The 
turbulent local residence times, instead, are evaluated from equation (4-7).  

The initial conditions for the flamelet transient ignition are taken from a pure 
mixing solution and steady state burning flamelets as discussed in section 4.2.2. 
The same chemical mechanism used in the validation of the FAM is utilized to 
build the flamelet libraries. Libraries that are parameterized also with nine 
different values of the reaction progress variable and eighteen time values. 

For the rest the TLFM is identical with the FAM. Statistical distributions are 
implemented for the mixture fraction and the stoichiometric scalar dissipation 
rate and the exactly same correction for the round jet anomaly is used. 
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5.3.2 Results and discussion 

In order to evaluate the performances of the two transient laminar flamelet 
approaches their results are compared against the experimental data of flame E 
at two locations: along the centreline and along the radial direction at x/d=30 
(the critical radial direction, see chapter 5.2). The axial profiles are shown in 
Figure 5.15 and in Figure 5.16, while the radial distributions are commented in 
Figure 5.17 and in Figure 5.18. 

In Figure 5.15 the axial distributions of the mixture fraction, the axial 
velocity, the temperature and the reactedness variable are shown in function of 
the dimensionless distance from the burner mouth. In this subchapter the 
numerical data of the FAM are marked in the graphs with solid black lines, 
while the theoretical data of the TLFM are depicted with dashed lines. Again the 
experimental records are indicated with points joined by solid thin lines.  

In Figure 5.15 the mixture fraction and the velocity profiles present the same 
problems found in the analysis of flame D and F. The values of these two 
parameters, in the region close to the main jet, drop too fast with respect to the 
experimental data. This problematic seems to be less relevant in the TLFM. As 
regards the temperature and the reactedness variable the FAM follow the 
chemical development on the rich part of the flame very well and especially for 
the reactedness variable the prediction is almost perfect. On the contrary, in the 
case of the TLFM the progress of the combustion processes is usually 
overpredicted along the axial direction on the rich and in the stoichiometric 
regions.  

The better performance of the FAM along the symmetric line of the jet burner 
is confirmed also by Figure 5.16, where the mass fractions of the species 
involved in the combustion process are shown. The FAM with its flame age 
variable calculates very well the mass fractions of the oxygen, the water and the 
CO2 compounds, where the TLFM has got difficulties to follow correctly the 
chemical progress. However, it must be pointed out that the TLFM predicts 
better the fuel distribution across the burner (graph a)). Finally, the minor 
species CO and H2 seems to be captured reasonably well with both models.  
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Figure 5.15: Comparison FAM/TLFM: axial mixture fraction, velocity, temperature and 
reactedness distributions in flame E. 
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Figure 5.16: Comparison FAM/TLFM: axial species mass fraction distribution in flame E. 
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Figure 5.17: Comparison FAM/TLFM: radial mixture fraction and temperature distributions 
in flame E (x/d=30). 

 
The radial profiles of the mixture fraction and of the temperature at a distance 

of x/d=30 from the burner mouth are shown in Figure 5.17. Unfortunately, 
experimental data for the velocity profiles at this location are not available. The 
mixture fraction diagram (graph a)) shows that Z is, particularly with the FAM, 
well predicted close to the stoichiometric region. However, the numerical 
distributions indicate that the spreading angle of the round jet is still lightly 
overpredicted. The numerical temperatures in diagram b) re-confirm the trends 
observed in the previous sub-chapter. Generally the combustion development is 
overestimated at this radial location and the peak values are predicted in the case 
of flame E ~200 K higher. Nevertheless, on the rich part of the radial domain the 
temperatures with the FAM seem to be better reduced than in the TLFM.  

The temperature behaviour is the reflection of what has happened in the 
chemical species composition after combustion. So the same tendencies 
observed in graph b) of Figure 5.17 may be found in the radial diagrams shown 
in Figure 5.18. With the exception of the CH4 distributions, which are quite well 
predicted with both theoretical models, the other species indicate that the 
chemical reactions in the numerical approaches have gone too far along this 
radial location, producing too much products and consuming too much oxygen. 
However the FAM performs definitely better than the TLFM in the internal part 
of the jet flame. 
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Figure 5.18: Comparison FAM/TLFM: radial mixture mass fraction distributions in flame E 
(x/d=30). 
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5.4 Consequences of using different chemical schemes 

 

The validation of the Flame Age Model (FAM) and its subsequent 
comparison with the Transient Laminar Flamelet Model (TLFM) were carried 
out with the skeletal chemical mechanisms proposed by Smooke [97]. In this 
subchapter the flame E is simulated also with the two GRI chemical mechanisms 
discussed in chapter 4.2.6 (GRI 2.11 and GRI 3.0). By using the FAM we want 
to analyze how much the species mass fraction profiles, along the centreline and 
at the radial position x/d=30, are influenced by the different chemical schemes. 
The numerical details for this analysis are exactly the same as the ones described 
in chapter 5.2.1 and so they are not repeated here.  

 

5.4.1 Results and discussion 

The flame E is computed with the Flame Age Model three times, by using the 
three different chemical mechanisms which means three different sets of 
flamelet libraries. The axial results are compared with the experimental data in 
Figure 5.19 and in Figure 5.20, while the radial mass fraction of the species that 
play an active role in the flame at x/d=30 are shown in Figure 5.21. In the 
diagrams, solid lines mark the profiles computed with the skeletal Smooke 
mechanisms, dashed lines show the trends predicted with the GRI 3.0 chemical 
scheme while the dotted distributions mark the data of the simulation done with 
the GRI 2.11. Experimental records are shown with points joined with solid fine 
lines.  

Observing the graphs in the figures below one can easily observe, as already 
commented in chapter 4.2.6, that between the two GRI mechanisms there are 
practically no differences. Only in the H2 profiles it can be seen that the GRI 3.0 
predicts slightly higher peak mass fractions with respect to the GRI 2.11.  

The axial temperature distributions shown in Figure 5.19, indicate that the 
GRI schemes compute slightly lower temperatures than the skeletal mechanism 
on the lean side and around the stoichiometric point. The maximal difference is 
only ~30 K. On the other hand, no dissimilarities are found between the 
chemical models in the reactedness distributions of graph b). With all the three 
mechanisms this parameter is well predicted. 
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Figure 5.19: Comparison between different chemical mechanisms: axial temperature and 
reactedness distributions in flame E measured computed with the FAM. 

 
For the species mass fraction distributions, shown in Figure 5.20 and in 

Figure 5.21, the following comments can be made. As anticipated from the 
discussion in chapter 4.2.6, the mass fractions of the fuel, the oxygen and the 
water varies only a little if computed with different chemical schemes. CH4, for 
instance, is only slightly more consumed if calculated with the GRIs 
mechanisms. In the case of CO2 and the minor species (CO and H2), instead, the 
differences between the numerical data become more pronounced. For the CO2  
the GRI-mechanisms predicts lower mass fractions, resulting in an under-
prediction of this compound if compared with the experimental records. On the 
contrary, by using the two the GRIs schemes the minor species mass fraction 
distributions become generally higher and the predictions for these compounds 
are not so brilliant like in the simulations performed with the Smooke skeletal 
scheme. 
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Figure 5.20: Comparison between different chemical mechanisms: axial spaces mass fraction 
distributions in flame E.  
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Figure 5.21: Comparison between different chemical mechanisms: radial mass 
fraction distributions in flame E (x/d=30). 
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6 NUMERICAL ANALYSIS OF THE ALSTOM GAS 
TURBINE BURNER 

 

This project has been done in collaboration with the private transport and 
energy corporate ALSTOM (ALSTOM Switzerland Ltd). During this 
collaboration the author has accomplished an internship of six months in the 
enterprise, with the aim of simulating the ALSTOM gas turbine burner using the 
new Flame Age Model (FAM). The particular geometry and flow field 
configurations of the mentioned burner are very suitable to deeply analyse the 
characteristics of the new unsteady flamelet approach. 

