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Summary

The combustion process is currently the main heat, power and propulsion
supplying system in a wide range of sectors, such as: thermal and power
generation, and aero and ground transportation. In order to meet the growing
energy demand from one side, and to fulfill the more restrictive emissions
regulations on the other side, a more efficient and cleaner combustion system
design is required.

When designing a combustor, the engineering concerns depend on the spe-
cific application, however, common key aspects are: reduction of the toxic
emissions, fuel flexibility and flame stability. In this scenario, the industry
has been going and is going towards the development of new complex tech-
nologies and the usage of new fuels. Since experimental measurements are
often too expensive or time consuming, the numerical modeling represents an
attractive tool to investigate reactive flows in industrial applications. A key
aspect in capturing the physics of the combustion processes in practical de-
signs, is the accurate representation of the interaction between the chemistry
and the turbulence. This represents a great challenge, especially because of
the large range of time and length scales of the phenomena involved.

In the last few decades, as a response to the need of low-cost computational
tools, combustion models based on tabulated chemistry were developed. The
main concept on which this approach is based is that a turbulent flame can
be represented by a 1D flamelet. The interaction between turbulence and
chemical reactions is then taken into account for example by means of a
presumed shape Probability Density Function (PDF). In order to retain the
accuracy of the detailed chemistry and limit the computational costs of the
simulations, a turbu-chemical database is built prior to the simulation, and
the fluid properties are retrieved during run-time. The storage of the data is
a parametrized function of specific controlling variables, such that only the
transport equations of these variables are solved, rather than transporting
the total number of species. The flamelet assumption is generally valid in
the combustion regimes which establish in gas turbines engines. The Compu-
tational Fluid Dynamics has received a growing interest not only to explore
new combustor designs, but also to explore the performances of new bio-fuels.
In this context, the question if the numerical models adopted to study the
burning characteristic of traditional fossil fuels can also well represent new
fuels, has to be addressed.
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Summary

The present PhD thesis focuses on exploring a variety of combustion as-
pects of one of the most attractive liquid bio-fuels: ethanol. The two areas
studied are the combustion characteristics of the ethanol as prevaporised gas
fuel in turbulent flames, and the forced ethanol spray flame response to fluctu-
ations of the gas velocity. The first part of the dissertation is concerned with
the combustion of prevaporised ethanol and the combustion is treated with
a tabulated chemistry approach based on an optimized choice of the reaction
progress variable. The approach is developed for premixed combustion, in
which case the single controlling scalar is the reaction progress variable. A
Computational Singular Perturbation algorithm is used, along with a sensi-
tivity analysis of the chemical time scales performed in a Perfectly Stirred
Reactor, to determine the optimal combination of the species mass fractions
defining the reaction progress variable. This approach is first validated against
laminar flames and it is found that the choice of the reaction progress variable
has a relevant effect in the solution of the reacting field.

Following, the same formulation is applied in a confined turbulent jet
flame, where the turbulence-chemistry interaction is predicted by means of a
presumed-shape PDF. Blends of ethanol/water/iso-octane were used to test
the capability of the method and it is found that the adopted framework sim-
ulation can be successfully extended to complex fuel mixtures. In such sim-
ulation framework, the database is implemented in the commercial software
Ansys CFX, where Reynolds averaged Navier-Stokes equations are solved in
steady state regime.

In the second part of the thesis, numerical simulations of a piloted turbulent
ethanol spray flame are presented. Both steady and transient simulations
are performed in the Eulerian-Lagrangian framework. Due to an intrinsic
limitation of the commercial code, the database could not be coupled with
the Lagrangian solver. For this reason the available models in CFX were used
to perform the spray flame simulations.

The reference test-case is the Sidney spray flame, on which a large set
of measurement data is available. Simulations were validated against two
flames in particular, the EtF6 and the EtF7. A study on the effect of the
boundary conditions assigned to the gas phase is performed. The spray is
modeled under the main assumption of the dilute spray regime such that
all phenomena of atomization, break-up and collisions are neglected. The
mixture entering the computational domain is a mixture of air and gaseous
ethanol and liquid ethanol. The flame is stabilized by a pilot flame, modeled
as hot burnt gas. The combustion model used in these simulations is the
Burning Velocity Model, so-called because the closure of the chemical source
term occurs by means of the burning velocity, multiplied by the gradient
of the reaction progress variable. A good agreement is found between the
experimental data and the droplet velocity. The solution of the temperature
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indicate, however, that an investigation of other combustion models should
be considered.

Finally, the forced spray flame response is studied with URANS simula-
tions and presented in the last chapter. Two frequencies signals are chosen
as upstream perturbation of the gas flow. The reference test-case, EtF6, is
simplified and the liquid ethanol is injected as mono-dispersed spray. The be-
haviour of the droplets under gas velocity oscillations is investigated in terms
of spatial distribution and evaporation rate, and compared to the acoustic-free
case. The spray flame response is also compared to the response of prevap-
orised ethanol flames, at constant global equivalence ratio. The analysis is
made both in the time and frequency domain, and a comparison of the discrete
flame transfer function is performed between spray and gaseous flames.

The methodology proposed for ethanol and its blends is successfull in lam-
inar and turbulent regimes. Moreover, the features of heat loss and non-
premixed combustion can easily be implemented in the proposed formula-
tion. The response of the ethanol spray flame to gas velocity oscillations is
an important investigation towards the study of flame stability.

In conclusion, the aspects of ethanol combustion presented in this disser-
tation provide insights in the modeling techniques used to simulate reactions
of complex ethanol blends and its burning characteristics in off-design tran-
sient regimes. The tools developed will assist in the design of gas turbine
combustors fired on blends of ethanol and other species.
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Samenvatting

In een groot aantal sectoren is momenteel het verbrandingsproces het belan-
grijkste systeem dat voor warmte, kracht en voortstuwing zorgt, zoals warmte-
en energieopwekking en lucht- en grondtransport. Om enerzijds de groeiende
vraag naar energie aan te kunnen en anderzijds te voldoen aan de strengere
emissienormen, is een efficiënter en schoner ontwerp van het verbrandingssys-
teem vereist.

Bij het ontwerpen van een verbrandingsinstallatie zijn de technische aan-
dachtspunten afhankelijk van de specifieke toepassing, maar belangrijke geme-
enschappelijke aspecten zijn reductie van de toxische emissies, flexibiliteit in
brandstof en vlamstabiliteit. De industrie werkt al in deze richting en zij
stevent af op de ontwikkeling van nieuwe, complexe technologieën en het ge-
bruik van nieuwe brandstoffen. Omdat experimentele metingen vaak te duur
of tijdrovend zijn, vormt de numerieke modellering een aantrekkelijk hulpmid-
del om reactieve stromingen in industriële toepassingen te onderzoeken. Een
belangrijk aspect bij het vastleggen van de fysica van verbrandingsprocessen
in praktische ontwerpen, is de nauwkeurige weergave van de interactie tussen
de chemie en de turbulentie. Dit vormt een grote uitdaging, vooral vanwege
het grote bereik van de tijd- en lengteschalen van de betrokken verschijnselen.

Als antwoord op de behoefte aan goedkope computationele hulpmiddelen,
werden in de afgelopen decennia verbrandingsmodellen op basis van getab-
uleerde chemie ontwikkeld. Het belangrijkste concept, waarop deze benader-
ing is gebaseerd, is dat een turbulente vlam door een lD flamelet kan worden
voorgesteld. De interactie tussen turbulentie en chemische reacties wordt
dan in aanmerking genomen bijvoorbeeld door middel van een veronderstelde
vorm via de kansdichtheidsfunctie (PDF). Om de nauwkeurigheid van de gede-
tailleerde chemie te behouden en de computationele kosten van de simulaties
te beperken, wordt vooraf aan de simulatie een turbu-chemische database
gebouwd en worden de vloeistofeigenschappen in runtime vastgesteld. De
opslag van de gegevens is een geparametriseerde functie van specifieke con-
trolevariabelen, zodanig dat alleen de transportvergelijkingen van deze vari-
abelen worden opgelost, in plaats van de vergelijkingen voor alle stoffen op
te lossen. De aanname van flamelets is over het algemeen geldig in verbrand-
ingsregimes die in gasturbines aanwezig zijn. Computational Fluid Dynamics
heeft een groeiende belangstelling gekregen, niet alleen om nieuwe ontwer-
pen van verbrandingsmotoren te verkennen, maar ook om de prestaties van
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nieuwe biobrandstoffen te onderzoeken. In dit verband moet de vraag wor-
den onderzocht of de numerieke modellen, die zijn gebruikt om de verbrand-
ingskenmerken van traditionele fossiele brandstoffen te bestuderen, ook die
van nieuwe brandstoffen kunnen representeren.

Dit proefschrift richt zich op het verkennen van verschillende verbrand-
ingsaspecten van een van de meest aantrekkelijke vloeibare biobrandstoffen:
ethanol. De twee bestudeerde onderwerpen zijn de verbrandingseigenschap-
pen van ethanol als voorverdampte gasbrandstof in turbulente vlammen en
de geforceerde respons van de ethanol-verstuivingsvlam op fluctuaties van de
gassnelheid. Het eerste deel van het proefschrift heeft betrekking op de ver-
branding van vooraf verdampte ethanol en de verbranding wordt behandeld
met een getabuleerde chemiebenadering op basis van een geoptimaliseerde
keuze van de reactievoortgangsvariabele. De benadering is ontwikkeld voor
voorgemengde verbranding, waarbij slechts een scalaire grootheid wordt ge-
bruikt, namelijk de reactievoortgangsvariabele. Het Computational Singular
Perturbation algorithme wordt gebruikt, samen met een gevoeligheidsanalyse
van de chemische tijdschalen, uitgevoerd in een Perfectly Stirred Reactor, om
de optimale combinatie te bepalen van de massafracties die de reactievoort-
gangsvariabele definiëren. Deze benadering wordt eerst gevalideerd tegen lam-
inaire vlammen en het blijkt dat de keuze van de reactievoortgangsvariabele
een relevant effect heeft op de oplossing van het reagerende veld.

Hierna wordt dezelfde formulering toegepast in een “confined turbulent jet-
flame”, waarbij de turbulentie-chemie-interactie wordt voorspeld door middel
van een veronderstelde vorm van de PDF. Mengsels van ethanol/water/iso-
octaan werden gebruikt om de mogelijkheden van dit model te testen en
het bleek dat dit aangenomen raamwerk met succes kan worden uitgebreid
tot samengestelde brandstofmengsels. In een dergelijk simulatiekader is de
database gëımplementeerd in de commerciële software Ansys CFX, waarbij
Reynolds Averaged Navier-Stokes-vergelijkingen zijn opgelost in een station-
air regime.

In het tweede deel van het proefschrift worden numerieke simulaties van een
pilot-vlam gestabiliseerde turbulente ethanol-verstuivingsvlam gepresenteerd.
Zowel stationaire als transiënte simulaties worden in het Eulerian-Lagrangian-
raamwerk uitgevoerd. Vanwege een intrinsieke beperking van de commerciële
code, kon de database niet worden gekoppeld aan de Lagrangiaanse oploss-
ingsmethode. Om deze reden werden de beschikbare modellen in CFX ge-
bruikt om de verstuivingsvlamsimulaties uit te voeren.

De referentie-testcase is de Sidney-verstuivingsvlam, waarvoor een groot
aantal meetgegevens beschikbaar is. Simulaties werden gevalideerd tegen
twee vlammen in het bijzonder, de EtF6 en de EtF7. Een onderzoek naar
het effect van de randvoorwaarden, die voor de stroming in de gasfase zijn
aangenomen, is uitgevoerd. De verstuiving wordt gemodelleerd onder de be-
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langrijkste veronderstelling van het verdunde verstuivingsregime, zodat alle
verschijnselen van verneveling, verbreking en botsingen worden verwaarloosd.
Het mengsel dat het rekendomein binnenkomt, is een mengsel van lucht,
gasvormige ethanol en vloeibare ethanol. De vlam wordt gestabiliseerd door
een waakvlam, gemodelleerd als heet verbrand gas. Het verbrandingsmodel
dat in deze simulaties wordt gebruikt, is het Burning Velocity Model, zo ge-
noemd omdat de sluiting van de chemische bronterm plaatsvindt door middel
van de verbrandingssnelheid, vermenigvuldigd met de gradiënt van de reac-
tievoortgangsvariabele. Een goede overeenstemming wordt gevonden tussen
de experimentele gegevens en de druppelsnelheid. De oplossing van de temper-
atuur geeft echter aan dat een onderzoek naar andere verbrandingsmodellen
moet worden overwogen.

Tenslotte wordt de geforceerde respons van de verstuivingsvlam bestudeerd
met URANS-simulaties en in het laatste hoofdstuk gepresenteerd. Twee
frequentiesignalen worden gekozen als stroomopwaartse verstoring van de
gasstroom. De referentie-testcase EtF6 wordt vereenvoudigd en de vloeibare
ethanol is gëınjecteerd als een mono-verspreide spray. Het gedrag van de drup-
peltjes onder oscillaties van de gassnelheid wordt onderzocht in termen van
ruimtelijke verdeling en verdampingssnelheid, en vergeleken met het geval
zonder akoestische verstoring. De respons van de verstuivingsvlam wordt
ook vergeleken met de respons van vooraf verdampte ethanolvlammen, bij
een constante globale equivalentieverhouding. De analyse wordt zowel in het
tijd- als in het frequentiedomein gedaan en een vergelijking van de discrete
vlamoverdrachtsfunctie wordt uitgevoerd tussen verstuivings- en gasvormige
vlammen.
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1 Introduction

Energy plays a vital role in our life. The main challenge that the power
generation and aerospace industries have to face today is the mitigation of
the emissions despite the rapidly growing demand for transport and electricity.
To accomplish this target, industrial and research groups have been exploring
new sectors of sustainable energies. As a result, hydroelectricity, solar and
wind energy, and many more more renewable energies sources, have seen their
efficiency and production increased and their costs decreased through out the
years. However, the statistics on the ’world total primary energy supply by
fuel’ given by the International Energy Agency shows that a departure from
the traditional fuels seems unrealistic in the next few decades. By reading
the projected data to 2040 of primary energy supply in fig. 1.1, it appears
that combustion is likely to be the dominant energy supplying system in the
foreseeable future. A side effect of the combustion process is the emission
of greenhouse gases such as CO2, pollutants as NOx, particulates, and the
environmental issues which originate, such as acid rain and global warming.

Figure 1.1: Total primary energy supply: Outlook by fuel to 2040. The data are
expressed in Mtoe, ton of oil equivalent (1 toe = 41.87 � 109 J).