The ALSTOM burner features both transient and extinction phenomena in its 
flame, but the main issues in this combustor device are others. As we will see in 
the next subchapters the unique geometry of the burner allows the user to inject 
the fuel from different positions inside the system creating, as a consequence, 
different flame configurations. In particular, the flexibility of the ALSTOM 
burner permits to establish diffusion, premixed and partially premixed flame 
types inside its combustion chamber. The main aim of this study is to prove that 
the new Flame Age Model has the flexibility to simulate each of the three flames 
types listed above. In the present work different cases will be analyzed, each of 
these representing a specific flame type. Since the FAM was developed to 
compute non-premixed flames, it must be appropriate to represent the diffusion 
flame configuration inside the combustor. Simulating partially premixed and 
premixed combustion will be challenging and it’s obvious that a classical steady 
state flamelet approach for diffusion flames will completely miss the objective. 
In order to succeed, the new Flame Age Model should contain the instruments to 
predict the right point of ignition of the fresh reactants in the combustion 
chamber. This work will demonstrate with success that those instruments are 
contained in the new approach. Furthermore, the less brilliant behaviour of the 
FAM will be recognized and some suggestions for future improvements will be 
listed. 

In the following subchapters, first a short description of the ALSTOM gas 
turbine burner will be given. This description will not go into deep geometrical 
details for confidentially reasons of interests with the ALSTOM Company. 
Second, the models implemented to simulate the behaviour of the gas combustor 
will be listed and the numerical details explained. Then in a third and last 
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section, the simulation results will be shown and commented. The conclusions 
of this work are drawn in the last chapter of the thesis, chapter 7.  

 

6.1 Description of the combustor device 

 

In this section the geometry of the ALSTOM gas turbine burner will be 
briefly discussed. Before this description it will be reminded which are the basic 
characteristics of a gas turbine combustor. 

 

6.1.1 Characteristics of “typical” gas turbine combustors [110] 
A gas turbine combustor must fulfil a wide range of requirements whose 

relative importance varies among engine types. In the case of industrial gas 
turbine combustors, however, the basic requirements may be listed as follows 
[110]: 
- High combustion efficiency (i.e. the fuel should be entirely burned so that all 

its chemical energy is liberated as heat). 
- Wide flame stability limits (as regards, for instance, the pressure variations or 

the fuel-oxygen inlet mixture). 
- Low-pressure loss. 
- Low emission of smoke and gaseous pollutant species. 
- Outlet temperature distribution that is adjusted to maximize the lives of the 

turbine blades and nozzle vanes. 
- Freedom from pressure pulsations and other manifestations of combustion-

induced instabilities. 
- Design for minimum cost and ease of manufacturing. 
- Multi-fuel capability. 

 

A. Basic design features 

It is useful to recapitulate briefly the considerations that dictate the basics 
geometry of the “conventional” gas turbine combustor. It is also instructive 
because it helps to delineate the essential apparatus needed to carry out the key 
functions of a combustor chamber [110]. 
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Figure 6.1: Different conventional combustor configurations [110]. 

 
Figure 6.1 a) depicts the simplest possible form of a combustor: a straight-

walled pipe connecting the compressor to the turbine. Unfortunately, this simple 
configuration is impractical because the generated pressure loss would be 
excessive and unacceptable. The fundamental pressure loss due to combustion is 
proportional to the square of the velocity and, for compressor outlet velocities of 
the order of 170 m/s, this loss could amount to almost a third of the pressure rise 
achieved in the compressor. To diminish the pressure loss to an acceptable level, 
a diffuser is utilized to lower the air velocity by a factor of about 5 (picture b) in 
Figure 6.1). Having fitted a diffuser a flow reversal must then be created to 
assure a low-velocity region to anchor the flame. The draft c) shows how this 
may be achieved with a plain baffle. The only remaining defect in this 
arrangement resides in the poor method to produce the desired temperature rise 
at the combustor outlet. The overall chamber air/fuel ratio must usually be 
around 30 to 40, which is well outside the limits of flammability for 
hydrocarbon-air mixtures. Ideally, the mass air/fuel ratio in the primary 
combustion zone should be around 18, although higher values (around 24) are 
sometimes preferred if low emissions of nitric oxides is a prime consideration. 
To deal with this problem combustion is sustained by a recirculation flow of 
burned products that provide a continuous source of ignition for the incoming 
fuel-air mixtures. The air not required for the combustion is introduced 
downstream of the combustion zone to mix with the hot burned products and 
thereby reduce their temperature to a value that is acceptable to the turbine.  
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Figure 6.1 thus shows the logical development of the conventional gas turbine 
combustion chamber in its most widely used form. As would be expected, there 
are many variations from this basic concept but, in general, all chambers 
incorporate an air casing, diffuser, liner and fuel injector as key elements. 

 

B. Combustor types 

The overall engine design and the need to use the available space as 
effectively as possible often determine the choice of a particular combustor type 
and layout. There are two basic types of combustor: tubular and annular. A 
compromise between these two extremes is the “tuboannular” or “can-annular”, 
in which a number of equally spaced tubular liners are placed within an annular 
air casing. The three different combustor types are shown in Figure 6.2 [110]. 

A tubular (or “can”) combustor consists of a cylindrical liner mounted 
concentrically inside a cylindrical casing. The main benefit of tubular systems is 
that relatively little time and money is needed in their development. However, 
their excessive length and weight exclude their use in aircraft engines and their 
main application is to industrial engines where accessibility and ease of 
maintenance are prime considerations. Most of the early jet engines feature 
tubular combustors, usually in numbers varying from 6 to 16 per engines. 

For higher engine pressure ratios, the tuboannular or can-annular combustor 
features interesting characteristics. With this design a group of tubular liners, 
usually from 6 to 10, is arranged inside a single annular casing. This concept 
trays to combine the compactness of the annular system with the mechanical 
strength of the tubular chamber. The need for inter-connectors (cross-fire tubes) 
is a drawback in the tuboannular systems and also in tubular configurations. 
Compared with the annular design, the tuboannular chamber has an important 
advantage in that much useful chamber development can be carried out with 
very modest air supplies, using just a small segment of the total chamber 
containing one or more liners. Its drawbacks emerge when trying to achieve a 
satisfactory and consistent airflow pattern; in particular the design of the diffuser 
can present serious difficulties. 
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CAN TUBOANNULAR ANNULAR  

Figure 6.2:  Gas turbine combustor types [110]. 

 
Last, in the annular type an annular liner is mounted concentrically inside an 

annular casing. In many ways it is an ideal form of chamber, because its clean 
aerodynamic layout results in a compact unit of lower pressure loss than other 
combustor types. Its main disadvantage results from the heavy coupling load on 
the other liner. Thus, in the early days of turbojet development, the use of 
annular liners was confined to engines of low pressure ratio. 

 

C. Combustor zones 

The locations of the three main zones of a gas turbine combustion chamber, in 
relation to the various combustor components and the air admission holes, are 
shown in Figure 6.3. 

 
• Diffuser 

One of the main combustor design requirements is the need to minimize the 
pressure drop across the combustor, Δptot. Part of this pressure drop is generated 
by simply pushing the air through the combustor (Δpcold) and the remainder is 
the fundamental loss arising from the addition of heat to a high-velocity stream 
(Δphot) [110]. 

 tot cold hotp p pΔ = Δ + Δ  (6-1) 

The cold loss represents the sum of the losses arising in the diffuser and in the 
liner. From the viewpoint of overall engine performance, the distinction between 
diffuser pressure loss and liner pressure loss is irrelevant. 
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 Figure 6.3: Main components of a conventional combustor [110]. 

 
However, from a combustion standpoint it is important because pressure loss 

in the diffuser is entirely wasted, whereas the pressure drop across the liner wall 
is revealed as turbulence, which is highly beneficial to both combustion and 
mixing. Therefore, an ideal combustor would be one in which the liner pressure 
represents the entire cold loss, with zero pressure loss in the diffuser. Typical 
values of cold pressure loss in a modern combustors range from 2.5 to 5 percent 
of the combustor inlet pressure. The fundamental pressure loss that occurs 
whenever heat is added to a flowing gas is given by the following expression in 
which Tin is the inlet temperature and Tout is the outlet temperature. 

 
20.5 1out

hot
in

Tp U
T

ρ
⎛ ⎞⎟⎜ ⎟Δ = −⎜ ⎟⎜ ⎟⎜⎝ ⎠

 (6-2) 

To reduce the compressor outlet velocity (U) to a value at which the 
combustor pressure loss is tolerable it is clever, as already shown in the previous 
subchapter, to use a diffuser. The function of the diffuser is not only to reduce 
the velocity of the combustor inlet air, but also to recover as much of the 
dynamic pressure as possible and to supply the liner with a smooth and stable 
flow. 

 
• Primary Zone 

The main purpose of the primary zone is to anchor the flame and provide 
sufficient time, temperature and turbulence to achieve complete combustion of 
the incoming fuel-air mixture. The importance of the primary-zone airflow 
configuration to the realization of these goals cannot be overstated. Many 
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different types of flow patterns are employed, but one feature that is common to 
all is the creation of a toroidal recirculation zone that entrains and re-circulate a 
portion of the hot combustion gases to provide continuous ignition to the 
incoming air and fuel. 

 
• Intermediate Zone 

If the temperature in the primary-zone is higher than ~2000 K, dissociation 
reactions will result if significant concentrations of CO and H2 in the outflow 
gases are present. Should these gases pass directly to the dilution zone and are 
rapidly cooled by the addition of massive amounts of air, the gas composition 
would be “frozen” and CO, which is both pollutant and source of combustion 
inefficiency, would be discharged from the combustor unburned. Dropping the 
temperature to an intermediate level by the addition of small amounts of air 
encourages the burnout of soot and allows the combustion of CO and any other 
unburned hydrocarbons to proceed to completion. In early combustor designs an 
intermediate zone was provided as a matter of course. As pressure ratios 
increased and more air was required for combustion and liner-wall cooling, the 
amount of air available for the intermediate zone went down accordingly. By 
around 1970, the traditional form of intermediate zone had largely disappeared. 
However, the desirability of an intermediate zone still remains therefore, should 
the developments now being made in wall-cooling techniques allow some air to 
become available, consideration might be given to its possible reinstatement 
[110]. 

 
• Dilution zone 

The role of the dilution zone is to introduce the remaining air, after the 
combustion and wall-cooling requirements have been met, and provide an outlet 
stream with temperature distribution that is acceptable to the turbine. This 
temperature distribution is usually described in terms of “pattern factor” or 
“temperature traverse quality”. The amount of air available for dilution is 
usually between 20 and 40 percent of the total combustor airflow. It is 
introduced into the hot gas stream through one or more rows of holes in the liner 
walls. The size and shape of these holes are selected to optimize the penetration 
of the air jets and their subsequent mixing with the main stream. 
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6.1.2 ALSTOM burner geometry 

The ALSTOM gas turbine burner, as shown in Figure 6.4, is divided into 
three different parts: the swirler 1), the mixing tube 2) and the combustion 
chamber 3). 

The swirler is the first part of the combustor. This device looks like a big cone 
cut lengthwise in four parts. The four pieces of the cone are arranged displaced 
from their central axis in order to let the hot air flowing inside the burner. In the 
swirler we can find also the nozzles for the oil and the holes for the fuel gas. The 
main aims of the swirler as described in [6] are the vortex break down creation, 
the fragmentation of the liquid fuel jet and the mixing of the fuel gas with the 
air. The swirler stabilizes the flame as the rotation of the flow creates a low-
speed region along the combustion chamber central axis, which acts as a hot 
burnt gases tank providing the energy to ignite the incoming reactants. The size 
and the strength of this low speed zone depend on the swirl level. In the book of 
Poinsot and Veynante [6] three different flow regimes are pinpointed. If the 
swirl level is low the axial velocity is only decreased close to the central axis. 
For higher swirl levels the low speed zone can become a recirculation zone. 
Ultimately, for very large swirls, the lateral recirculation zones disappear and a 
large axial recirculation zone fills the whole chamber. In this last configuration 
the fresh gases flow along the walls of the chamber (wall jet flame). Increasing 
swirl also has drawbacks: when the recirculation zones are too large, the flame 
can flashback into the injection systems and burn them. The operating point of 
the swirler used in the ALSTOM burner belongs to the second group of the three 
classes described above. 

After the swirler there is a small transition piece that joins the larger base of 
the cone to the mixing tube. This tube has got the function to separate more 
distinctly two processes that occur inside the burner: the mixing of the fuel with 
the air and the combustion reactions. 

The last component of the ALSTOM combustor device is the combustion 
chamber. In reality the geometry of this combustion chamber can be very 
complicated with several burners consuming the fuel. In this work we model the 
combustion chamber as a simple rectangular parallelepiped. Note that the 
surface attached to the mixing tube and the one that represents the outlet of the 
combustor are not quadrate but they have a rectangular shape. 
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Figure 6.4: Schematic representation of the ALSTOM burner. 1) Swirler. 2) Mixing tube. 3) 
Combustor chamber.  

 
In the combustion chamber are placed other holes for gaseous fuels in order to 

have the possibility to fuel the burner by two independent stages. This odd 
number of nozzles is arranged asymmetrically around the outlet of the mixing 
tube. Hence, the ALSTOM burner can work with different flow configuration 
and flames types. During the start-up, a pure diffusion flame is created in the 
burner. The diffusion flame structure can be gradually or drastically changed in 
a premixed flame structure by introducing gaseous fuel from the swirler holes. 

 

6.2 Combustion Models 

 

6.2.1 Flame Age Model 

The ALSTOM gas turbine burner is simulated using the  
Flame Age Model (FAM) and this transient flamelet approach was developed 
and discussed in chapter 4. In this methodology the laminar flame structures are 
deduced with the help of the mixture fraction (Z), the scalar dissipation rate (χ) 
and the flame age (τF). The turbulent distribution of the mixture fraction is 
computed with a transport equation for a non-reactive scalar (equation (3-11)), 
while the scalar dissipation rate is found with the algebraic equation (3-15). The 
value of the scalar dissipation rate is sub-sequentially used in equation (3-30) to 
calculate its stoichiometric values. The turbulent flame age distributions, 
instead, are predicted by solving the transport equation (4-10). Here, it is 
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important to point out that the suggested source term of equation (4-11) has been 
slightly modified in order to capture the critical features of the ALSTOM 
burner. In fact, in this gas turbine burner the unsteady flame effects are not a 
critical aspect of the problem. The capability to predict the right ignition point of 
the reactants in the combustion chamber is the most crucial issue in these kinds 
of burners. Ignition of fresh fuel occurs in areas where there are enough thermal 
energy and radical species. Therefore, in order to predict the right flame position 
a simple temperature dependent term is added to the flame age source term: 
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 (6-3) 

With this modification, where ∞ means a very large number, the source term is 
deactivated in regions of the flow where the temperatures are lower than the 
ignition temperature of the fuel. According to [111], the minimum ignition 
temperature at atmospheric pressure for methane lies around 630 °C (903 K). In 
equation (6-3) a similar ignition temperature is implemented (Tign = 700 °C). 
Although it is known that this ignition temperature is usually variable and 
dependent on the local conditions, it is also important to note that the sensitivity 
of the turbulent flame shape with respect to this parameter is very low. In fact, 
reactive flows are usually characterized by huge temperature gradients and so 
the spatial location of a turbulent flame inside a burner remains practically 
unchanged if, for instance, the parameter Ting is increased by a couple of hundred 
degrees.  