The aviation sector is one of the most active in the engagement of tackling
the global CO2 emission. In 2012 the aviation sector accounted for 3% of
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global CO2 emission, as reported by the ENVI (Environment, Public Health
and Food Safety) Committee, [3]. In 2009, the International Air Transport
Association (IATA) has set a number of goals for the air transport, amongst
which sustaining a CO2 neutral annual growth [9] and an improvement of
fuel efficiency of 1.5% per year from 2009 to 2020. To tackle these engineer-
ing challenges, the ICAO adopted in 2016 the first global scheme, CORSIA
(Carbon Offset and Reduction Scheme for International Aviation), that a
great number of aviation industries have begun to implement. Stabilizing
the emissions at the 2020 levels, aiming at a further dramatic reduction by
2050, implicates, besides a bucket of specific policies, the search for innovative
combustion technologies.

Even more urgent is the need to limit the carbon dioxide production and
greenhouse emissions in the electrical power generation sector. Based on the
global emissions of 2010, the International Panel on Climate Change (ICCP)
report assessed that the burning of coal, natural gas, and oil for electricity and
heat is the largest single source (35%) of global greenhouse gas emissions [12].
For the first time ever, in 1995, the Paris Agreement brought 195 nations
together into a common cause to combat the climate change and limit the
global temperature increase. Twenty years later, the global warming is still a
threat and despite blind policies are in the process of denying it, the majority
of the countries envision a low carbon future.

In this scenario, gas turbine engines represent an efficient and versatile
source of power in a wide variety of sectors such as power plants, aircraft
and marine transportation. Figure 1.2 shows a heavy duty gas turbine gen-
erally installed for industrial power generation, operating with a wider range
of fuels, among them bioethanol. The basic engineering concerns driving a
gas turbine combustor design are: high-combustion efficiency, low pollutants
emission, ability to burn multiple fuels and also alternative fuels, freedom
from combustion-induced instability, an uniform outlet temperature and reli-
ability, [10]. The role played by each of these design requirements depends on
the specific application, nevertheless two common principles can be identified,
and they are: low fuel consumption and low emission. For the successful im-
plementation of these objectives, conventional gas turbine power plants make
an important contribution thanks to their flexibility. This is crucial to en-
sure an efficient integration with renewable energy production and combined
cycles.

To decrease the NOx levels, the concept of lean premixed combustion
(LPM) is applied in most of the combustion systems. However, the ratio
fuel/air has to be carefully calibrated in order to not promote the CO for-
mation, which shows an opposite trend of the NOx production. Moreover,
the downside of these LPM systems is that they are prone to thermoacoustic
phenomena which can lead to combustion instability [11].

10



1.1 Low-calorific fuels applications

Figure 1.2: SGT5-4000F gas turbine of Siemens portfolio

1.1 Low-calorific fuels applications

In addition to developing new combustion technologies, the usage of sustain-
able alternative fuels will also play an important role in achieving the emission
reduction goal. Although the usage of alternative fuels in aviation represents
still a young industry, an increasing employment is seen in power supply sys-
tems. The combustion of carbon free fuels, such as ammonia or hydrogen,
and biofuels (ethanol, methanol, buthanol or biodiesel), has different charac-
teristics compared to traditional fuels and its understanding becomes crucial.

In fig. 1.3 a comparison is shown of the fuels with respect to their lower
heating value and hydrogen content. The new combustion technology of gas
turbine engines must ensure a full functionality over a wide range of lower
heating values (LHV) of liquid and gaseous fuels. The usage of low-calorific
fuels requires the injection of a larger fuel mass flow in the combustion system.
In case of liquid fuels, preheating might be necessary to lower the viscosity of
the fuel and achieve the desired spray atomization, which is one of the driving
parameters of the mixing of the reactants inside the combustion chamber.
In literature, the effect of the viscosity on the combustion performance has
been experimentally investigated in a micro gas turbine operating with a
viscous biofuel [13]. The development of biofuels in combustion systems is
receiving increasing attention from several energy supplier sectors. Ethanol
is extensively used in internal combustion engines and recently, the usage of
alcohol compounds is emerging in turbine engines for power generation and
aircraft propulsion [10]. In [8] is reported that methanol-based electricity
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Figure 1.3: Comparison of the fuels with respect to their lower heating value and
hydrogen content. Reproduced from [8].

generation is almost economically competitive with natural gas and fuel oil.

From fig. 1.3, it can be seen that ethanol has a heating value lower than bio-
diesel but higher than methanol. One of the requirements for ethanol to be
competitive in the energy market is lowering the production costs compared
to the traditional fuels. One possible way to achieve this goal is exploring the
combustion performance of hydrous ethanol over anhydrous ethanol. Several
studies have shown this path to be promising [2]. The design of a gas turbine
combustion system is a complex process, often involving numerous conflicting
requirements.

However, in the last decades, the growth of Computational Fluid Dynam-
ics (CFD) has had a major impact in understanding both the physics and
the leverage of the different techniques in the physical design of a combustor.
The research is constantly prompted into developing CFD tools capable of
modeling reacting flows, in an accurate and feasible way. One of the main
challenges to be faced within the formulation of combustion modeling is the
interaction of chemistry and turbulence, due to their different scales. Addi-
tional thermodynamic complexities arise in liquid-fueled flames, in which case
the correct prediction of the reacting field depends also on the capability of
capturing the evaporation and the spatial distribution of the injected spray.
In the field of spray flames, despite the intrinsic complexities, the numerical
analysis becomes even more significant because experimental investigations
are an expensive and difficult task. This is true in particular when flame
transient effects, such as thermoacoustic phenomena, need to be investigated.
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1.2 Research objectives

1.2 Research objectives

This thesis has been realised in the framework of the Marie Sklodowska Curie
project, COPA-GT (COupled Parallel simulations of Gas Turbine). As the
name suggests, this project focuses on the CFD of gas turbines. The basic
design of a gas turbine engine is composed of a compressor, a combustor and
a turbine. The compressor pressurizes the air, through as many stages as
are required to achieve the design pressure ratio. Afterwards, the air enters
the combustion chamber and contributes as oxidizer to the combustion of the
fuel. The hot products of combustion are directed towards the turbine, where
they expand and exit into the atmosphere. During the expansion process, the
kinetic energy of the hot gases is converted into mechanical work transferred
to the shaft to produce electric power, or converted into propulsion force in
aircraft engines. Gas turbine engines can operate on gaseous or liquid fu-
els, and their combustor design reflects the employed fuel. In case of liquid
fueled combustion systems, the processes of atomization and evaporation rep-
resent a crucial step in the combustion system performance. Spray quality
also affects stability limits and pollutant emission levels [10]. The COPA-GT
project originates from the ambitious goal to develop CFD tools able to per-
form coupled simulations of the different components of the engine by taking
into account their interactions and/or multiphysics processes. Consequently,
phenomena of heat transfer, aerodynamics, combustion, vibrations and noise
production must be all accounted for. This is a great challenge since each
physical phenomenon is critical even when studied alone.

1.2.1 Aim of the thesis

The scope of this thesis is to explore two main areas of interest:

� the combustion characteristics of ethanol as a prevaporised gas fuel in
turbulent flames;

� the forced ethanol spray flame response to fluctuations of the velocity.

All gas turbine combustion systems operate in turbulent regime. Account-
ing for the interaction between chemical reactions, turbulence and thermo-
dynamics remains a difficult task in combustion modeling, especially because
of the wide range of time and length scales involved. The modeling of de-
tailed chemistry, involving hundreds of species and reactions, is a prohibitive
approach in CFD of practical applications.

Thus, the importance to have kinetic mechanisms with a minimum number
of species and reactions involved, and a new numerical strategy that does
not solve for all the species but only for a reduced number of representative
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variables. A methodology well developed in the last few decades is represented
by the tabulated chemistry, which is based on the main assumption that the
characteristic 3D turbulent flame can be represented by means of a set of 1D
laminar flames. A well known and validated method based on this approach
is the Flamelet Generated Manifold (FGM) method, formulated by [15], [14].

In the present work, tabulation of detailed chemistry of prevaporised ethanol
and ethanol blends is applied in turbulent premixed flames. The proposed
formulation is based on a priori assessment of the reaction progress variable,
which accounts for all the time scales involved in the chemical reactions. This
procedure is well established for methane/air oxidation, as showed by [7] and
[1] and it is extended, in the present work, to ethanol oxidation. First, an
investigation of the effect of the definition of the reaction progress variable is
carried out in the laminar regime. Next, the turbulent-combustion interaction
effects are incorporated by means of a presumed-shape Probability Density
Function (PDF). RANS simulations are performed and the tabulated chem-
istry is embedded in the commercial software Ansys CFX. The capability of
this approach was tested in case of prevaporised ethanol and ethanol blends
flames.

As already mentioned, one of the main engineering concern in designing
a combustor is the stability of the flame, under both steady and unsteady
conditions. In the past decades, the study of the forced response of gaseous
flames has been at the center of great attention. Open questions still remain
to address in case of spray flames, where the good mixing of the reactants
and the heat released by the flame are strongly related to the evaporation
and the dispersion of the liquid fuel injected into the chamber. When the
spray flame is exposed to a perturbation, such can be an upstream velocity
or pressure fluctuation, the issue to address is the effect on the heat released
by the flame, the evaporation and spatial distribution of the droplets, and
the interaction between each other. A variation of the evaporation rate, as
well as of the displacement of the droplets inside the chamber, can result in
a change of the flame structure or even its position. The emissions can also
be affected by a variation of the temperature field, or of the mixing of the
fuel inside the chamber. Knowledge of the dominant phenomena in reactive
multiphase flows is crucial for developing numerical techniques which can be
used in combustor designs, to explore stationary and dynamics aspects.

1.3 Content of the thesis

An outline of this dissertation is given here.

Chapter 1: The background of this work and the motivation behind it are
presented.
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1.3 Content of the thesis

Chapter 2: The URANS equations governing the reacting fluid flows are
here presented. This chapter focuses on the modeling aspects of the turbulence-
chemistry interaction. Two approaches for the closure of the mean reaction
term are discussed. First, the chemistry tabulation process applied to pre-
mixed turbulent combustion is introduced. This combustion model is adopted
for the prevaporised ethanol simulations, chapters 3 and 4, and the governing
equations are introduced. Lastly, the Turbulent Flame Closure (TFC) formu-
lation, on which the Burning Velocity Model is based, is described. Due to
a limitation of the CFX source code, the tabulated chemistry could not be
implemented by means of user subroutines into CFX in case of spray flames
The CFX available TFC combustion model is adopted, therefore, in the sim-
ulations of ethanol spray flame, chapters 5 and 6.

Chapter 3: The methodology to project the multi-dimensional detailed
chemistry onto a single-dimensional reaction progress variable is described.
A chemical database is generated to represent the prevaporised ethanol com-
bustion. Two are the techniques adopted to define an optimal expression
of the reaction progress variable: the Computational Singular Perturbation
(CSP) method and a sensitivity analysis of the time scales, evaluated with a
Perfectly Stirred Reactor (PSR). The thermo-chemical databases computed
with these methods are compared in the cases of a freely propagating flame
and a Bunsen flame, in the laminar premixed regime and under stoichiometric
conditions.

Chapter 4: The tabulated chemistry approach is applied to mixtures of air
and pure anhydrous ethanol and ethanol blends. A freely propagating flame is
used to compare the species concentration and temperature profiles predicted
with detailed chemistry and with the CSP/PSR-based reaction progress vari-
able. The chemistry-turbulence interaction is taken into account by means of
a stochastic method.

Chapter 5: The major results of turbulent spray flames simulations are
presented in this chapter. Two flames from the Sydney experimental database
are taken as reference: EtF6 and EtF7. RANS simulations are performed,
in which the gas phase is solved as a continuum medium in the Eulerian
framework, and the spray evolution is predicted by enabling the Lagrangian
solver. The two phases interact in a two-way coupling model. The combustion
is treated with the Burning Velocity Model (BVM), available in CFX. This
model is a version of the TFC model. The effect of the boundary conditions of
the equivalence ratio at the jet exit plane are validated against the measured
droplets mean diameters, temperature and velocity profiles.

Chapter 6: URANS simulations are carried out to investigate the effects
of the gas velocity oscillations into the forced spray flame response. Two
frequencies are chosen as forcing signals to the flames: 200 Hz and 2500 Hz.
The response of a mono-dispersed spray flame is compared with the forced
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response of a pre-vaporised ethanol flame, with the same global equivalence
ratio. The main parameters of interest, which are illustrated in the results, are
the evaporation of the droplets, the temperature field and the response of the
flame in the frequency domain. The computational domain, the initial condi-
tions of gas and liquid loading of the EtF6 test-case, as well as the Lagrangian
model introduced in chapter 5, are used in this part of the work. However,
given the high number of parameters driving thermoacoustic phenomena in
spray flames, some simplifications of the boundary conditions, with respect
to the original test-case, were made. The Stokes number is kept constant at
the inlet, and the liquid fuel is injected as a mono-dispersed spray. The study
of the flame response is made via a non-dimensional characterization of some
relevant parameters.

Chapter 7: The conclusions drawn at the end of each chapter are summa-
rized here, along with guidelines for future research.

Appendix A provides a list of the reduced chemical kinetics mechanisms
used in this work.

Chapters 3 to 5 are based on manuscripts which have been published in
journals or are in the reviewing process. For this reason, there might be rep-
etitions of concepts and references.
The link between chapters and journal papers is as follows: chapter 3 corre-
sponds to reference [4], chapter 4 corresponds to reference [5] and chapter 6
corresponds to reference [6].
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2 Combustion modeling

The evolution of fluid flows can be described by a system of partial differen-
tial equations, consisting of the conservation of mass, momentum, energy and
species concentrations. In modeling combustion processes, extra terms appear
in the governing equations, which account for the chemical reactions. More-
over, the need to track the consumption and the production of the species
involved in the reactions arises. In this chapter, the URANS equations ap-
plied to reacting fluid flows are presented. In particular, it is discussed how
to tackle the closure of terms resulting from Favre averaging procedure.