The flamelet distributions are deduced from the solution of the unsteady 
flamelet equations (3-19) and (3-20) where a variable scalar dissipation rate was 
assumed inside the reactive structures. The profiles of the laminar scalar 
dissipation rates are supposed to follow the trend dictated from equation (3-22).  

In the present work the ALSTOM burner is simulated assuming a β-
distribution of the mixture fraction variable. For the other two flamelet 
parameters, instead, delta functions were retained to compute their statistical 
distribution. In other words no statistical distribution was assumed for the scalar 
dissipation rate and for the flame age.  
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6.2.2 Combined Eddy Dissipation / Finite Rate Chemistry Model 

Only few experimental data of the ALSTOM burner are available in order to 
validate the correct behaviour of the Flame Age Model. Existing measured 
values are, for instance, those taken at the exit of the combustion chamber. 
Distributions inside the combustion device (species mass fractions, 
temperatures) have not been measured. For this reason, in this work, the 
simulation data of the Flame Age Model will be compared against the numerical 
data of a simple combined Eddy Dissipation/Finite Rate Chemistry Model as it 
is usually used by ALSTOM.  

This combined ED/FRC model is a standard model implemented in the 
commercial software ANSYS-CFX and a detailed description of the 
methodology can be found in [94]. Briefly, in this combustion approach the 
chemical reaction rates are first computed for each sub-model separately and 
then the minimum of the two is retained. In the case of the Eddy Dissipation 
Concept (EDC), as described in chapter 3.3.4, the model considers the minimum 
of three rates (equation (3-36), (3-37) and (3-38)). On the other hand, the Finite 
Rate Chemistry Model evaluates the chemical reaction rates directly from the 
empirical Arrhenius law (equation 2-34). As a consequence, this relatively 
simple combined model is useful for a wide range of configurations, since it 
may be applicable to both low and high Damköhler number flows. In fact, the 
EDC is best applied when the chemical phenomena are relatively faster than the 
turbulent motions. On the contrary, the FRC model is best suited in situations 
where the chemical timescales are small compared with the turbulent one.  

In this study, in the combined ED/FRC model the chemical features of 
methane combustion are modelled with a simple one step chemical mechanism 
[112]. Moreover, the constant A and B of the EDC are kept constant and equal 
to the standard values suggested by the manual of the commercial flow solver 
ANSIS-CFX [94] (A=4.0, B=0.5).  

 

6.3 Simulation results 

 

In this chapter the results of the numerical simulations of the gas turbine 
burner will be shown and commented. Four different burner regimes will be 
analyzed and the results of the Flame Age Model will be compared with the 
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numerical results of a simple combined Eddy Dissipation/Finite Rate Chemistry 
Model. In a first subchapter, the boundary conditions of the experimental 
configuration analyzed in this study are described. Numerical details to simulate 
the combustor flame are presented in a second section and the third and last part 
of this chapter, instead, is completely dedicated to the explanation of the 
simulation results. 

 

6.3.1 Boundary conditions of the ALSTOM burner 

In chapter 6.1.2 the geometrical characteristics of the ALSTOM burner have 
been described. Here only the inlet boundary conditions of the different cases 
will be listed. Inlet fuel and air temperatures, pressure and inlet air’s mass flow 
were kept constant for all the configurations analyzed in this work. These values 
are shown in the table below. 

 
TFuel [K] 300 

TAir [K] 643 

p [bar] 1.0 

Table 6.1: Temperature and pressure boundary conditions of the ALSTOM burner. 

 
As already discussed in chapter 6.1.2, there are two main positions where the 

fuel can be introduced into the burner: form the holes placed inside the swirler 
or from the holes located around the mouth of the combustion chamber. Fuel 
injected through the pilot holes doesn’t have the time to mix with air and is 
consumed in a diffusion flame structure. The fuel introduced through the swirler 
holes, instead, after travelling through the mixing tube reaches the reaction zone 
already premixed. 

The cases computed in this study differentiate themselves only from the 
percentage of fuel injected trough the holes located inside the swirler. The next 
table lists the mass flows of the fuel introduced into the burner for the four 
different cases studied in this work. 

The total fuel mass flow entering the burner is 8.6 g/s for CASE_0, and for 
the other cases was kept constant by 14.0 g/s. The ALSTOM burner has in 
CASE_0 a pure diffusion flame inside its combustion chamber. In the other 



Chapter 6 Simulation of the ALSTOM gas turbine burner 
 

 160 

configurations the percentage of the fuel injected through the pilot hole is 
gradually reduced and the inlet mass flows of CASE_3 reproduce the standard 
operating point of the burner when the turbine produces work. In this case the 
Pilot Fuel Ratio (PFR) is equal to 5%. The last row of Table 6.2 contains the 
outlet adiabatic temperatures of the combustor. These temperatures are 
computed from the enthalpy of reaction for methane [113], assuming that fuel is 
completely consumed with oxygen inside the combustion chamber in a one-step 
reaction (see equation (2-25)). 

 
 CASE_0 CASE_1 CASE_2 CASE_3 

mp [kg/s] 0.0086 0.0086 0.0042 0.0007 

ms [kg/s] 0.0 0.0054 0.0098 0.0133 

PFR [-] 100 % 61 % 40 % 5 % 

Tout [K] 1300 1650 1650 1650 

Table 6.2: Simulation matrix for the ALSOM burner analysis. 

 

6.3.2 Numerical details 

The combustor geometry is represented with a numerical grid containing 
more than 660,000 grid points and more than 1.4 Mio. elements. Inside the 
swirler and the mixing tube the numerical grid is finer in order to capture the 
rotatory motion of the flow. There and at the mouth of the combustion chamber 
unstructured elements can be found and close to the holes where the fuel is 
injected the grid is further refined. In the rest of the rectangular combustion 
chamber, instead, the numerical net is coarser and the elements are orthogonally 
structured. To capture the steep gradients near the wall boundary condition, 
inflated elements have been created (prisms and pyramid elements). 

The simulation procedure by the FAM, as shown in Figure 3.11, is split in 
two parts. The Navier-Stokes equations and the equations of the turbulence 
model are solved with the version 5.7.1 of the commercial flow solver ANSYS-
CFX [94]. The combustion models available in the mentioned commercial 
solver are not activated. Instead, the new transient laminar flamelet model is 
implemented by means of user-written subroutines linked to the ANSYS-CFX. 
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The local laminar flame structures are computed separately with the FLATRA 
code [95] and stored before the computation of the turbulent flow field in tabular 
form. The flamelet profiles are stored in function of the mixture fraction, its 
variance, the stoichiometric scalar dissipation rate and the flame age. The 
mixture fraction values are bounded between zero and one. The numerical 
libraries used in this study contain three different values of the stoichiometric 
scalar dissipation rate (1.0, 10.0 and 50.0 1/s) and 18 different values of the 
flamelet time (between 0.0 and 1.0 s). The chemical mechanism used in this 
work is the skeletal scheme, published by Smooke, which contains 17 different 
species and 36 reactions [97] and the thermodynamic and transport properties 
were obtained from the Chemkin data base [114]. 

With regard to the combined ED/FRC approach, an additional NO model was 
activated in the CFX code. The NO model calculates mass fractions of NO 
formed in the combustion process. It solves additional transport equations for 
these variables but does not affect the main combustion calculation. NO is 
treated as a regular component, but because NO concentrations are typically 
low, the effect on global flow and combustion is negligible. The formation of 
NOx in flames is a complicated process involving several different mechanisms, 
which are termed: thermal, prompt, fuel and N2O mechanism. In the NO model 
used here only the first two mechanisms are considered. The NO approach 
consists of three main parts. First, reaction schemes for the NO formation are 
predefined and provided following the Arrhenius chemical theory (see chapter 
2.2). Then, the resulting reaction rates are integrated over a presumed 
Probability Density Function (PDF) in order to account for turbulent fluctuations 
of temperature. Turbulent temperature fluctuations are approximated by solving 
a transport equation for the temperature variance. For more details on this NO 
model refer to [94]. 

In the Finite Rate Chemistry model an initial temperature should be given, 
that’s close to the real temperature of the flow. For this reason for the combined 
ED/FRC model an initial guess is computed by simulating the flame with a 
simple Eddy Dissipation Model where the initial oxygen mass fraction is set to 
0.232 and the initial product mass fractions (CO2 and H2O) are set to 0.01.  

The initial conditions for the Flame Age Model, instead, are created by the 
following procedure. First, a pure diffusion flame is created (fuel is injected 
through the pilot holes and air is injected through the holes located in the 
swirler). Then, the right amount of premixed fuel is introduced stepwise into the 
combustor system. 
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6.3.3 Results and discussion 

In Figure 6.6 and Figure 6.7 the three flamelet variables of the Flame Age 
Model and the axial velocity computed with this approach are shown on an axial 
plane of the ALSTOM burner. The results of CASE_0 and CASE_1 are 
presented in Figure 6.6. Figure 6.7, instead, shows the results of CASE_2 and 
CASE_3. The partitions of the variable distributions are the same for both 
figures and every contour plot analyses the same spatial position inside the 
combustor. 

The normalized axial velocity inside the burner can be observed in the first 
column of the mentioned two pictures. The typical “U” distribution of this 
variable can immediately be recognized inside the last part of the burner, the 
combustion chamber. Inside the latter one can observe the two main backflow 
regions already described in chapter 6.1.2. The biggest one is located in the 
centre of the chamber and acts as the main energy reservoir to ignite the fresh 
fuel coming from the mixing tube. At the lower edges of the rectangular cavity 
the smaller backflow regions can be seen. Inside the mixing tube, were the flow 
is rotating, very high positive axial velocities ban be found. It’s interesting to 
note, that this high velocity region is shifted slightly towards the mouth of the 
combustion chamber as the Pilot Fuel Ratio (PFR) of the burner is decreased. 
During this transition the typical “U” distribution of the velocity assumes more a 
“V” shape. Moreover, in CASE_2 and 3 an asymmetry in the flow field can be 
observed. 

In order to prove that, effectively, in the combustion chamber the velocity 
profiles are like the ones calculated with the CFD simulations, Figure 6.5 shows 
the normalized axial velocity distributions measured during water channel tests 
at ALSTOM. Of course the picture in Figure 6.5 does not show exactly the same 
burner section of Figure 6.6 and Figure 6.7 and the normalization procedure is 
different but at least it can be observed that in both cases the flow follows the 
same behaviour. Also in the water channel experiments the typical “U” or “V” 
velocity distributions are detected with their own recirculation zones. 
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Norm.
Axial Velocity

 

Figure 6.5: Normalized axial velocity distribution in the ALSTOM burner measured during 
water channel tests.   

 
The contour plots of the mixture fraction parameter are partitioned with a 

logarithmic scale between the bound values zero and one. In CASE_0 where the 
fuel is injected only through the holes located in the combustion chamber the 
mixture fraction is obviously zero inside the swirler and the mixing tube.  This 
configuration creates classical diffusion jet flames disturbed by the rotatory 
motion of the air coming from the mixing tube. As the PFR increases the 
mixture fraction increases in the first two parts of the combustor and a steep 
gradient of this variable can only be observed close to the fuel nozzles. In 
CASE_3 the burner contains a flow with mixture fraction values practically 
bounded between 1.0E-02 and 4.5E-02. 

The scalar dissipation rate reflects the impact of the turbulence on the 
combustion process. When this variable exceeds a critical value the local heat 
produced by the chemical reactions cannot compensate the heat transported 
away by the laminar and turbulent convection and the flame is quenched. In the 
contour plots of Figure 6.6 and Figure 6.7 the scalar dissipation rate (χ) is 
partitioned with four different values (0.01; 0.1; 1.0 and 50.0 1/s). For χ values 
below 1.0 1/s the chance of finding quenched flamelets is very poor; for scalar 
dissipation rates above the value of 50.0 1/s, instead, the probability of 
observing extinguished flame elements is close to one. From the two figures 
below we can conclude that the extinction phenomena are not so relevant in the 
ALSTOM burner. χ is higher than 1.0 1/s only in relatively small area close to 
the pilot nozzles. This area is obviously bigger for bigger Pilot Fuel Ratio 
(PFR). 
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The flame age time (τF), as described in chapter 4, controls the transient 
flamelet development in the combustor. This variable is segmented in the 
contour plots with a logarithmic scale bounded between 1.0E-06 and 1.0 s. 
Thanks to the readjustment of the source term of τ in equation (6-3), one can 
suppress the rise of this parameter in the swirler and in the mixing tube. This 
fact is confirmed by the contour plots showed below where this time variable is 
always zero in the mentioned first two pieces of the burner. In the combustion 
chamber, finally, the flame age time can start to increase because there the 
temperatures of the flow exceed the predefined ignition temperature of methane. 
Note that in the recirculation zones discussed before, the flame age time reaches 
big values because the integral residence times of fluid particles are in these 
areas relatively huge. In CASE_2 and CASE_3 one can see an asymmetrical 
behaviour of the distributions, like that observed in the velocity plots. 
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Figure 6.6: Axial velocity and flamelet parameters (Case_0, Case_1). 
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Figure 6.7: Axial velocity and flamelet parameters (Case_2, Case_3). 
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In the next pictures, from Figure 6.8 to Figure 6.13, the distribution of the 
combustion variables inside the combustion chamber will be shown. In these 
figures the numerical results of the Flame Age model will be compared with the 
numerical results of the combined ED/FRC model. The distributions of the 
temperature and the mass fractions of the species involved in the chemical 
process are all normalized. Every single figure has got its own normalization 
procedure, i.e. the physical values are divided by an appropriate constant value 
(for instance the upper bound of the variable’s range). In order to keep clarity in 
the analysis, from Figure 6.8 to Figure 6.13 the contour plots show the same 
cross section of the combustor. The first column of the mentioned pictures 
illustrates the numerical results of the FAM, the column contiguous the results 
of the combined ED/FRC model. The different cases analyzed in this study are 
ordered in the rows starting from the pure non-premixed burner configuration 
(CASE_0) to a situation where 95% of the fuel is already premixed before the 
combustion chamber (CASE_3). 