2.1 URANS equations

The Reynolds decomposition and subsequent time averaging of any quantity φ
in a turbulent field produces a decomposition into a mean φ̄ and a fluctuating
φ

�

component:

φ�x, t� � φ̄�x� � φ��x, t� (2.1a)

φ̄�x� � lim
T�ª

1

T
S

T

0
φ�x, t�dt (2.1b)

with T time interval, and x spatial coordinate. In combustion processes,
where large density gradients occur, the Favre average is usually preferred
[8], [4]:

φ�x, t� � φ̃�x� � φ���x, t� (2.2a)

φ̃�x� � R T0 ρ�t�φ�x, t�dt
R T0 ρ�t�dt �

ρφ

ρ̄
(2.2b)

Applying the Reynolds decomposition and the Favre average to the balance
equations, and neglecting the action of external forces, one can obtain the
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following system of URANS equations in Cartesian coordinates xi:

∂ρ̄

∂t
�
∂�ρ̄ũi�
∂xi

� Sρ (2.3a)

∂ρ̄ũi
∂t

�
∂�ρ̄ũiũj�
∂xi

�
∂p̄

∂xj
�

∂ �τij � ρ̄Êu��

i u
��

j �
∂xi

� Su (2.3b)

∂ρ̄Ỹn
∂t

�
∂�ρ̄Ỹnũi�
∂xi

� �

∂ �Vn,iYn � ρ̄Êu��

i Y
��

n �
∂xi

� ω̇n � Sy n � 1,N (2.3c)

∂ρ̄h̃

∂t
�
∂ �ρ̄h̃ũj�
∂xj

�
Dp̃

DT
�

∂ � ¯̇qj � ρ̄
Êu��

jh
���

∂xj
� τij

∂ui
∂xj

� Sh (2.3d)

A detailed derivation of the full set of equations can be found in [7], [8]. Only
some of the aspects of the turbulent modeling in the framework of reacting
flows are analysed here. The variables Sρ, Sy, Su, and Sh represent the
source terms due to the exchange of mass (accounted in both the continuity
and species equations), momentum and heat between two phases of a mixture.
These terms appear only when multiphase flows are modeled, and they will be
discussed in Chapter 5. The averaging procedure introduces unknown quan-
tities which need to be modeled. These terms, along with the approximations
used to perform their closure, are summarised in table 2.1.

Table 2.1: Unclosed terms in Favre averaged equations and their closure approxima-
tions

Unclosed term Closure approximation Assumption

-ρ̄Êu��

i u
��

j µt �∂ũi
∂xj

�
∂ũj

∂xi
�

2

3

∂ũk
∂xk

δij� � 2

3
ρ̄kδij Boussinesq [9]

ρ̄Êu��

i Y
��

n �
µt
Sct

∂Ỹn
∂xi

gradient transport [8]

ρ̄Êu��

i h
�� - µt

Sct

∂h̃

∂xi
gradient transport [8]

Vn,iYn �ρ̄D̄n
∂Ỹn
∂xi

� �ρDn
∂Yn
∂xi

Additional terms appear in table 2.1, which need to be evaluated: the
turbulent viscosity µt (µt � ρνt) and the turbulent Schmdit number Sc. In
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2.1 URANS equations

this work, the two-equation k�ε model is used to evaluate µt, which reads as:

µt � ρ̄Cµ
k2

ε
(2.4)

The Schmidt number is assumed to be constant and equal to 0.9. A full
description of this approach can be found in standard literature, e.g. [9].
More attention is given in the next paragraphs to the species and the energy
equation.

Species conservation equation

The last term in table 2.1 represents the diffusive flux of the species Yn,
in which Vn describes the mass diffusion of species n, relative to the mass
averaged flow velocity u. The approximation used to close this term is based
on the mass diffusion coefficient Dn, and follows the Hirschfelder and Curtis
formulation [2]. A further simplification can be made by assuming that all
species diffusivities are equal: Dn � D. Under this hypothesis, the diffusion
velocity obeys Fick’s law:

Vn,i � �
D

Yn

∂Ỹn
∂xi

(2.5)

The governing equation for the species conservation becomes:

∂ρ̄Ỹn
∂t

�
∂�ρ̄Ỹnũi�
∂xi

�
∂

∂xi
��ρ̄D �

µt
Sct

�∂Ỹn
∂xi

� � ω̇n � Smp n � 1,N (2.6)

Energy equation

The enthalpy h transported in the energy equation in eq. (2.3) is the sum of
the sensible and chemical enthalpy:

h̃ �
N

Q
n�1

∆Éhf,nÈYn � S T

T0
CpdT (2.7)

where hf,n is the enthalpy of formation of the species n, and CP is the specific
heat capacity of the mixture. The enthalpy flux ¯̇qj is written as:

¯̇qj � ��λ ∂T
∂xi

� � �ρ N

Q
n�1

hnYnVn,i� (2.8)
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where the temperature gradient follows the Fourier’s law, and the radiative
flux is neglected. In practice, ¯̇qj is modeled as:

¯̇qj � �
λ

cp

∂h

∂xi
� �

λ̄

c̄p

∂h̃

∂xi
(2.9)

The second term of the RHS of eq. (2.8) is canceled by the term due to
enthalpy transport by the species gradient. When looking at the relevant
terms in the Navier-Stokes equation (before Reynolds-Favre averaging):

q̇j � �
λ

cp

∂h

∂xi
� �1 �

1

Le
� N

Q
n�1

hn
∂Yn
∂xi

(2.10)

derived by using the eq. (2.5) and introducing the Lewis number as the ratio
between the thermal and mass diffusivity:

Le �
λ

ρcpD
(2.11)

Under the major assumption of unity of the Lewis number, the contribution
of enthalpy transported by thermal and mass diffusivity cancel each other and
the second term in the RHS of eq. (2.10) vanishes.

Throughout this thesis, the hypothesis of ideal gas is assumed to be valid
and the mixtures follow the equation of state of ideal gas:

p̄ � ρ̄
RÇT
W

(2.12)

where ρ and W are the mixture density and molecular weight, and R the
ideal gas constant.

Lastly, the unknown quantity that remains to be closed is the mean reaction
rate ω̇n.

2.2 Modeling of the mean reaction rate ω̇n

The closure of the mean reaction rate in the species transport equation can be
done in several ways and represents one of the main objectives of the turbulent
combustion modeling research. The choice of the combustion model should be
dictated by the specific regime in which the combustion system operates. In
general, the reactions in gas turbine engines take place in the so-called flamelet
regime, in which the combustion is assumed to occur without interfering with
the reaction layer.

In this thesis, two combustion models based on the flamelet concept, but
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2.2 Modeling of the mean reaction rate ω̇n

with different formulations for modeling the turbulence-chemistry interaction,
are adopted. The key aspects are introduced in the following sections.

2.2.1 Tabulated chemistry

The tabulated chemistry approach is based on the concept that a turbulent
flame can be treated as an ensemble of laminar flamelets. The eq. (2.6) be-
comes computationally prohibitive when detailed kinetic mechanisms are used
and the consumption/production of a great number of species N has to be
tracked. The flamelet-based combustion model avoids the expense of com-
plex chemistry calculations on run-time, by pre-calculating a turbu-chemical
database from 1D premixed flamelets using detailed chemistry.

The reacting fluid properties are stored in the database, parametrized by a
controlling scalar, reaction progress variable c, which describes the evolution
of the reaction process. A full description of the methodology adopted to
build the tabulation, along with its applications in laminar and turbulent
combustion, is presented in Chapter 3 and 4.

The reaction progress variable variable is expressed in terms of defined
composed species mass fractions (η), and defines the whole range of the com-
bustion process, from the unburnt state (c � 0) to a fully burnt state (c � 1).
This tabulation procedure is performed by mapping the solution of a set of
1D laminar flamelets into the c-space. In the new 1-dimensional c-space, the
N species transport equations are replaced by the transport equation of one
scalar: the reaction progress variable. Consequently, the consumption rate,
ω̇n, of the species involved in the reaction is determined by the source term
of the reaction progress variable, Sc:

Sc �
PNn�1 bnω̇n
ηb � ηu

(2.13)

In the current work, the weighting factors bn, on which the definition of η is
formulated, are chosen based on an analysis performed on the chemical time
scales of the reacting species. A detailed description is given in Chapter 3.

The variable Sc in eq. (2.13) is the reaction progress variable source term
calculated in the laminar solution. The question to address, is how the tur-
bulent fluctuations can be taken into account. The interaction between the
turbulence and the chemistry is done via a statistical method, in which the
turbulent variable source terms are described by an assumed shape Probabil-
ity Density Function (PDF) [10]. Under this approach, the Favre averaged
reaction source term, ÇSc, is the PDF weighted scalar:

ÇSc � 1

ρ̄
S

1

0
ρSc�c�P �c�dc (2.14)
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2 Combustion modeling

Being P �c� the PDF of the reaction progress variable.

Result of the c̃-averaging process is an additional term: the variance of
the reaction progress variable, Èc��2. The current work focuses on turbulent
premixed combustion so the reaction progress variable is the only controlling
scalar and the fluid properties are stored as a function of c̃ and Èc��2. In the next
session, the solution strategy adopted to perform the look-up table procedure
is described.

Look-up table strategy

The turbu-chemical database is implemented into a commercial software pack-
age Ansys CFX, and a brief description of its main numerical discretization
features is given at the end of the chapter. The implementation follows the
same approach used by [5]. At the beginning of each simulation, the database
is read and stored in the memory of the program. Together with the contin-
uum, momentum and enthalpy equations, the transport equations for c̃ andÈc��2 are solved by the code. During run-time, the fluid properties tabulated
in table 2.2 are retrieved from the database, as a function of c̃ and Èc��2, via
linear interpolation. It has been shown by [3] that linear interpolation leads to
accurate results, if the c grid is fine enough. The only term in table 2.2 which
has not been introduced yet is cpj . These are the NASA coefficients, function
of temperature, which fit in the polynomial expression used to calculate the
temperature, (see eq. (4.11)).

Table 2.2: Thermo-chemical fluid properties stored in the tabulation

c̃ Èc��2 Çyn ÇSC T̄ ρ̄ µ̄ W̄ λ̄ cpj

The set of transport equations solved in the code are listed, under the
following hypothesis:

� the flow is mono-phase;

� absence of external forces, and volumetric heat sources;

� viscous heating and pressure gradients are neglected in the enthalpy
equation;

� no radiation of heat transport;

� unity of Lewis number for all the species.
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∂ρ̄

∂t
�
∂�ρ̄ũi�
∂xi

� 0 (2.15a)

∂ρ̄ũi
∂t

�
∂�ρ̄ũiũj�
∂xi

�
∂p̄

∂xj
�

∂τ effij

∂xi
(2.15b)

∂ρ̄h̃

∂t
�
∂ �ρ̄h̃ũj�
∂xj

�
∂

∂xj
�Deff ∂h̃

∂xj
� (2.15c)

∂ρ̄c̃

∂t
�
∂ �ρ̄c̃ũj�
∂xj

�
∂

∂xj
�Deff ∂c̃

∂xj
� � S̃c (2.15d)

∂ρ̄Èc��2

∂t
�

∂ �ρ̄Èc��2ũj�
∂xj

�
∂

∂xj

�
�Deff ∂

Èc��2

∂xj

�
� � ÉSc��2 � P c��2 �Dc��2 (2.15e)

The term τ effij is the sum of the laminar stress tensor and the Reynolds
stress.

The molecular diffusion term Deff results from the sum of the laminar, D,
and the turbulent, Dt, contributions:

Deff
� ρ̄D̄ � D̄t � ρ̄D̄ �

µt
Sct

(2.16)

In the transport equation of the variance of reaction progress variable, few
terms need a further clarification and they are respectively the source termÉSc��2 , the production P c��2 , and the dissipation Dc��2 :

ÉSc��2 � 2�ÈScc � ÇScc̃� (2.17a)

P c��2 � �2ρu
��

i

∂c̃

∂xi
� �2

µt
Sct

∂c̃

∂xi

∂c̃

∂xi
(2.17b)

Dc��2 � 2Ccρ̄
ε

k
Èc��2 �Cc � 1� (2.17c)

The production term is closed using the gradient assumption, and the scalar
dissipation rate of the c fluctuations is linked to a turbulent mixing time,
using a linear relaxation assumption [8].

The transported enthalpy, along with the tabulated cpi coefficients, is used
to calculate the temperature following a Newton methodology. Such iterative
procedure, uses the tabulated temperature as initial guess.

Due to a limitation of the external code, it was not possible to link the
user-defined database with the Lagrangian solver. Thus, to perform the sim-
ulations of the ethanol spray flame, a combustion model available in CFX was
used: the Burning Velocity Model (BVM).
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2 Combustion modeling

2.2.2 Turbulent flame closure

In the BVM model, the closure of the mean reaction rate is performed by
means of the turbulent flame speed and assuming proportionality of the source
term with the progress gradient [1]. A reaction progress variable describes the
transition from a non-reacted state to a reacted state and its source term is
written in this approach as:

S̄c � ρustS©c̃S (2.18)

The expression of the turbulent burning velocity st, adopted in this work, was
developed by Zimont [11]:

st � AGu
�3~4s

1~2
L λ�1~4u l

1~4
t (2.19)

where A is a modelling coefficient, G is a stretching factor which takes
into account the reduction of the flame velocity due to large strain rate, u�

is the velocity fluctuation component, and λ and lt � k
3~2~ε are respectively

the thermal conductivity and the turbulent length scale. The subscript u
indicates the unburnt mixture. The laminar flame speed sL is implemented
by following the polynomial law, function of the equivalence ratio, proposed by
[6] for ethanol. In case of partially premixed flames, an additional controlling
variable is needed to describe the local mixing between the streams of oxidiser
and reactants. This variable is called mixture fraction, f and is defined in CFX
as the mass fraction composition of the fuel [1]. Assuming equal diffusivity
for the chemical components, the transport equation of the mean mixture
fraction is written as:

∂ρ̄f̃

∂t
�
∂ �ρ̄f̃ ũj�
∂xj

�
∂

∂xj
�Deff ∂f̃

∂xj
� � S̃f (2.20)

where S̃f represents the source term due to the exchange of mass in case of
multiphase mixtures.

2.3 Numerical solution in Ansys CFX

CFX uses an element-based finite volume method to discretise the Reynolds
Averaged Navier-Stokes equations [1]. The solution variables and fluid prop-
erties are stored at the mesh nodes, which differ from the integration points.
Shape functions are used to approximate the solution fields (and their gradi-
ents) at the integration points. This is, for example, the case when, in the
Eulerian-Lagrangian framework, the properties of the continuum flow have to
be evaluated at a specific particle location. The shape functions adopted in
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CFX are tri-linear. The set of equations solved by Ansys is given in eq. (2.3).
The spatial derivatives for the diffusive terms are calculated with shape func-
tions, and the advection terms are evaluated throughout this work with a
high resolution scheme.

The time discretization is carried out with an implicit scheme, the Backward
Euler scheme. An algebraic multigrid technique is used to improve the con-
vergence rate during the iterative process of solving the system of discretized
equations.
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3 The CSP/PSR approach in reduced
chemistry of premixed ethanol
combustion

Abstract

Ethanol is a bio-fuel widely used in engines as a fuel or fuel-additive. It is in
particular attractive because it can be easily produced in high quality from
renewable resources. Its properties are of interest in many fields, such as gas
turbines applications as well as fuel cells. In the past decades, the research in
Chemistry and Engineering has put a lot of effort into a better understanding
of its gas phase chemical kinetic properties during combustion processes. This
work describes a methodology to define an optimal expression of the reaction
progress variable in the context of tabulated chemistry in laminar premixed
combustion. The choice of the reaction progress model is based on the inves-
tigation of the wide range of consumption rates of the species involved in the
reaction. Two methods are used: the Computational Singular Perturbation
(CSP) method and a sensitivity analysis of the time scales evaluated with
a Perfectly Stirred Reactor (PSR). The thermochemical databases computed
with these techniques are compared in the cases of a freely propagating flame
and a Bunsen flame, in the laminar premixed regime and under stoichiomet-
ric conditions. The influence of the chemical kinetics on the laminar flame
speed is estimated from the results of the freely propagating flame. The case
where the differences in the performances between the databases become more
pronounced is the Bunsen flame, where some databases lead to a premature
ignition prediction of the flame.