As one can observe from Figure 6.8, with both numerical approaches, the 
temperature rises only in the combustion chamber of the ALSTOM burner. 
Besides this, the results of the temperature distributions computed with the two 
models, especially for CASE_0 and CASE_1, look quite similar. These 
observations confirm the fact, that the flame age time computed with the 
transport equation (11) and the source term (13) can suppress the reaction 
processes in the swirler and in the mixing tube and represent the flame in a 
realistic position.  

The diagrams in Figure 6.8 show a clear trend: as the PFR in the burner is 
increased the peak values and the size of the hot spots in the temperature 
contours is decreased. This fact is less evident in the FAM model, probably 
because (as we will see later) the mixing processes between the fuel and the air 
in this approach are slower. Reducing the peak temperatures in the combustor 
device is one of the main goals to reach with the lean premixed combustion. 
This fact will mitigate drastically the thermal formation path of the NOx 
pollutants, resulting in a less “dirty” combustor device.  

In CASE_2 and 3 for the FAM results, an asymmetry in the distributions can 
be observed. This aspect is probably connected with the distribution of the 
mixture fraction variable inside the burner. Also in CASE_2 computed with the 
combined ED/FRC model one can observe a weak asymmetry in the 
temperature field. These characteristics will be analyzed more deeply later in 
this chapter. 
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 Δhr FAM ED / FRC 

CASE_0 1300 K 1341 K 1302 K 

CASE_1 1650 K 1675 K 1645 K 

CASE_2 1650 K 1726 K 1648 K 

CASE_3 1650 K 1720 K 1645 K 

Table 6.3: Outlet temperatures of the combustion chamber. 

 
Table 6.3 shows the computed outlet temperatures at the exit of the 

combustion chamber. The values in the second column of this table represent the 
temperatures calculated with the standard formation enthalpies for the species 
involved in the simple one step mechanisms of methane combustion [113]. The 
outlet temperatures found with the combined ED/FRC model are close to these 
values and we can observe only a maximum of ΔT=5 K difference. The 
temperatures computed with the Flame Age Model are generally higher than the 
temperatures calculated with the combined ED/FRC model. Furthermore the 
temperatures simulated with the FAM in CASE_1, 2 and 3 should be close to 
each other. The author has carefully checked all the inlet boundary conditions 
and that the fuel injected into the combustion chamber was completely burned at 
the outlet. The cp values of the main species, used in both numerical approaches, 
are extrapolated from the same polynomial. However, in spite of the combined 
ED/FRC model, the FAM considers also the minor species involved in the 
combustion processes. So, the differences found in the outlet temperatures listed 
in Table 6.3 must be connected with this different modelling approach. The 
enthalpies of formation related to the minor species (CO and H2) must be the 
cause of the discrepancies in the outlet temperature values.  
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Figure 6.8: Normalized temperature distribution inside the combustion chamber.  
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In Figure 6.9 to Figure 6.12 the distributions of the fuel, oxygen and of the 
two main combustion products are shown. 

A logarithmic scale is used to partition the contour plot of the CH4 
distribution. We can immediately observe that the fuel is consumed rapidly in 
the Flame Age Model. In the combined ED/FRC model, instead, the methane is 
burned inside the combustion chamber more gradually. 

The comments made on the temperature distributions are valid also for the 
distributions of the two main combustion products (CO2 and Water): 
- One notes always an asymmetry in CASE_2 and 3 for the profiles computed 

with the Flame Age Model. 
- In general one can observe that at high PFR ratios the results of the two 

numerical methods look quite similar. For low PFR ratios, instead, one can 
observe some differences between the two numerical approaches. While with 
the combined ED/FRC model high peak products mass fraction values are 
drastically reduced by increasing the PFR; in the Flame Age Model one can 
still note some “hot spots” close toe the lower edges of the burner. 

The minor species distributions (CO and H2) simulated with the Flame Age 
Model are presented in Figure 6.13. Also in this picture one can immediately 
recognize a trend towards smaller presence of this species as the Pilot Fuel Ratio 
(PFR) is decreased. The concentrations in CASE_0 are greater than in CASE_1 
simply because more fuel is injected into the burner in latter configuration.  
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Figure 6.9: Normalized fuel distribution inside the combustion chamber. 
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Figure 6.10: Normalized oxygen distribution inside the combustion chamber. 
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Figure 6.11: Normalized CO2 distribution inside the combustion chamber. 
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Figure 6.12: Normalized water distribution inside the combustion chamber. 
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Figure 6.13: Normalized minor species distribution inside the combustion chamber. 
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Figure 6.14: Isosurface of mixture fraction (Z = 0.04) in the combustion chamber of the 
ALSTOM burner. 

 
Especially for the Flame Age Model (FAM), in CASE_2 and 3, the 

combustion variables (temperature and mass fraction of the species) are 
asymmetrically distributed inside the combustion chamber (see Figure 6.6-
Figure 6.13). With Figure 6.14 one finds a meaningful argument to explain this 
asymmetry. In this picture the whole combustion chamber of the ALSTOM 
burner is presented. A yellow plane that cuts symmetrically the cavity is also 
shown. This fictitious plane represents the cross section used to analyze the 
behaviour of the flame in the previous pictures. The blue surface, instead, 
depicts the area of the flow where the mixture fraction assumes a constant value 
of 0.04. This value is very close to the stoichiometric one for methane 
combustion. Thus along this blue isosurface, when the scalar dissipation rate (χ) 
doesn’t exceed its critical quenching value and the flame age time (τF) is high 
enough, reacted fluid element can be found together with high peak 
temperatures (see also Figure 6.8). Figure 6.14 shows that the mixture fraction 
entering into the combustion chamber in CASE_2, influenced by the toroidal 
behaviour of the main flow, progresses along the wall of the combustion cavity 
towards the outlet. In particular the isosurfaces of this flamelet parameter build 
structures with four horns at each edge of the combustion chamber. These horns 
in CASE_2 (and also in CASE_3) are not perfectly symmetrical.  Figure 6.14 
shows clearly that one horn crosses the virtual yellow plane and the opposite, 
instead, doesn’t. This asymmetrical behaviour of the mixture fraction variable is 
probably the only cause of the asymmetrical behaviour of all the combustion 



Chapter 6 Simulation of the ALSTOM gas turbine burner 
 

 177 

variables inside the combustion chamber. The reasons for this fact are yet not 
fully clarified. However, at least two “potential factors”, responsible for this lop-
sided behaviour inside the burner, can be recognize. First, the asymmetrical 
geometry of the ALSTOM combustion chamber is probably the main cause of 
the “unbalanced” distribution of the mixture fraction inside the burner. The pilot 
fuel nozzles placed around the mouth of the combustion chamber after the 
mixing tube are arranged in an odd number and the base of the combustion 
chamber is not a quadrate (see Figure 6.14). Moreover, the coupling between the 
radial-symmetrical mesh of the mixing tube and the mesh in the rectangular 
combustion chamber may cause some additional numerical asymmetries in the 
code. It’s also very interesting to note that a light asymmetry can also be seen in 
the results of the combined ED/FRC model (always for the CASE_2 and 3). 

 

 CASE_0 CASE_1 CASE_2 CASE_3 

Y (NO) 4.58E-05 7.12E-05 5.62E-05 1.8E-06 

Table 6.4: Mass fraction of NO at the combustor outlet computed with the combined ED/FRC 
model. 