3.1 Introduction

In the past few decades, industry and research in the combustion field have
faced the challenge to improve the combustion systems in order to address
the necessity to decrease emissions of pollutants. An essential strategy to re-
spond to the environment issues was to include non-fossil fuels in the primary
energy source; this action opened the way to the investigation of the per-
formance of several alternative fuels, for example the bioalchohols (ethanol,
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3 The CSP/PSR approach...

methanol and butanol). The interest for these cleaner fuels has directed the
aim of the research to a better understanding of the fundamentals of their
chemical kinetics. [31] proposed a chemical kinetic mechanism to predict and
investigate the combustion process of methanol; work from [2] and [4], gave an
insight on the oxidation of butanol. Only a few complex kinetic mechanisms
have been proposed for ethanol combustion, for example [21] and [18]. One
of the advantages of using such fuels is their blending properties, as studied
by [3]. Both experimental ([6]) and numerical studies play a major role in
this process, but numerical analysis is especially attractive for the relatively
low cost. However, when detailed chemistry is used, the larger the size of the
kinetic mechanism, the higher the computational cost. Numerical simulations
of flames might even be prohibitive if mechanisms with hundreds of species
and reactions are taken into account. This applies specifically for turbulent
combustion. To address the problem of the computational cost, the neces-
sity of reduced kinetic mechanisms arises, as well as the need to decrease the
number of degrees of freedom of the reaction phenomena. Thus the impor-
tance of kinetic mechanisms with a minimum number of species and reactions
involved, and a new numerical strategy that does not solve for all the species
but only for a reduced number of representative variables.

In this paper, in particular, the attention is towards the usage of ethanol
in combustion, due to its properties as fuel blender, its potential in hydrogen
production for fuel cell application ([20]) and in new gas turbine applications
([26]).

Proving good agreement with the detailed mechanisms of ethanol oxidation,
[28], and [22], built a mechanism with 46 species; [25], reduced it to 38. In
CFD (Computational Fluid Dynamics), encouraging results, especially from
the computational cost point of view, were achieved when the tabulated chem-
istry approach was introduced. In this context, a thermochemical database
is built and parametrized in terms of a number of controlling variables; this
number of controlling variables usually depends on the complexity of the phe-
nomena to be studied. Transport equations of these variables are solved dur-
ing the combustion simulations and the thermal-transport properties, as well
as the source terms, are retrieved from the pre-computed database. The vari-
able describing the state of the reaction is called reaction progress variable,
”c”, which in premixed flames, in case heat losses are not modeled, is the
only control variable. A well known and validated method based on this ap-
proach is the Flamelet Generated Manifold (FGM) method, formulated by
[29] and [1]. A wide set of flames has been explored by several authors, and
with different techniques. The importance of reduced global mechanisms has
been highlighted by [5], and ethanol flames were also deeply investigated by
[17]. However, despite the look-up table technique has proven to give accurate
results, the procedure to choose the most effective reaction progress variable
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3.1 Introduction

is not well established, and, at contrary, it is often based on the intuition of
the investigator; this is especially true for fuels not as extensively studied as
the common fossil-fuels. In this work, a methodology to find a definition of
c is shown for methane and further optimized for ethanol, with the potential
to be extended to other fuels. A rigorous definition of the reaction progress
variable is not an easy task, due to the sensibility of the controlling variables
to the operating conditions, to the characteristics of the flame (premixed, or
diffusional), and in particular to the wide range of time scales involved in the
chemical reaction process. A crucial part of modeling the combustion process
is the ability to resolve in an efficient way the meaningful time scales. An
algorithm designed to select the slow and the fast time scales is the Compu-
tational Singular Perturbation (CSP) method, proposed by [14] and [8], and
further elaborated by [16] for methane oxidation. This method was used by
[22], to build a 20-step reduced mechanism for ethanol, in the context of an
In Situ Adaptive Tabulation (ISAT), a technique first developed by [24].

The CSP algorithm, which normally is used to project the space of species
created by a detailed mechanism on a low-dimensional manifold, is adopted
in this paper to optimize the expression of the reaction progress variable.

It is shown that this procedure is well established for methane/air oxidation,
as also proven by [7]. However, the present work shows some limitations of
this methodology when applied to ethanol oxidation.

Therefore, following the criterion proposed by [16], the CSP method is
combined with an analysis of the characteristic chemical time scales: this in-
vestigation is performed in a Perfectly Stirred Reactor, with the PSR package
from Chemkin-II ([12]). In a PSR environment, the reference time is given
by the extinction time and the chemical time scale is chosen to be the con-
sumption of molar concentration of the species. In this context, as made
clear by [16], it is possible to define a threshold value to separate the space
of the species between slow and steady state species. To assess the influence
of the definition of c, the tabulations are validated against freely propagating
laminar premixed flames. Predictions of the laminar burning flame, as well
as species mass fractions and temperature profiles, are compared with those
obtained with Chemkin-II ([12]). When looking at the ethanol flame, the
PSR simulations give insight in why the CSP method fails in some situations
to find an optimal expression of the reaction progress variable. The existence
of a critical time scale is found, above which the species can be classified as
dormant. When validating the tabulated chemistry, it is concluded that the
influence of the dormant species in the construction of a slow sub-domain not
only can be neglected, but has to be. Thus, the database is parametrized
with the reaction progress variable defined through the CSP method filtered
by the PSR time scale analysis. Its performance is verified against a freely
propagating and a Bunsen flame. The simulations, all in steady state and
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based on tabulated chemistry, are carried out with the commercial software
CFX Ansys. For each simulated test-case, the thermochemical database is
implemented in CFX and looked up at each iteration through an user-defined
Fortran routine. The structure of the paper is as follows: the equations de-
scribing the species evolution in a reacting flow, along with a brief overview of
the chemical reaction rate formulation, are given in section 3.2. Next a sum-
mary of the CSP theory, and its application to methane/air and ethanol/air
flames, is given in section 3.3. The sensitivity analysis of the chemical time
scales is reported in section 3.4. Finally, the laminar thermochemical database
is presented for ethanol oxidation, and validated against a 1D freely propa-
gating flame solution obtained with the Premix package from Chemkin-II and
a Bunsen flame, in section 3.5.

3.2 Chemical reacting system

The temporal evolution of species mass fractions, velocity, density and en-
thalpy, of an arbitrary compressible mono-phase reacting flow is determined
by transport phenomena such as convection or diffusion, action of surface or
body forces and variation of internal and kinetic energy. The system of equa-
tions is closed when, to the conservation equations, an equation of state is
added to establish the relationship between the state variables, in conjunction
with additional terms describing the thermodynamics and molecular param-
eters of the single species, and their production or depletion rate. The energy
and the mass balance account for the chemical reaction rate ω̇n �kg~m3~s� of
the species n. The full set of equations is described in detail and also derived
for multicomponent flows in [13] and [30]. Our focus is on projection of the
transport of all species on one or several progress variables. The transport of
the species is described by the species transport equation, as given by:

∂ρYn
∂t

�
∂�ρuiYn�
∂xi

�
∂

∂xi
�ρD∂Yn

∂xi
� � ω̇n n � 1, ...,N (3.1)

where Yn � ρn~ρ is the mass fraction of the n�th species. The Fick’s law
has been used on the diffusional velocity and the mass diffusion coefficients
of the species are approximated to the bulk diffusivity and so Dn,l � D.
The hypothesis of unity Lewis number is assumed to be valid, and the mass
diffusivity can be calculated as thermal diffusivity ρD � λ~cp, with the mean
value of the thermal conductivity, λ, and the specific heat at constant pressure,
cp. To derive an expression for the reaction rate of each n�th species, all
the elementary reactions involved in its formation, or destruction, are taken
into account. The general form describing an elementary reaction r that can
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3.2 Chemical reacting system

proceed forward and backward is:

N

Q
n�1

ν
�

nrMn
kb
X

kf

N

Q
n�1

ν
��

nrMn r � 1, ..,R (3.2)

where Mn indicates the n-th species and ν represents the stoichiometric co-
efficients of reactants ��� and products ����, defined through the total number
R of reactions. The symbols kf and kb refer respectively to the forward and
backward rate constants; for a given chemical reaction, the rate constants
depend only on temperature, through the empirical Arrhenius formulation
([13]). The law of mass action ([9]) describes the proportionality between
the reaction rate q of an elementary reaction and the concentrations of the
reactants. This proposition can also be extended to opposing reactions, and
the net reaction rate of the reaction r is given by:

qr � kfr
N

M
n�1

�Xn�ν�

nr � kbr
N

M
n�1

�Xn�ν��

nr (3.3)

where �Xn� is equal to the molar concentration of the n-th species. Finally
the net source term due to all reactions ω̇n �kg~m3~s� of eq. (3.1) can be
expressed as:

ω̇n �Wn

R

Q
r�1

�ν �

nr � ν
��

nr� �kfr
N

M
n�1

�Xn�ν�

nr � kbr
N

M
n�1

�Xn�ν��

nr	 (3.4)

where the molar concentration can be converted into mass fractions by: �Xn� �
ρYn~Wn, with Wn molecular weight of the n-th species. To ensure an accurate
evaluation of the rate constants, eq. (3.3) can be recast in terms of the equilib-
rium constant KC � kf~kb, where the ratio of kf,b is easily derived by satisfying
the thermodynamic equilibrium condition �Ẋ�nequil

� 0. All the variables
needed for the calculation of the kinetic parameters are stored in the chem-
ical reaction mechanism, built for that specific fuel oxidation, under specific
initial conditions. The closure of the source term, eq. (3.4), for each species
creates a system of ordinary differential equations (ODEs) characterized by
a wide range of time scales. Those time scales are determined by the ki-
netic reaction rates of the reactions involved in the consumption/formation
of the species. Each species evolves with its own rate, and the global reaction
involves both slow and fast processes.

τchemn �
�Xn�
d�Xn�
dt

n � 1, ...,N (3.5)
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Equation (3.5) describes the time scale of the decay, or formation, of the
concentration of a species. A fast reaction corresponds to a small chemical
time scale, and ’viceversa’ a slow reaction leads to a large value of chemical
time scale. Generally in a chemical kinetic system, the range of rates is
spread over several orders of magnitude. This physical feature translates into
a mathematically stiff system to solve ([13]). In the following section 3.3, a
method aimed to reduce the stiffness of this system is described and applied
to a laminar premixed flame. The analysis is farther investigated in the case
of a homogeneous reactor, where a characteristic time is chosen to divide the
space of the species into fast and slow domains.

3.3 CSP algorithm

The Computational Singular Perturbation algorithm is used to reduce large
detailed kinetic mechanisms. The derivation of reduced mechanisms is based
on the concept that the evolution in time of a reacting system is driven by a
small number of reaction rates. This is because after an initial transient time,
some of the species reach an invariant state, called steady-state. The CSP
algorithm identifies the steady-state species and the fastest elementary rates
associated with them; the reduced mechanism is then created by removing
those species from the original detailed scheme.

An extensive description of the CSP method can be found elsewhere ([19]).
In this section, a description is given to the key definitions of some variables.
The evolution in time of a chemical reaction results from diffusion-convection
transport phenomena and chemical kinetics. Being y the N�component vec-
tor of species mass fractions, if L is a spatial operator and ω̇ represents the
non-linear chemical source term, eq. (3.1) can be written in a compact way
as:

∂y

∂t
� L�y� � ω̇�y� (3.6)

where the chemical source term assumes the form:

ω̇�y� �W �y� R

Q
r�1

�Sr�y�Rr�y�� (3.7)

with W the species molecular weight, Sr the r-th component of the stoichio-
metric vector SR and Rr the r � th element of the R�dimensional reaction
rate’s vector. Depending on the detailed kinetic mechanism, this system of
equations usually involves a large number of species and elementary reac-
tions. The CSP algorithm aims at simplifying this system, by reducing the
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3.3 CSP algorithm

N-dimensional space of species into a S dimensional manifold:

S � N �M �E (3.8)

where E is the constant vector of E elements, and M is the number of the
steady state species associated to the fastest time scales.

The slow time scales are rate determining for the chemical process, and any
perturbation caused by the M species production or destruction rate can be
neglected. The fast species are exactly the ones identified by the so-called
CSP pointers. For the construction of the global reduced mechanism, the
species space is divided in a set of three linearly independent N-dimensional
column basis vectors ai:

ar � �a1, .., aM � (3.9a)

as � �aM�1, .., aN�E� (3.9b)

ac � �aN�E�1, .., aN � (3.9c)

and in their dual N-dimensional row vectors bi � a�1i , �i � r, s, c�. Equa-
tion (3.6) can be rewritten as:

dy

dt
� L�y� � arbrω � asbsω � acbcω (3.10)

and further simplified under the constraint of conservation of E elements
which leads to �biWSr�Rr � 0, for i � 1, ...E and r � 1, ...R:

f c � bcω � 0 (3.11)

The products in the summation Paif i are called modes, and the terms ai,
f i are referred to as the direction and the amplitude of the i � th mode,
respectively ([15]). Let two sets of orthonormal a0, b

0 be initial guesses and
J the Jacobian of the source term:

Jij �
∂ωi
∂Yj

(3.12)

The CSP N-dimensional vectors ai and bi are expressed as follows:

ar � Ja0rτ
0
0 (3.13a)

bs � b0s�I � arb0r� (3.13b)

br � τ0b0rJ (3.13c)

as � b
0s�I � arbr�a0s (3.13d)
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with τ00 � �b0rJa0r��1 and τ0 � �b0rJar��1. The CSP pointers introduce M
algebraic equations that satisfy:

f r � �biWSr�Rr � 0 i � 1, ..,M r � 1, ..,R (3.14)

The next step is the evaluation of the fastest rates of the elementary reac-
tions involved in the depletion of those M species. Afterwards, the constant
matrices bi can be calculated:

b̂r � �IM�M ,OM�N�M � (3.15a)

b̂s � b̂s0�IN�N � âr b̂
r� (3.15b)

where the M �N -dimensional column vectors in ar are expressed as:

ar �WSr�brWSr��1 (3.16)

Sr is a N �M matrix where the stoichiometric vectors of the selected M
fastest reactions are stored. bc represents the E � N matrix of the molar
species element composition. Finally, the matrix ai is obtained from:

â �

<@@@@@>
b̂r

b̂c

b̂s

=AAAAA?