 
The simulations with the combined ED/FRC model give also the possibility to 

study the NO production inside the combustor device. In Table 6.4 are listed the 
mass fractions of NO at the outlet of the combustor cavity for the four different 
cases studied in this work. Here we don’t want to make any comment on the 
quantitative results of the combined ED/FRC model, but only show the trend of 
the formation of this pollutant with respect the different flame configuration. 
The outlet mass fraction amount of NO in CASE_0 is smaller than that in 
CASE_1 simply because more fuel is injected into the system in the latter 
configuration. From CASE_1 to CASE_3, where the fuel introduced into the 
burner was kept constant, one can observe a remarkable decrease in the emission 
of this pollutant. This behaviour can be explained by looking at Figure 6.8. As 
the pilot fuel ratio is decreased, more reactants reach the reaction zone already 
premixed with an excess of air. This lean mixture burns in a premixed flame 
front and creates, in contrast to a diffusion flame type, a more homogeneous 
temperature field where “hot spots” are avoided. For this reason as the PFR is 
decreased, the thermal NO mechanism is more and more mitigated resulting in 
less emission of nitric oxides. 
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7 Conclusions  
 

The main objective of this study was the development and the validation of 
improved strategies to simulate highly turbulent diffusion flames. Flames where 
the local characteristic turbulent times approach the chemical ones and the 
reactive layers are strongly disturbed by the turbulent motion of the flow. In our 
institute, in the mid nineties, a transient model based on a flamelet methodology 
was developed in order to simulate turbulent diffusion combustion. This 
approach, presented by Ferreira [21] and later improved by Bajaj [23], 
Demiraydin [25] and Baykal [26], has shown a great potential to capture the 
problematic flame regions where the Damköhler numbers become relatively 
low. In this study the weak points of the Transient Laminar Flamelet Model 
(TLFM) have been strengthened with better modelling assumptions. Moreover, 
from the TLFM, a completely new transient laminar flamelet approach has been 
defined. The new Flame Age Model (FAM) results simpler than the TLFM and 
is based on more firm physical argumentations which give to the new 
methodology a better performance.  

In this work the mathematical and numerical details of both models, the 
improved TLFM and the new FAM, have been presented in chapter 4. On the 
other hand, their validation against experimental data has been performed in 
chapter 5 and the conclusion from these tests will be drawn here, in the next 
section of this chapter.  

Moreover, the flexibility of the new FAM has been proved with the 
simulation of an industrial gas turbine burner. In fact, the author during a limited 
time period (six months) has undertaken an internship at ALSTOM 
(Switzerland), where the FAM was utilized to investigate the features of the 
flames in the ALSTOM combustor device. In the section 6.2 the main findings 
of this study in collaboration with ALSTOM are summarized. 

Finally, in the final part of this chapter some indications for future 
improvements on the numerical combustion models presented here are listed 
with the concluding remarks over this study. 
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7.1 Validation of the Flame Age (FAM) and the improved 
Transient Laminar Flamelet Model (TLFM) 

 
The burner [99] used to validate the TLFM and the new FAM stabilizes the 

highly turbulent jet flames with the help of an hot pilot ring. Therefore, turbulent 
diffusion flames may be created regardless of the main inlet jet velocity. 
Moreover, the central fuel stream is partially premixed with air in order to have 
a clean methane combustion. Three different flames with increasing inlet 
velocities have been studied. In these test cases the jet momentums are so high 
that local extinction and re-ignition effects may be observed. The numerical 
simulations of these academic burners have been carried out with both the 
TLFM and the FAM. The computation of the three test flames have been 
performed by leaving the parameters of the combustion approaches constant in 
order to prove that the models presented here are not case-oriented. 

In a first phase of the validation process, the results of the FAM have been 
compared against the numerical predictions of a simple Steady Laminar 
Flamelet Model (SLFM) and, obviously, against the experimental 
measurements. From this comparison it results that the FAM follows the 
chemical development, in the regions where the turbulent times are similar to 
the chemical ones, in a good manner. The predictions in these areas of the jet 
flames are clearly improved with respect to a flamelet model that considers only 
the steady state solutions of the local flame structures. The low Damköhler 
number regions in the open combustion chamber are located on the rich side of 
the flames, in the core of the jets. Outside these areas, on the lean side of the 
diffusion flames, the characteristic turbulent times become bigger and the results 
of both models (the SLFM and the FAM) become closer to each other. Here and 
on the stoichiometric surface of the flames the transient behaviour of the 
flamelets play a less important role than in the jet core. Therefore, in these 
situations the deviation from the Burke-Schumann limit must be captured with 
the scalar dissipation rate (χ) which is a crucial parameter, in both the FAM and 
in the SLFM. In order to be successful in this exercise, not only the mean value 
of χ must be used but also its statistical distribution must absolutely be evaluated 
(with log-normal presumed distribution functions for example) to predict the 
right turbulent distributions in the flames. 

In a second step, the FAM has been compared with the other transient 
flamelet model presented in this work, the improved TLFM. The Sandia piloted 
flame E was chosen as test case for this analysis. Also in this case the main 
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differences between the different numerical models are observed on the rich part 
of the flame where the convective forces are more vigorous. The simulation 
results show without ambiguity that the new FAM follows better the 
experimental data than the previous TLFM. This fact is particularly true when 
the data along the centreline of the burner are examined. It appears that with the 
flame age transport equation and its source term the transient flame phenomena 
are better captured. However it must be said that much more resources were 
spent to improve and refine the FAM than the TLFM during the simulations of 
the jet flames in question.  

Besides the validation of the two models presented in chapter 4, with the 
simulation of the piloted flame E, the effect of different chemical mechanisms 
on the species mass fractions was studied. In this work and in the previous 
studies done with the TLFM, the skeletal mechanisms proposed by Smooke [97] 
was chose as workhorse for the resolution of the chemical part of the problem. 
With the increasing power of the computational resources, nowadays, more and 
more detailed chemical schemes may be implemented to simulate the flame 
structures. As a consequence, in this work, two versions of the detailed GRI 
mechanism for methane combustion were implemented and tested. The FAM 
calculations of the flame E with the mentioned three mechanisms indicate that 
there are some differences between the Smooke skeletal mechanism and the 
detailed schemes. In general we may observe lower amounts of CO2 and higher 
amounts of CO and H2 in the flames when they are computed with the detailed 
chemical mechanisms. However, the most interesting aspect related with 
detailed chemical schemes is not the better prediction of the main stable 
products but the possibility to analyse the formation of critical pollutants which 
are present in small concentrations. 

 

7.2 Numerical analysis of the ALSTOM gas turbine burner 
 
In this work the ALSTOM gas turbine burner was chosen as test case to 

analyze the flexibility of the new Flame Age model (FAM). The mentioned 
burner uses a swirl to stabilize and anchor its flame during the operation of the 
gas turbine. Even thought the reactants are introduced into the system 
separately, the particular geometry of this combustor device allows us to create 
diffusion, premixed and partially premixed flames inside the combustion 
chamber. The main aim of this study was to prove that the FAM is able to 
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capture the ignition chemistry feature of premixed and partially premixed 
combustion inside the ALSTOM burner. 

 Four different cases where analyzed in this study, each of these representing 
a particular flame configuration. The numerical results of the Flame Age Model 
were compared against the numerical results of a simple and well-known 
combined ED/FRC model. This comparison yields that the new FAM is able to 
predict reasonably well the behaviour of the ALSOM burner with any flow 
regime and to simulate well the right ignition points of the fuel elements. The 
flame age time together with well structured flamelet libraries give a great 
flexibility to this new transient laminar flamelet approach.  