�1

� �âr âc âs� (3.17)

Finally the species domain can be separated into the slow �s� and the fast�r� subspaces.

3.3.1 The CSP pointers

It becomes clear now that a representative numerical solution of a reacting
system is needed to collect the necessary information on the reaction rates
and on the species mass fractions. A 1D freely propagating premixed laminar
flame is solved with the software Chemkin Premix. The initial composition is
a stoichiometric mixture of air and prevaporised ethanol burning at constant
atmospheric pressure. The thermochemical and transport properties required
for the flame computation are taken from the San Diego kinetic mechanism,
which counts 50 species and 43 reactions ([27]). The governing equations are
discretized on a grid, initially coarse, refined during the calculation where the
highest gradients occur. When a final solution is found, profiles of species
mass fractions and temperature are available as functions of a spatial axial
coordinate, x�cm�, which goes from 0 at the cold boundary condition, to the
user-defined computational end xend. In the species domain, the CSP vectors
are used to select those which can be classified as steady-state species. Thus,
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3.3 CSP algorithm

the flame solution is integrated in the CSP algorithm and the local pointers
are calculated for each point of the flame grid, as the diagonal components of
brar:

Di
�
Diag�aibi�
Pi bikaki

(3.18)

with i � 1, ..,N and k � 1, ..,M . The trace elements are normalized to sum
to 1, and the pointers closest to unity identify the steady-state species. A
generic flow field solved by Chemkin is shown in fig. 3.1; the profile of the
reactants and an intermediate species concentrations are plotted along with
the temperature, against the spatial grid. Subsequently, the local pointers
obtained by eq. (3.18) are plotted for three selected species of interest.

Figure 3.1: General form of the chemkin laminar flame solution

Figure 3.2a gives a clear example of a species participating only in a fast
subspace. The local pointer assumes a constant unity value on the entire
flame evolution and so C2H2 represents a good candidate as a steady-state
species. When looking at fig. 3.2b, one can conclude that also C2H5OH is
a steady-state species; that is the case only when the mechanism is reduced
to 1 � step, but it cannot be generalized. The reaction zone is limited to
a small part of the domain, where the local pointer is infact null. There
the C2H5OH is intuitively a major species. Downstream the flame front,
the fuel is consumed at high rate, and the pointer assumes unity value. In
fig. 3.2c it can be seen that the CO pointer �DCO� is equal to one only in
a restricted portion of the domain, corresponding to the ”pre-reaction” zone;
this behaviour is characteristic of a non-steady state species. As highlighted
by [19] looking only at the CSP local pointers does not always give complete
information on the behaviour of the species. As shown in fig. 3.2, at each
point more than one species can be marked as steady or, in other words, the
eq. (3.18) assumes several values when pointing at one species along the grid.
Moreover, when defining a ’locally’ steady state set of species, the number
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(a)

(b) (c)

Figure 3.2: Local pointers for C2H2 (a), C2H5OH (b), CO (c) for S � 6, φ � 1.0
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Table 3.1: Major species as function of φ obtained by integration expressed by
eq. (3.20)

φ � 0.4 O2 CO2 CH4 S-CH2 CH C2H4OOH C2H4O N-C3H7 C3H6OOH
φ � 1.0 CO2 CH3O C2H4OOH C2H4O CH3CO CH3CH2O I-C3H7 N-C3H7 C3H6OOH
φ � 1.8 CO2 T-CH2 S-CH2 CH C2H4OOH C2H4O HCCO C2H C3H6OOH

of steady state relations and the CSP vectors ai and bi are y-dependent.
Characteristic of a global reduced mechanism, instead, is that a unique global
pointer is associated to each species, and the vectors ai and bi have constant
components. The local pointers, weighted with the mole fraction, X, and the
net production rate of each species qi, are integrated over the spatial length,
L, of the 1D flame:

Ii �
1

L
S

L

0
Di 1

Xi � ε1

SqiS
SqimaxS � ε2dx (3.19)

The ratio qi~qimax ensures that the reaction rate is accounted for where it is
meaningful; ε1, ε2 are small numbers preventing floating points. Based on
eq. (3.19), the species with the largest values of Ii are selected as steady-
state species. The importance of the terms that form the integral eq. (3.19)
is extensively analyzed by [19], for a stoichiometric CH4~air flame. In their
work it is argued that the set of major species becomes unrealistic when terms
X and qi are discarded from eq. (3.19). That argumentation is extended here
to the case of a C2H5OH~air flame. The importance of the correct form of
integration of the local pointers is shown in the following table 3.1 for a lean,
stoichiometric and rich mixture. For sake of clarity, �I� stands for inert species
and �S �CH2� and �T �CH2� for singlet and triplet methylene, respectively
([28]). As will be discussed in detail in section 3.3.2, besides the inert species,
the major reactive species involved in the oxidation are always CO2, H2O, O2

or CO. However, when only the local pointer is integrated along the domain,
and the global pointer Ii is written as follows:

Ii �
1

L
S

L

0
Didx (3.20)

the resulting reduced mechanism is formed by species evolving with very small
chemical timescales. As an example, one of the reactions assumed to be rate
determining is:

0.636C2H � 0.273C3H6OOH �A 1.000T �CH2 � 0.545HCCO
which however involves species whose concentration in the burnt mixture is
negligible. In table 3.1 the major species are listed, besides the inert species
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which are included but not shown in the table. It is clear that some of these
species, such as C3H6OOH or S-CH2, are not suitable choices to represent
the subspace of slow species. In fact, these species are relevant only close to
the reaction zone and their time scales is negligible when compared to other
species. Applying eq. (3.20) leads to a misunderstanding of the SS species.
When the steady-state species have been selected, the rates of the elementary
reactions involved in the consumption of those species are integrated along the
numerical grid; the highest the integral, the fastest the elementary reaction.
Finally, having obtained the set of steady state species and fastest reactions,
the original mechanism can be reduced to a S-step mechanism.

3.3.2 Number of global steps

Aim of the CSP algorithm is to select a set of S global steps which can
accurately represent the original scheme of reactions. Chosen the kinetic
mechanism, inputs for the CSP algorithm are: a numerical solution of a
laminar flame and the number �M� of steady state species. When the last
is fixed, recalling eq. (3.8), the number of global steps S is consequently
determined and viceversa.

In the San Diego mechanism: E � 6 and N � 50; when varying the number
of global steps for example between 6 and 1, we can obtain a reduced mech-
anism with M � 38 and M � 43, respectively. When the degrees of freedom
of the system decrease, the numerical calculations become faster, especially
when the turbulence chemistry interaction is also treated, at the cost of a
reduced accuracy. The choice of the number of global steps is a crucial step,
but there is not a general criterion to follow.

In fig. 3.3, an example is given of the values of the global pointers obtained
for a 6-step reduced mechanism, via the eq. (3.19). For sake of clarity, the
names of the species are not included in the figure, but the region correspond-
ing to the slow species is highlighted.

As previously explained, the higher values of the pointers correspond to
those pointing at the steady state species.

To assess the influence of the equivalence ratio on the chemistry involved
in the reduced mechanism, the global pointers of the species are plotted in
fig. 3.3 for lean, stoichiometric and rich condition. It can be seen that it is
always possible to determine a threshold value based on which the species
can be classified as slow or fast. The majority of the species is concentrated
where the points agglomerate into a quasi-flat curve, which corresponds to
the species in steady state. The area of the graph where Ii D 1 corresponds
to the group of the slow species.

When the mixture becomes very rich, as shown in table 3.2, the C-2 chain
becomes dominant over OH. Also, the initial fuel ethanol is not in the list
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3.3 CSP algorithm

Figure 3.3: Global pointers for a lean, rich and stoichiometric ethanol/air oxidation,
for S � 6.

Table 3.2: Major species as function of φ, for S � 6

φ � 0.4 N2 AR HE O2 OH H2 H2O CO CO2 CH4 C2H4O C2H5OH
φ � 1.0 N2 AR HE O2 OH H2 H2O CO CO2 CH4 C2H4O C2H5OH
φ � 1.8 N2 AR HE O2 H2 H2O CO CO2 CH4 C2H4 C2H2 C2H4O

of the major species, meaning that its depletion rate is not rate determining.
This can be explained by the excess of fuel in rich conditions. It is also in-
teresting to notice that the 12 non steady species for φ � 1.0 and φ � 0.4 are
the same. The following table 3.3 reports the major species identified when
the number of global steps is equal to four. To the knowledge of the authors
there is not a systematic analysis of the optimum number of global steps for
an ethanol flame. Of course the necessary number of global steps to describe
the combustion chemistry depends on the targeted system description: is this
about ignition, flame burnout or pollutant emission. In this paper, the con-
struction of a single-step global mechanism is aimed at mapping the chemical

Table 3.3: Major species as function of φ, for S � 4

φ � 0.4 N2 AR HE O2 H2 H2O CO CO2 C2H4O C2H5OH
φ � 1.0 N2 AR HE O2 H2 H2O CO CO2 C2H4O C2H5OH
φ � 1.8 N2 AR HE H2 H2O CO CO2 CH4 C2H4 C2H4O
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Table 3.4: Major species for φ � 0.4,1.0,1,8, � (S � 1), Z (S � 2), a (S � 1 and 2)

φ � 0.4 φ � 1.0 φ � 1.8

N2 a a a

AR a a a

HE a a a

O2 a a

H2O a a a

CO2 a a a

CO Z Z a

H2 Z

C2H4O a a a

evolution of the reacting system into a 1 � reaction progress variable space,
while the detailed chemistry is handled by the pre-computed database.

The table 3.4 is the list of the �N �M� non steady state species, when the
number of global steps S is 1,2 or both. The two sets of species differ from
each other especially at rich condition, while towards the lean mixtures they
have in common most of the species, with the exception of CO. However,
the chemistry of the C-chain is present by means of CO2, and it can be
assumed that fixing S � 1 might lead to the same grade of accuracy when
S � 2. As observed, the reduced mechanism is related to the specified initial
conditions, and so it represents a safe choice when treating premixed flames.
When liquid fuels are used, however, the regimes of combustion are only
partially premixed-like. Thus, the applicability of the same global mechanism
to a broader range of mixtures fractions represents a main assumption. This
hypothesis is based on the observation that the reaction will mainly occur
within the stoichiometric flamelet; also, looking at the above tabulated list of
fast species, the species O2, H2O and CO2 are always identified as the major
ones at the lean/stoichiometric side.

One of the advantages of the CSP method is that the derivation of the
global mechanism is a mathematical process, which does not require a par-
ticular expertise of the user on the kinetic schemes. However, as found by
De Jager in [11], a correct mathematical solution for the bi (eq. (3.13)) does
not always ensure a correct physical behaviour. The physical meaning of the
CSP bi vectors cannot be investigated a-priori, and only the performance of
the reduced global mechanism can be tested. When the species listed in ta-
ble 3.4 are used to map the flame domain from the spatial x coordinate of the
1D laminar flame, to a parametric c space, there is not a 1 to 1 relation be-
tween the temperature and the species composition with the reaction progress
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3.4 Analysis of chemical time scales

Figure 3.4: Temperature and source term profiles stored in the database obtained
with CSP algorithm

variable. Instead, the combination of species mass fractions composing the
c should ensure a 1 to 1 relation of all the variables to c. An example of a
non-physical feature shown by the database is given in fig. 3.4.

This is in contrast with CH4 combustion and is a sign of an inaccurate se-
lection of the steady state species. A further investigation is therefore carried
out with the Perfectly Stirred Reactor (PSR) method. Section 3.4 shows that
only by using the PSR method it is possible to obtain a unique behaviour of
the reacting flow’s properties.

3.4 Analysis of chemical time scales

The characteristic chemical time scale describing the consumption rate of the
species involved in a reaction is expressed by eq. (3.5). When τchemn is small
compared to a reference time in the reactor or across a laminar flame, the
corresponding reaction is in equilibrium and the species can be seen in steady
state. Referring to previous work from [16] and [22], a homogeneous reacting
system, where the diffusion time does not play a role, is chosen to identify the
characteristic chemical time scales of the species. In such environment, the
conservation of the species can be written as eq. (3.6) where the transport
effects described by the first RHS term go to 0:

∂yn
∂t

� �ω̇n�slow � �ω̇n�fast (3.21)

Equation (3.21) represents a stiff system, where the division of ω̇n between
slow and fast subspaces is only related to the change of species concentrations,
given the residence time and the initial conditions of pressure and tempera-
ture. This implies that only the chemical properties of the mixture are taken
into account. Another advantage of using a homogeneous reactor is the ab-
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3 The CSP/PSR approach...

(a) psr analysis of present work (b) psr results reproduced with permis-
sion from [16]

Figure 3.5: Normalized characteristic time versus residence time of stoichiometric
CH4~Air flame, evaluated with PSR

sence of gradients which usually develop across the flame front, and therefore
the possibility to describe the life time of the species with a single time scale.

A set of simulations is run in the Perfectly Stirred Reactor �PSR� with the
objective of selecting the fast and slow species. A series of simulations of the
ethanol/air reaction are performed; at each simulation, the residence time is
manually decreased to identify the extinction time: the minimum residence
time below which the reaction does not occur. The maximum residence time
is imposed as representative of the equilibrium conditions. In a laminar flame
the species concentrations evolve along a spatial coordinate. But in the case
of a homogeneous system, like the PSR, where the reactants/products are
uniformly distributed inside the reactor, the species concentrations are just a
function of the residence time.