With the performed simulations, also the robustness of the Flame Age Model 
was proved. This means that the model behaves correctly also with a mesh that 
satisfies the industrial standards; a numerical grid that was used extensively with 
the standard combustion models implemented at ALSTOM.  

Besides these facts, during the simulation of the ALSTOM burner some 
obscure qualities (week points) of the Flame Age Model were also discovered. 
In particular two main aspects emerge from the analysis of the simulation’s 
results: 

- The fact that the outlet combustor temperatures computed with the Flame Age 
Model differ from the ones computed with the combined ED/FRC model. In 
general the temperatures found with the FAM are higher. This behaviour 
probably can be traced back to the enthalpies of formation of the minor 
species (CO and H2) which are not considered in the simple ED/FRC model. 

- The mixture fraction distribution, especially for lower Pilot Fuel Ratio (PFR), 
takes a light asymmetrical distribution inside the combustion chamber. This 
characteristic of mixture fraction (Z) effects the distribution of all the other 
combustion variables and, as a result, the whole flame becomes slightly 
asymmetrical. It is not yet clear if the slightly asymmetrical configuration of 
the ALSTOM burner (asymmetrical combustion chamber where the fuel is 
injected from an odd number of nozzles) is the only cause for this situation in 
the combustor device. 
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7.3 Future prospects 
 
From the simulations of the highly turbulent jet flames it turns out that the 

new Flame Age Model (FAM) may be considered a good alternative to extend 
the capabilities of the flamelet approaches. The FAM with its flame age variable 
and a set of appropriate unsteady flamelet libraries is able to describe correctly 
flame regions where the Damköhler numbers are low and the local flame 
structures have not enough time to develop completely. These are regions where 
simple steady state flamelet methodologies fail because the chemical 
development is always overpredicted. Moreover, the new FAM may be regarded 
as a better methodology with respect to the previous Transient Laminar Flamelet 
Model (TLFM). In addition to the fact that the FAM has performed better in the 
simulations of the piloted jet flames, the dimension of the flamelet libraries is 
decreased and the time available for local chemical processes is now computed 
with a transport equation developed under sound physical argumentations. As 
regards the future of the models developed here, the following points need 
further attention: 

- First, in this work the numerical investigation of non-premixed methane 
flames has been done with the help of a RANS method to resolve the 
turbulent features of the flows. In fact the main focus of this work was the 
chemical part of the combustion problem. In the next studies that will be 
done, not only the mean flow distributions should be calculated. Future 
analyses should be based on more precise techniques, like the LES 
methodology, tools which allow us to derive more information over the 
turbulent motions of the flow. As an example the turbulent distribution of χ 
and its gradients may be better captured in order to define more precisely 
where local extinction occurs in diffusion flames.  

- Second, during this project detailed chemical mechanisms have been utilized 
to resolve the laminar flame structures. However, the complete potential of 
these schemes was not exploited fully. Future work should concentrate on the 
distribution of minor and radical species. For instance, the NOx production in 
flames should be calculated and compared against experimental data. 

- Finally, the simulations of the ALSTOM burner performed in this study are 
clearly a first step towards the detailed analysis of these complicated swirling 
flames. The simulations carried out have demonstrated the great flexibility of 
the new Flame Age Model, predicting well the ignition point of the fresh 
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reactants in the combustion chamber. However, also due to the limited time 
available, not all the obscure aspects of these swirling flames have been 
resolved completely. Future analyses should clarify these aspects with 
parameter studies. 
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Appendix A 
Skeletal mechanism of methane (CH4) combustion 

 

The skeletal mechanism for methane combustion used in the development of 
the models presented in this work is resumed in Table A.1. The same scheme 
was utilized in the precedent studies of Ferreira [21], Bajaj [23], Demiraydin 
[25] and Baykal [26]. To model the chemical reactions the three parameters of 
the Arrhenius equation (A-1) must be specified. 

 , , expnB n
f n f n

Ek A T
RT

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (A-1) 

where Af,n and Bn are the pre-exponential factors that are assumed to include the 
effect of the collision frequency, while En is the activation energy. The 
parameter Bn is dimensionless and the dimension of Af,n depends on the specific 
reaction.  
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Reaction Af,n Bn En [kJ/mole] 

CH4 + O2  = CH3 + HO2 7.900E+13 0.00 56000.00 
H + O2 → OH + O 2.000E+14 0.00 16800.00 
OH + O → H + O2 1.575E+13 0.00 690.00 
O + H2 → OH + H 1.800E+10 1.00 8826.00 
OH + H → O + H2 8.000E+09 1.00 6760.00 
H2 + OH → H2O + H 1.170E+09 1.30 3626.00 
H2O + H → H2 + OH 5.090E+09 1.30 18588.00 
OH + OH → O + H2O 6.000E+08 1.30 0.00 
O + H2O → OH + OH 5.900E+09 1.30 17029.00 
H +O2 + M → HO2 + M   (*) 2.300E+18 -0.80 0.00 
H + HO2 → OH + OH 1.500E+14 0.00 1004.00 
H + HO2 → H2 + O2 2.500E+13 0.00 700.00 
OH + HO2 → H2O + O2 2.000E+13 0.00 1000.00 
CO + OH → CO2 + H 1.510E+07 1.30 -758.00 
CO2 + H → CO + OH 1.570E+09 1.30 22337.00 
CH4(+M) → CH3 +H(+M)   (*) 
Low 

6.300E+14 
1.000E+17 

0.00 
0.00 

104000.00 
86000.00/ 

CH3+H(+M) → CH4(+M)   (*) 
Low 

5.200E+12 
8.254E14 

0.00 
0.00 

-1310.00 
-19310/ 

CH4 + H → CH3 + H2 2.200E+04 3.00 8750.00 
CH3 + H2 → CH4 + H 9.570E+02 3.00 8750.00 
CH4 + OH → CH3 + H2O 1.600E+06 2.10 2460.00 
CH3 + H2O → CH4 + OH 3.020E+05 2.10 17422.00 
CH3 + O → CH2O + H 6.800E+13 0.00 0.00 
CH2O + H → HCO + H2 2.500E+13 0.00 3991.00 
CH2O + OH → HCO + H2O 3.000E+13 0.00 1195.00 
HCO  + H → CO  + H2 4.000E+13 0.00 0.00 
HCO  + M → CO + H+M    (*) 1.600E+14 0.00 14700.00 
CH3  + O2 → CH3O + O 7.000E+12 0.00 25652.00 
CH3O + H → CH2O + H2 2.000E+13 0.00 0.00 
CH3O + M → CH2O +H+M (*) 2.400E+13 0.00 28812.00 
HO2 + HO2 → H2O2 + O2 2.000E+12 0.00 0.00 
H2O2 + M → OH +OH+M   (*) 1.300E+17 0.00 45500.00 
OH + OH+M → H2O2 + M   (*) 9.860E+14 0.00 -5070.00 
H2O2+ OH → H2O + HO2 1.000E+13 0.00 1800.00 
H2O + HO2 → H2O2 + OH 2.860E+13 0.00 32790.00 
OH +H + M → H2O  + M   (*) 2.200E+22 -2.00 0.00 
H + H + M → H2 + M   (*) 1.800E+18 -1.00 0.00 

(*)   CH4/6.5/ H2O/6.5/ CO2/1.5/ CO/0.75/ O2/0.4/ N2/0.4/ 

Table E.1: Skeletal mechanism for CH4 combustion [97].  
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