Based on the discussion argued by [16], the variables evaluated in the
present approach are: the chemical time scales of the species and a reference
characteristic time index of the evolution of the reaction, that is subsequently
used to normalize the calculated specie’s chemical time scales. As reference
time is chosen a well defined time scale in the PSR: the extinction time. The
extinction time is defined as the minimum residence time, τres, for which the
reactions can take place under specific initial conditions. It only depends on
the composition and temperature of the input flows. First, the results re-
ported in [16] on a CH4~air flow into a PSR are reproduced and shown in
fig. 3.5, where the non-dimensional time is plotted against a range of resi-
dence time. There is good agreement with the data of this paper, fig. 3.5a,
and what is found in [16], fig. 3.5b. The reaction reaches equilibrium condi-
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3.4 Analysis of chemical time scales

(a) Steady-state species (b) Slow species

Figure 3.6: Normalized characteristic time versus residence time of stoichiometric
C2H5OH/Air flame, evaluated with PSR

tions at residence time of 10s as can be concluded from the flat tail of the
curves. The best candidates for steady state species are those associated with
the smaller chemical time scales, for example C2H, C2H5 and C2H6. It can
be observed that the magnitude of the normalized time scales for species in
fig. 3.5a deviates from fig. 3.5b. The reason might be found in the fact that
the PSR analysis by Lu is carried out with the Gri 3.0 mech. The same ap-
proach is used to identify the steady state species for ethanol/air oxidation.
Also, it is assumed that the combustion will take place, especially in case
of liquid fuel, near the stoichiometric conditions, and so steady state species
found under a certain condition are kept for the whole range of flammability.
Normalized time scales of fast and slow species are shown in fig. 3.6. It is
clear that the time scales of the radicals, or intermediate species are shorter
than the products or major species. In fig. 3.6 it can be seen that, for short
residence time, the time scales increase with the extinction time, and they
do not change anymore after τres reaches value of 10s. Eventually, at large
residence time, �τres AA 100s�, all species can be assumed to be in chemi-
cal equilibrium and the distinction between fast and steady species becomes
meaningless. Thus, the area of the graph of major interest is the one lim-
ited by the extinction time and �τres @ 100s�. The species characterized by a
small time scale, �tnorm��� @@ 1� in fig. 3.6a, are good candidates for being
steady state species. This criterion matches the results obtained by the CSP
pointers. Some of the species suitable to represent the global reaction are
depicted in fig. 3.6b, as slow species. What is also found here is that one of
the species �C2H4O� pointed as slow by CSP has a normalized chemical time
scale much bigger than the others ��tnorm�C2H4O��� AA 1�. The reaction rate
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of such species is not in the period of interest, and even if its mode is not
exhausted, it is negligible. The information obtained by the PSR analysis is
used to manually exclude the species C2H4O from the set of the slow species.
This is done by assigning a value of global pointer much higher than 1 in
the CSP algorithm. The final set of slow species used to construct the global
mechanism is now given by: the inert AR, N2, HE and the major species:
CO, CO2, O2 and H2O. This scheme is mathematically correct and also
physically valid, as will be demonstrated in section 3.5.

3.5 One-dimensional laminar database

The reduced manifold moves in a new sub-space where the chemical rates are
determined by timescales associated to the N �M species. Recalling that
the only term of eq. (3.10) which plays a role in the chemical source term is
fs � asb

sω, let η be a composed species defined by:

ηi �
N

Q
k�1

�bik WWk
�Yk (3.22)

where the CSP b̂i vectors are weighted in terms of mass with W being the
mean molecular weight of the mixture, and Wk the molecular weight of the
k-th species. As stated above, br is associated with the fast timescales, so in
the space of the composed species, eq. (3.10) can be cast as:

dηs

dt
� L�ηs� � fs (3.23a)

dηc

dt
� L�ηc� (3.23b)

brω � 0 (3.23c)

and the M components yn of vector Y corresponding to the fastest timescales
are identified as steady-state species. As previously mentioned, a definition
of the reaction progress variable, c, is needed to represent the evolution of
the combustion from the flame coordinate or PSR time coordinate solved by
Chemkin to the rpv-space. A definition of c can be based on:

η �
N

Q
k�1

bkYk (3.24)

In eq. (3.24), η is the composed species mass fraction and it is defined ac-
cording to a weighting factor bk, which is optimised using CSP. Finally, the
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3.5 One-dimensional laminar database

reaction progress variable can be written as follows:

c �
η � ηu
ηb � ηu

(3.25)

with eq. (3.25) the reacting domain is covered from the unburnt side �c �
0�, u, towards the burnt region �c � 1�, b. A comparison is made between
the b-vector obtained with the CSP method, bcsp, and a set of user defined
combinations of species mass fractions. Results are shown in the following
section.

Choice of the reaction progress variable

A parametric combination of the mass fractions of some species is often used
to define a reaction progress variable. The question is how to choose this set
of weight factors for the species, and an answer is given here by observing
fig. 3.6b. The species which are in the range close to unity of the normalized
time scale are the most suitable to represent the evolution of the reaction. A
few combinations of weights for CO2, CO, H2, H2O and O2 have been tested,
leading to the following final sets of the b-vectors:

� b1 � �bCO2 � 2, bCO � 1, bH2O � 0.05, bO2 � 0.05�
� b2 � �bCO2 � 2, bH2 � 0.05, bH2O � 0.05�
� b3 � �bCO2 � 2, bCO � 1, bH2 � 0.05�
� b4 � �bCO2 � 2, bCO � 1�

The weight for the species not mentioned in the list above are null. In fig. 3.7
the source term of the reaction progress variable obtained with the four def-
initions of b-vector and bcsp is plotted. All five definitions of b give a very
similar profile of the temperature, which is almost linearly increasing with the
reaction progress variable. For sake of clarity only the csp-based temperature
curve is shown in fig. 3.7. Referring to the first and second definition of b,
some inaccuracy can be observed in fig. 3.7, at c � 0, where the source term
is not vanishing. A very small negative value of the source term, at c � 0, is
also noticed in the database built with b2�CO2,H2,H2O�. As stated in [7] for
a CH4~air flame, a less steep curvature of the source term is beneficial when
turbulence is treated, and assumed shape PDF-integration is used. The vec-
tors b1 and bcsp show the source term with a maximum value lower than the
one built with b3�CO,CO2,H2� and b4�CO,CO2� especially towards higher
values of c. It is interesting to see how the contribution of H2 makes the profile
of the source term smoother and spread over a large range of c. On the other
hand, when more weight is given to CO and CO2 the source term appears

47



3 The CSP/PSR approach...

Figure 3.7: Source term of all b vector databases and temperature profile obtained
by bcsp

sharper and narrower. A b vector gives a good result for the projection of the
detailed chemistry when it satisfies the condition of a 1 to 1 projection and
leads to a source term which has a Gaussian shape as a function of progress
variable, as opposed to δ shape. Both b vectors b2 and bcsp satisfy these two
conditions. But, b vector b2 was obtained by intuition combined with trial
and error, while the b vector bcsp was obtained systematically without any
further tuning. The listed definitions of b, and so of the reaction progress
variables, are used to simulate the chemical reactions of a premixed 1D lam-
inar flame, and a Bunsen flame. The look-up database is built and retrieved
at each iteration by the solver, prior to solving the transport equation of the
reaction progress variable. The tabulation is made by mapping all the flow
properties over an equidistant grid of c, made of 100 points.

3.5.1 1D freely propagating flame

The calculated one-dimensional database is tested imbedded in CFX against
the solution of a 1D freely propagating flame obtained with Chemkin Premix.

A stoichiometric mixture of air and ethanol burns at p � 1atm and Tinlet �
300 K. The 1D laminar database described in section 3.5 is implemented in the
commercial CFD code, Ansys CFX. The CFD code solves for the momentum,
continuity, enthalpy equations and for the additional transport equation of the
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reaction progress variable:

∂ρc

∂t
�
∂�ρuic�
∂xi

�
∂

∂xi
�ρD ∂c

∂xi
� � ω̇n n � 1, ...,N (3.26)

At each iteration, the value of c is calculated from eq. (3.26), and the proper-
ties of the fluid and the chemical source term are retrieved from the database,
via linear interpolation. The calculated c will fall in an interval of two known
points in the database, c0 and c1. The interpolated value of the variable of
interest is calculated as a weighted average between the values given by c0 and
c1. The weights are given by the distance from those points, such that the
closer point has a bigger weight. The thermochemical mechanism used for the
simulations carried out with Chemkin and CFX is the San Diego mechanism,
which includes 50 species and 43 elementary reactions. The Chemkin final
solution is found on a non-uniform grid of 516 points, and the Lewis number
is taken equal to one. The grid domain discretized in CFX is a uniform 70000
nodes mesh, and also in this case the differential diffusion is not modeled.
The laminar flame speed, SL calculated with Chemkin Premix is assigned as
boundary condition; its value is 35cm~s, lower than the velocity measured by
[10] �� 40cm~s�. The discrepancy is caused by the unity of Lewis number,
as also noticed in [23] for the case of a methane flame. The flame modeled
with the csp-based b vector and with b2�CO2,H2,H2O� and b4�CO,CO2�,
is stable when SL � 35cm~s is prescribed to the cold flow at the inlet. The
databases built with b1�CO2,CO,O2H2O� and b3�CO2,H2,CO� predict the
same results only when increasing the velocity at the inlet by 8%. When
SL � 35cm~s, a flash back phenomenon is observed. In fig. 3.8 the profiles of
the temperature and some species are plotted, to compare the performance
of the thermochemical databases in combination with CFX against the solu-
tion obtained with Chemkin Premix. Only the results from b4 are compared
with bcsp and Chemkin Premix, since the vectors b1, b2 and b3 show a similar
behaviour of b4.

The source term being not equal to zero at c � 0 is not affecting the be-
haviour of the major species, or the temperature. Despite species such as
CO and OH are well modeled, the effects on the calculation of intermedi-
ate species would have to be further investigated. The csp, b2 and b4 -based
databases perform well in the 1D premixed flame. The b1 and b3 vectors lead
to similar results, but different ignition behavior can be expected.

3.5.2 Premixed laminar Bunsen flame

A second test of the performance of the databases is made by studying a
premixed pre-vaporised ethanol-air Bunsen flame. The results are compared
with a numerical analysis made by [22], carried out with a 20-step ethanol
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Figure 3.8: Profiles of Temperature, YC2H5OH and intermediate species
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reduced kinetic mechanism and a detailed mechanism consisting of 46 species
and 235 reactions [27]. The inlet of the burner is 0.2cm wide and the length
between the inlet and side-wall is 0.1cm wide. The length of the domain
from the horizontal wall to the outlet plane is 0.4cm; the walls are treated as
adiabatic. The mixture of ethanol/air is injected at 1.0m~s with a laminar
plug flow profile, as in the reference simulations [22]. In fig. 3.9, fig. 3.10
and fig. 3.11 the temperature, CO mole fractions and chemical source term
respectively are plotted.

(a) bcsp (b) b3�CO2,H2,CO�

Figure 3.9: Temperature [K] contours

In fig. 3.9a the temperature profile predicted by the csp-based database is
shown; the b2� and b4�databases, not reported for sake of brevity, predict a
very similar field. The peak of temperature is reached at around 0.3cm from
the ignition plane. A qualitative comparison can be done with the results
found in [22], where the tip of the flame is located between 0.18cm and 0.25cm
from the ignition plane. On the other hand, it can be seen in fig. 3.9b that the
b3 database, as well as the b1 not shown here, lead to different results. The
flame does not settles itself at the end of the duct but it stabilizes upstream in
the inlet duct. Of course a similar prediction of the the CO mole fraction and
the RPV source term can be observed respectively in fig. 3.10c and fig. 3.11c.
The faster ignition suggests an over-prediction of the laminar flame speed
when using the b1 and b3 databases in the calculation. However, the shape
of the cone in fig. 3.9b appears to be less steep when compared to fig. 3.9a.
This is probably due to the fact that where the flame (fig. 3.9b) attaches, the
flow crossing the flame front is blocked by the wall of the duct. In fig. 3.10
and fig. 3.11 the flow field predicted using the b2 database is also shown. In
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(a) bcsp (b) b2�CO2,H2,H2O� (c) b3�CO2,H2,CO�

Figure 3.10: CO mole fractions [-]

(a) bcsp (b) b2�CO2,H2,H2O� (c) b3�CO2,H2,CO�

Figure 3.11: Source term �kgm�3 s�1� contours

52



3.6 Conclusions

fig. 3.10b it can be seen that CO is gradually increasing across the flame.
Instead, fig. 3.10a, which has the same behavior of the b4 case, shows a higher
gradient of CO. This is confirmed also by looking at fig. 3.11, where the csp-
database (fig. 3.11a) produces a sharper increase of the source term across
the reaction zone, than the b2 case. This flow prediction matches the results
obtained on the 1D laminar flame, explained in section 3.5.1. Referring to
fig. 3.7, it can be seen that the b2�CO2,H2,H2O� source term spreads over a
wider range of the reaction progress variable, and reaches a lower maximum
value.

3.6 Conclusions

An optimization of the reaction progress, c, under the tabulated chemistry
approach has been performed, and its effects on laminar flame calculations
investigated. In this work, the reaction progress variable describing the evo-
lution of the reacting system is defined as a combination of the species mass
fractions involved in the kinetic mechanism. In such expression, the weight of
each species is calculated with the CSP method; in particular, this algorithm
is applied for an ethanol/air mixture. Besides the thermochemical properties
characterizing the kinetic mechanism, the main input of the CSP algorithm
is a numerical solution of the reacting system. A 1D freely propagating pre-
mixed laminar flame is solved with Chemkin Premix and the solution is passed
into the CSP algorithm. This methodology has proven to give good results
in the case of methane oxidation. However, it leads to unsatisfactory results
when applied to a more complex fuel such as ethanol. As suggested by the
work of [16], an adequate choice for the CSP input data is represented by
the time scale analysis performed with the PSR. Within the PSR, the trans-
port processes are not taken into account and the steady-state species can
be selected only based on the chemical time scales. A stoichiometric mixture
of methane/air is first used to compare the results shown by [16]; subse-
quently, the efficiency of this approach has been tested with the ethanol/air
mixture. A sensitivity analysis of the consumption rate has been performed
with the PSR method and the species have been divided in three groups: fast
(steady), slow and dormant. This information has been used to manually
correct the set of major species indicated by CSP, in particular by neglect-
ing the species (dormant) whose time scale was out of the range of interest.
The so obtained laminar chemical database, was then validated against freely
propagating premixed laminar flames and premixed Bunsen flame. An ad-
ditional set of databases built without the usage of CSP method has been
also used for comparison. In total five databases have been assessed and the
CSP/PSR based reaction progress variable leads to satisfactory results, with
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the main advantage that the chemical database can be created following a
clear, systematic and established procedure.
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3.7 Appendix

In fig. 3.12 part of the output given by the CSP algorithm is shown. In
particular, the species listed in the kinetic mechanism, the steady state species
selected by CSP/PSR analysis and the weight coefficients composing the bcsp
vector.
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4 Prediction of turbulent premixed
combustion of
ethanol/water/iso-octane blends

Abstract

Numerical simulations of laminar and turbulent reacting flows in premixed
combustion regime were performed for fuel blends composed of ethanol, water
and iso-octane. A combustion model based on tabulated chemistry, in the
flamelet regime, was adopted. A systematic definition of the reaction progress
variable is made with the Computational Singular Perturbation algorithm
(CSP) and a sensitivity analysis of the chemical time scales. Four blends of
fuels are chosen to test the suitability of the combustion model, with air as
the oxidiser. The chemistry tabulation of each mixture is validated against
the solution of a laminar flame obtained via detailed chemistry. The laminar
flame speed and the species concentration in flames of pure ethanol, wet
ethanol (E70W30), iso-octane and ethanol blended with iso-octane (E85) are
discussed. To investigate the performance of the combustion model in the
framework of an industrial application, a lab-scale premixed jet flame is used
as test case. A look-up table is created and embedded in the commercial
software CFX Ansys, in which RANS simulations are performed. It is found
that the anhydrous and wet ethanol have the highest laminar burning velocity,
however their reaction rates in the turbulent regime are slower than the iso-
octane flames. A qualitative comparison is made with experimental data
of a methane/air jet flame and satisfactory results were found, based on an
analytical RPV (reaction progress variable) definition.

4.1 Introduction

Ethanol represents an attractive alternative fuel to reduce both the global
heating issue and the fossil fuel depletion. The bio-fuels production and ap-
plications in internal combustion engines is reviewed in [1], where it is claimed
that the transportation and agricultural sectors, as major consumers of fossil
fuels, can benefit from the usage of bio-diesel and bio-ethanol. In Europe
wheat and sugar beet are the main crops grown for bio-ethanol production
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[7]. The chemical and physical properties of ethanol are well defined and
an extensive literature exists on its production, atomization characteristics
and combustion performance. Each application has to be evaluated case to
case because several factors play an important role in determining whether or
not the bio-fuels application is economically viable and efficiently performing.
One of these factors is certainly the environmental impact of the bio-fuel’s
feedstock, however the global assessment of the bio-fuels life cycle is out of
the purpose of this work. Thus, besides the analysis of the fuel sources, the
areas of major concern of interest for a wide range of research are: the fuel
production and distribution, its combustion performance and a fundamental
study of its burning characteristics. By investigating different aspects, the ex-
perimental and numerical works share the common goal to achieve a positive
energy balance of ethanol production and consumption.

An intermediate step of the ethanol production through fermentation is
an ethanol-water mixture. The process of water removal, called distillation,
is carried out with an energetic cost which scales linearly with the quantity
of removed water up to 20%, [14] and [18]. After that point, the energetic
expenses increase exponentially. When the azeotrope mixture is reached, cor-
responding to a concentration of ethanol-in-water equal to 96%, a dehydration
process is used to obtain anhydrous ethanol. The usage of wet ethanol, so
called when the amount of water is greater than 5% by volume, has the ad-
vantage to contain the production price of the fuel and its cost. However,
it causes an inhibition of the heat release rate per kg fuel and, for the same
amount of output power, the addition of water causes an increase of volume
and chimney loss.

A great effort has been put on understanding to what extent the content of
water can be increased without lowering the combustion efficiency. [19] shows
that a HCCI engine can run on a mixture of 35% ethanol and 65% water by
volume, while keeping high thermal efficiency and low levels of NOx emissions.
An optimum usage of wet ethanol was also found by [28] in a HCCI engine us-
ing exhaust heat gas recovery. The efficiency and emissions of hydrous ethanol
have been explored experimentally by [21] in a small SI engine for a genera-
tor. An analysis of both energy performance and cost of a direct injection SI
engine fueled with anhydrous and hydrous (10% water content) ethanol has
been carried out by [16]. Different fuel blends were tested and numerically
simulated by [2] in SI engines. Several percentages of water by volume of
ethanol were used and they concluded that the mixture E70W30 showed the
best operational performance. The use of ethanol is not only attractive as
fuel, but also as fuel additive, in particular blended with gasoline. Ethanol
and gasoline present opposite characteristics: the ethanol’s latent heat of va-
porization is higher than gasoline. This has a cooling effect on the combustion
temperature and might result into lower NOx emissions. From the other side,
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the heat of combustion of gasoline is greater than ethanol’s, implying a bigger
fuel consumption when ethanol is used under the same operational conditions.
[30] explored the efficiency of a direct injection engine, operating at various
blends of ethanol and gasoline. They studied the emissions of CO and NOx,
and the combustion stability and efficiency. Also, they highlighted how the
higher ethanol’s laminar flame speed, in respect to gasoline, plays a role in
the combustion initiation. [34] reported a wheel-to-wheel analysis of a range
of ethanol-gasoline mixtures in turbocharged engines, focusing on CO2 emis-
sions. A comparison between emissions, thermal efficiency and specific fuel
consumption of hydrous ethanol and a blend of ethanol-gasoline was carried
out by [4].

For fuel design, the optimal gasoline-ethanol blend depends also on the state
of the art of the technology and technical factors. [8] expressed the importance
of fundamental studies on the octane numbers of ethanol blended with gaso-
line and its surrogates. Another fundamental experimental investigation was
made by [22] to explore the burning rate of pure ethanol and ethanol blended
fuels. An important fundamental parameter involved in flame propagation
is the laminar flame speed. [17] performed an experimental and numerical
investigation on laminar flames of ethanol-water mixtures oxidation. In par-
ticular they studied the effect of water on intermediate species formation,
laminar burning speeds and reaction rates of elementary reactions. If sev-
eral detailed kinetic models are available to model the oxidation of ethanol,
the physico-chemical properties of gasoline cannot be studied with a specific
chemical model. To represent the chemistry of such fuel, simpler surrogates
have to be used, as [29] did to study the laminar burning velocity of gasoline
and components such as iso-octane, toluene and n-heptane. With regard to
numerical investigations, a solid methodology to explore the combustion phe-
nomena, in several regimes, is the so called tabulated chemistry. The complex
system of detailed chemical reactions is represented by reduced numbers of
grades of freedom, while keeping the accuracy of detailed chemistry.

Common fuels have been extensively studied with this approach, but a re-
search gap is found in the fundamental definition of the reaction progress
variable involved in the reactions of complex fuels and fuel blends. In pre-
vious work, [9] an optimization of the reaction progress variable based on a
rigorous methodology was performed for stoichiometric mixtures of ethanol-
air mixtures in the laminar regime. In this paper, that research is extended
to numerical simulations of turbulent premixed flames of air and ethanol, wet
ethanol, iso-octane and ethanol/iso-octane mixtures. A discussion about the
main combustion regimes and the most suitable numerical model to represent
them is reported in the first two paragraphs. Following, the numerical pro-
cedure is explained in section 4.3. The simulations, all in steady state and
based on tabulated chemistry, are carried out with the commercial software
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CFX Ansys. For the simulated test-case, the thermochemical database with
tabulated chemistry is implemented in CFX and looked up at each iteration
through an user-defined Fortran routine. To assess the influence of the defi-
nition of the reaction progress variable, the tabulations are validated against
a freely propagating laminar premixed flame. The results are shown in sec-
tion 4.4. Finally, the behaviour of the different mixtures of fuels and air are
evaluated in a well known test case and its geometrical details along with
results of experimental analysis can be found in [15].

Previous numerical work has proved the capability of the flamelet model to
capture the physics of the present combustor [31], [10]. In this paper, there is
a new investigation of ethanol and ethanol blends, by means of a systematic
definition of the reaction progress variable in lean premixed combustion. The
main advantage of this methodology is the opportunity to study a wide range
of complex blends of fuel, under different operational conditions, following a
clear and analytical procedure.

4.2 Turbulent premixed combustion

Combustion of premixed reactants is investigated. A detailed understanding
of laminar premixed flames is important because it often represents the start-
ing point to investigate turbulent reacting flows. The structure of a laminar
flame can be divided into three main regions: a preheat zone, where fuel
and oxidizer enters the reaction zone through convection-diffusion process;
a reaction zone, identified in the so called inner layer (of thickness lδ), and
the products zone [26]. The flame propagates into a mixture of fresh pre-
mixed reactants at a characteristic velocity, the laminar flame speed sL. Such
flame speed is an important parameter also for analysis of turbulent flame
propagation.

A systematic study of premixed turbulent flames began with Damkohler
(1940), who formulated an expression of proportionality between the laminar
and the turbulent burning velocity. Subsequently, Karlovitz et al. developed
a new theory, introducing the concept of ’flame-generated turbulence’ [11].
He suggested an expression for the turbulent burning velocity based on the
laminar flame speed and the root mean square of the fluctuation velocity
(turbulent intensity). It becomes clear that the interaction vortex/flame is a
relevant phenomenon. In order to estimate the effects of the turbulence on the
flame and to choose the appropriate combustion model, it is useful to define
the time, length and velocity scales involved. A non-dimensional analysis
based on the chemical and turbulent time scales has lead to the construction
of the well known turbulent combustion regime diagrams [3], [23].

The classification of the combustion regimes applied in this work follows
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the theory of Peters [24] and the spectral diagram of Poinsot et Al. [25], and
it is supported by a more recent analysis of [5]. The combustion diagram,
shown in fig. 4.1 a, is based on the Reynolds number and the ratio between
the chemical time scale and the Kolmogorov time scale, expressed by the
Karlovitz number. The characteristic parameters adopted for its construction
are now introduced. Recalling that the laminar flame propagates at constant
laminar burning velocity sL, the laminar flame thickness lF can be defined
through the mass diffusivity D as:

lF �
D

sL
(4.1)

In practical applications the laminar flame thickness can be estimated based
on the maximum temperature gradient [26]:

lF �
�Tb � Tu�
maxS∂T∂x S (4.2)

The thickness of the inner reaction zone lδ is in general one order of magni-
tude smaller than lF , and its measure is provided by species such as CH and
HCO [35]. Assuming the Schmidt number Sc � ν~D equal to one, and using
eq. (4.1), the turbulent Ret number can be defined as:

Ret �
u�~sL
lF ~lt (4.3)

where lt is the integral turbulent length scale and u� the velocity fluctua-
tion. Several equivalent forms of the Ka number can be derived and Peters
proposed the following expression based on the integral scales:

Ka � � u�
sL
�3~2� lt

lF
��1~2 (4.4)

If the Kolmogorov length scale, η, is taken as reference of the turbulent length
scale, and so Ret equals 1, one obtains: Ka � �lF �2~�η�2. Another relevant
expression for the Karlovitz number is based on the Kolmogorov length scale
and the thickness of the inner reaction layer:

Kaδ � lδ
2~η2 (4.5)

where the Kolmogorov length scale is defined as η � �ν3~ε�1~4, with ε the aver-
age rate of dissipation of turbulence kinetic energy, and ν kinematic viscosity.
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Figure 4.1: (a) Turbulent combustion diagram constructed by Peters, 1999, [24] (b)
Spectral diagram by Poinsot et Al. [25] (Both in log-log scale).

4.2.1 The flamelet regime

Most of the combustion devices work in the so called flamelet region, and its
definition in the combustion diagrams has been at the center of considerable
research in the past. The main assumption behind the flamelet model is that
the turbulent flame can be represented by an ensemble of one-dimensional
flames. Especially in turbulent regimes, such a model allows to reduce the
computational cost while keeping the accuracy of detailed chemistry. The
diagram in fig. 4.1 allows to identify the combustion regimes and the transi-
tion lines. Despite the fact that actual limits are not as rigorous as shown in
the combustion diagram, they can certainly give a general idea of the exist-
ing regimes. The regions of interest are delimited by the iso-line of Ret � 1
and below that the reactions take place in the laminar regime. The flamelets
region was originally associated to the wrinkled and corrugated flamelets ar-
eas, separated in fig. 4.1 by the line u�~sL � 1, and delimited by the iso-line
Ka � 1 and Ret A 1, [3], [23]. The corrugated flamelet area is of practical
interest because it is characterized by u�~sL A 1; in this area the turbulence
can have an effect only on the flame front of the flame but not on its structure.
The area above Ka � 1 is characterized by scales of turbulence smaller than
the flame thickness: the eddies interact with the structure of the flame, by
increasing the scalar mixing in the preheat zone. However, as pointed out in
1999 by Peters [24], if the Kolmogorov scale is too small, its interaction with
the flame thickness can be ineffective. Based on that, he already suggested
to move the region of the broken reaction zone up in the diagram, in respect
to the traditional Borghi diagram.

Moreover, the viscous dissipation can also cause the decay of such small
eddies before they interact with the flame [25]. Supported by these observa-
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tions, Poinsot et Al. [25] used the concept of quenching in order to establish
the upper limit of the flamelet regime. DNS simulations performed by [25]
resulted into the construction of the spectral diagram in fig. 4.1 b. They
proposed a practical definition of the ’extended flamelet’ regime: a premixed
turbulent reacting flow is an extended flamelet regime if any line connecting
one point in the fresh gases to another point in the burnt products crosses (at
least) one active flame front. As a result, the thin reaction zone (TRZ) was
associated to the region between Ka A 1 and Kaδ @ 1. In fact, for the flame
stretching to occur, the condition Ka�r� A 1 (with r characteristic length scale
of the flow) is necessary, but it doesn’t imply a local or global quenching of the
flame. The state B, in fig. 4.1 b, represents a turbulent field characterized by
length scales unable to quench the flame. It can be concluded that this point,
belonging to the TRZ of fig. 4.1 a, is also covered by the flamelet regime.

In conclusion: if the eddies are smaller than the laminar flame thickness
(η @ lF ) but greater than the inner reaction zone (η A lδ), the flamelet model
is assumed to be valid. These observations allow the extension of the flamelet
regime into the thin reaction zone as well. For sake of completeness, the
regime at the top of the diagram, characterized by Kaδ A 1 is called broken
reaction zone (BRZ). Since η @ lδ the small eddies can enter the inner reaction
zone and disrupt the structure of the flame. A consideration about the scales
involved in the simulations targeted of this work is important to ensure that
the flamelet model is suitable for the presented cases. Turbulent flames of
four premixed blends of air and fuels are investigated, where the fuels are:

� ethanol (C2H5OH);

� a mixture of 70% of ethanol and 30% of water (E70W30);

� iso-octane (IC8H18);

� a blend of 85% ethanol and 15% of iso-octane (E85).

Table 4.1 lists the ratios (u�~sL), (η~lF ) and (η~lδ), based on the results ob-
tained in this work. For the four cases also Kaδ @@ 1, and it can be confirmed
that the present simulations are in the region of the flamelet regime.

4.3 Chemistry tabulation

In the present work, a tabulated chemistry approach is used to study a set of
reacting flows, in the laminar and turbulent regime. This combustion model is
based on the definition of a variable describing the spatial/temporal evolution
of the reaction, from unburnt to burnt mixture. In case of premixed flames,
when heat losses are not taken into account, the control variable is one, and
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Table 4.1: Ratio of (u�~sL) and (η~lδ) for mixtures of air and: ethanol (fuel1),
E70W30 (fuel2), iso-octane (fuel3), E85 (fuel4).

u�~sL η~lF η~lδ
fuel(1) 11.5 0.18 3.9
fuel(2) 13.1 0.14 4.0
fuel(3) 15.0 0.11 5.4
fuel(4) 23.4 0.08 5.6

called reaction progress variable (RPV), ”c”. From now on, ”c” is the only
variable considered in the numerical model description and its formulation.
The tabulation procedure has the following steps:

1. a one-dimensional laminar flame is computed, using detailed chemistry,
in PREMIX [12];

2. a reaction progress variable is defined based on the CSP algorithm and
a sensitivity analysis of time scales performed with PSR [12];

3. the solution of the flame in 1) is mapped into the c-space in order to
build a thermo-chemical laminar database;

4. the turbulence-chemistry interaction is taken into account and the final
turbulent database is built.

The details of the actions summarized in 1), 2) and 3) are fully described in
[9]. For sake of clarity, the main aspects of this procedure are here described.
As previously mentioned, a definition of the reaction progress variable, c, is
needed to represent the evolution of the combustion from the flame coordinate
or PSR time coordinate solved by Chemkin to the rpv-space. A definition of
c can be based on:

η �
N

Q
k�1

bkYk (4.6)

In eq. (4.6), η is the composed species mass fraction and it is defined according
to a weighting factor bk. The question is how to choose this set of weight
factors bk. The authors developed an analytical method that identifies the
most relevant species in the reacting process and assesses systematically their
weighting factor in the c formulation. This was achieved with the use of
the CSP algorithm, corrected with the sensitivity analysis of the time scales
performed in PSR. Finally, the reaction progress variable can be written as
follows:

c �
η � ηu
ηb � ηu

(4.7)
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with eq. (4.7) the reacting domain is covered from the unburnt side �c � 0�, u,
towards the burnt region �c � 1�, b. These steps lead to the construction of a
laminar database, where species mass fractions, source term, T , µ (viscosity),
ρ (density), k (thermal conductivity) and cp coefficients are stored as function
of c. Finally, a stochastic approach is used to build the turbulent database,
and the procedure is presented in the next paragraph section 4.3.1.

4.3.1 Stochastic method for turbulence-chemistry interaction

The variables describing a turbulent field can be represented through their
mean and variance parts. If turbulence is seen as a stochastic phenomenon,
so is the interaction between turbulence and chemical kinetics. In RANS sim-
ulations of reacting flows, the Favre-averaging is adopted to level the density
fluctuations and, as a result, unknown chemical terms need additional closure
treatment. In this work, the closure is performed by means of a Probability
Density Function, characterized by a presumed-β shape. Each scalar φ is then
assumed to be described by its probability of falling in a certain state:

φ̃ �
1

ρ̄
S

1

0
ρφ�c�P �c�dc (4.8)

The P(c) assumes the β shape and it is expressed by means of two positive
parameters, α and β as:

P �c;α,β� � Γ�α � β�
Γ�α�Γ�β� (4.9a)

α � c̃��1 � c̃�c̃
˜c��2

� (4.9b)

β � α
�1 � c̃�

˜c��2
(4.9c)

Outside the range of validity of the β shape, a δ-PDF is used instead. In
fig. 4.2a the PDF weighted source term of the reaction progress variable is
plotted for each reacting mixture, with the variance of c as a parameter. The
pure ethanol/air flame shows the highest value of of the source term S̃c, and
the iso-octane/air flame the lowest. The dilution of gaseous ethanol with
vapour water results in a lower value of S̃c, compared to pure ethanol, indi-
cating a reduction of the chemical reaction rates. Also, the peak of S̃c of the
three ethanol-blended mixtures moves towards lower values of c compared to
the pure iso-octane curve. These curves correspond to the laminar conditions,
in which the reaction progress variable variance is zero ( ˜c��2 � 0). In fig. 4.2b
the source term of the ethanol/air flame is represented for different levels

of ˜c��2. The highest curve corresponds to ˜c��2 � 0 and for increasing levels
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(a) (b)

Figure 4.2: PDF source term of reaction progress variable: (a) four mixtures at
null c variance, (b) ethanol/air flame at different levels of c variances
�0,0.027,0.055,0.136,0.205�.

of turbulence, there is a reduction of the peak reached by the source term.
Therefore, increasing values of reaction progress variable variance correspond
to lower reaction rates.

4.4 Numerical simulations in laminar and turbulent
regimes

The calculated one-dimensional database is tested imbedded in CFX against
the solution of a 1D freely propagating flame solved in Chemkin Premix, and
a turbulent jet flame. The 1D database described in section 4.3 is coupled
with the commercial CFD code, Ansys CFX, [9]. The CFD code solves for the
momentum, continuity, enthalpy equations and for the additional transport
equation of the reaction progress variable:

∂ρc

∂t
�
∂�ρuic�
∂xi

�
∂

∂xi
�ρD ∂c

∂xi
� � ω̇n n � 1, ...,N (4.10)

and additionally the equation of state of ideal gas. At each iteration, the
value of c is calculated from eq. (4.10), and the properties of the fluid, as
well as the chemical source term, are retrieved from the database, via linear
interpolation. The calculated c will fall in an interval of two known points
in the database, c0 and c1. The interpolated value of the variable of interest
is calculated as a weighted average between the values given by c0 and c1.
The weights are given by the distance from those points, such that the closer
point has a bigger weight. The temperature is calculated from the enthalpy
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by using a set of NASA coefficients stored in the database [20], [10]. An
iterative Newton method is used to calculate the temperature implicitly, by
solving the following expression:

h �
5

Q
a�1

an
n
Tn � a6 (4.11)

The thermochemical mechanism used for the simulations of mixtures of anhy-
drous and wet ethanol is the San Diego mechanism, which includes 50 species
and 43 elementary reactions [27]. The reduced chemical mechanisms used in
the calculation of the I�C8H18 and E85 flames are respectively formed by: 73
species, 296 reactions [33] and 80 species, 349 reactions [32]. The grid domain
discretized in CFX is a uniform 70000 nodes mesh, and the Lewis number is
taken equal to one, as for in the Chemkin calculations. The laminar flame
speed, SL calculated with Chemkin Premix is assigned as boundary condition
The presented cases are listed in section 4.2.1; four simulations are carried
out with mixtures of air and ethanol, iso-octane, ethanol diluted with water
(E70W30) and ethanol blended with octane (E85).

The value of temperature at the inlet, and pressure, are taken from the
turbulent jet flame operating conditions. The premixed mixtures are pre-
heated at 573 K, and the fuel/air equivalence ratio is such that the adiabatic
equilibrium temperature in all simulations equals 2080 K. This results in a
difference of ratio fuel~air, as summarized in table 4.2. The values of lami-
nar flame speeds obtained with PREMIX are listed in table 4.2, along with
the equivalence ratios calculated with the analysis at equilibrium. Due to
the oxygen content, the pure ethanol flame has the highest laminar burning
velocity, when compared with the other mixtures containing hydrocarbons.
Compared to the pure ethanol flame, the E70W30 has a higher content of fuel
to compensate the effect of water on the flame temperature. The variation of
the laminar flame speed with fuel-oxidant ratio is governed predominantly by
the variation of the temperature with the mixture fraction [13]. Figure 4.10a
and fig. 4.10b in section 4.6 display that the formation of C2H4, H2CO and

Table 4.2: Boundary conditions of laminar flames

sL [cms�1] φ [-]

ethanol/air 79.0 0.71
iso-octane/air 47.0 0.65
E70W30/air 75.0 0.78
E85/air 65.0 1.0
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CH3 are not affected by the water addition. However, the water content of
30% in ethanol flame, causes a decrease of the flame speed of 5%. An ex-
planation of this phenomenon can be found in the strong suppression of O,
noticeable in fig. 4.4a. A sensitivity analysis carried out by [17] shows that the
reaction H�O2 � O�OH has the most relevant influence on the laminar flame
speed. Thus, a suppression of the radical production O results in a decrease
of the burning velocity. The same phenomenon can be seen by comparing the
E85 and pure iso-octane flame speeds. The burning velocity of E85 increases
almost 50% respect to the pure iso-octane case. The increase of the mole frac-
tions peak of C2H4, H2CO and CH3, due to the ethanol addition, is shown
in fig. 4.10c and fig. 4.10d. Also in this case, the O radical increased in the
iso-octane/ethanol flame compared to the pure iso-octane flame, fig. 4.4a. To
the knowledge of the author, there are not experimental measurements of the
burning velocity of such mixtures, preheated at 573 K at the inlet. However,
the feature of the iso-octane/ethanol’s burning velocity being smaller than
the ethanol’s is proved in [6].

4.4.1 1D premixed laminar flames

The profiles of the major species and intermediates, along with the temper-
ature, are plotted for the four flames, and always a good agreement is found
between the PREMIX and the CFX solution. In fig. 4.3 the laminar field of
the mayor species and temperature solved with Premix and CFX are shown.
An excellent agreement between the two computations can be observed in all
the presented cases. The overlapping of the Premix and CFX profiles means
that the transfer of the laminar flame solution to the c-space (section 4.3)
has been performed successfully. Looking, in particular, at the temperature
profile, the pure and the wet ethanol flames have a similar behaviour, while
the E85 and iso-octane flame present a different profile. However the differ-
ence is not remarkable, the addition of ethanol causes a sharper increase of
temperature, and so a decrease of the flame thickness. This is in agreement
with the values of the ration η~lF listed in table 4.1.

An analysis of the effect of ethanol dilution in water and ethanol blending
in octane, can be carried out looking at fig. 4.4. The mole fraction peak
of the O radical is greater in E85, (red lines), than in iso � octane flame,
(gray lines), and is smaller in E70W30, (blue lines), than in ethanol flame,
(gray lines). The addition of ethanol in the iso-octane/air mixture promotes
the production of O, due to the presence of O in ethanol. According to
fig. 4.4b the greatest formation of OH occurs in the E70W30 flame. With
the OH profile being very similar in the case of E85 and pure ethanol flames,
one can conclude that the main effect of water is the promotion of OH. It
is interesting to notice that the CO formation is driven by the content of
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(a) (b)

(c) (d)

Figure 4.3: Laminar field profiles of ethanol/air flame (a), E70W30/air flame (b), iso-
octane/air flame (c), E85/air flame (d). Bold lines: CFX with optimum
c, dashed line: Chemkin.

71



4 Turbulent premixed combustion...

ethanol. In fact, fig. 4.5a shows that the addition of water plays a minor role,
while the addition of ethanol in E85 increases the peak and the final mole
fraction of CO. Based on the elementary reaction CO �OH � CO2 �H, the
peaks of CO and OH explain why in fig. 4.5b, the wet ethanol is the bigger
producer of CO2. Comparing the production of CO2 in the E85 and pure
iso-octane flames, the difference is less remarkable than when comparing the
CO mole fraction peak in those flames. This is due to the fact that the the
oxygen content in ethanol enhances the equilibrium of CO to drift to CO2.

4.4.2 Turbulent premixed jet flame

To explore the performance of the databases in the turbulent regime, a lab
scale burner is used as test-case [15]. The turbu-chemical properties are stored
in a two dimensional tabulation, function of progress variable and variance
of the progress variable. The methane/air and hydrogen/air mixtures of the
original combustor are replaced with the four mixtures of air and pure ethanol,
pure iso-octane, ethanol/iso-octane and ethanol/water . In order to reproduce
the initial aerodynamic field of the original burner test case, the velocity
prescribed at the inlet in the simulations corresponds to the inlet velocity
of the experimental setup vin � 90ms�1. The adiabatic temperature, of the
methane/air flame case, is also retained. As a result, the mixtures of air
and pure ethanol, pure iso-octane, ethanol/iso-octane and ethanol/water are
injected at different equivalence ratios, as for the presented laminar flames.
A no-slip velocity condition is imposed at the walls, and the turbulence is
treated with the k� ε model. The mesh, composed by 2�106 nodes, is refined
at the flame location. A key aspect of the burner is a pronounced recirculation
zone that develops at the side of the flame. Thus, the hot burnt gases are
transported back towards the nozzle and that is the mechanism that stabilizes
the flame.

In the proposed numerical analysis the heat losses are not taken into ac-
count, and the walls are modeled as adiabatic. Results of RANS simulations
are displayed, in which the turbulent field is monitored along the traversal
direction, at specific axial coordinates. In the figures, each plot corresponds
to one of the following locations: x~d � 1, x~d � 4, x~d � 10 and x~d � 15, with
x the axial coordinate indicating the distance from the nozzle, and d the noz-
zle’s diameter. Also points representative of the experimental measurements
of a few variables of the CH4 flame are addressed in the plots. The profiles of
temperature, fig. 4.6, are affected by the simplification of adiabatic walls. The
cooling of the burnt gas, due to the recirculation zone and the induced long
residence time, is appreciable in the experiment profiles. Compared to the
methane flame, the high hydrocarbon mixtures seem to have a longer flame:
at x~d � 10, the core zone of the methane flame reaches already 1000K, in
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(a) O���

(b) OH���

Figure 4.4: Mole fraction profiles computed by CFX (solid) and Premix (dashed):
C2H5OH flame( ), E70W30 flame ( ), IC8H18 flame ( ), E85
flame ( )
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(a) CO���

(b) CO2���

Figure 4.5: Mole fraction profiles computed by CFX (solid) and Premix (dashed):
C2H5OH flame( ), E70W30 flame ( ), IC8H18 flame ( ), E85
flame ( )
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Figure 4.6: Temperature profiles: experiments CH4 flame (circle), ethanol flame
( ), E70W30 flame ( ), iso-octane flame ( ), E85 flame ( )

contrast to the cold zone of the other flames. However, the inclusion of the
heat loss towards the walls is not expected to have a significant effect in the
prediction of the flame length [10].

The ethanol flame has not reached the adiabatic temperature at x~d � 15,
as is noticeable from the plot of the C2H5OH mole fraction as well. From
fig. 4.7a, one can observe that at x~d � 15 there is a residual amount of ethanol
(blue line), while the fuel in the other flames is fully consumed. That is also in
agreement with the plots of water mole fractions of the ethanol flame, fig. 4.7b,
that does not reach the equilibrium composition at x~d � 15. This seems to
be in contrast with what observed in the laminar regime, where the burning
velocity of the pure ethanol flame is the highest among the others. The iso-
octane flame sees a delay in the flame front propagation in the laminar regime.
At contrary, in the turbulent jet, it is the fuel more rapidly consumed. To
understand the reasons behind these trends, two aspects can be pointed out:
the lean composition of the laminar iso-octane flame, φ � 0.65, (table 4.2), and
the relatively high ratio of u�~sL. In fig. 4.8a and fig. 4.8b the profiles ofO2 and
OH are displayed. The profiles of the oxidiser are in agreement with the other
major species behaviour. The turbulent profiles of OH resemble the laminar
behaviour. This feature addresses the assumption on which the tabulated
chemistry is based. The turbulent flame can be represented as an ensemble
of laminar flames since their internal structure is not significantly altered by
the turbulence. The OH production increases in the reacting zone as can be
expected. However, a quantitative evaluation of this species should also take
into account the heat loss in the chemistry tabulation. The axial velocity
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(a) fuel���

(b) H2O���

Figure 4.7: (a) Mole fraction profiles of C2H5OH ( , ethanol flame), C2H5OH
( , E70W30 flame), IC8H18 ( , iso-octane flame), IC8H18 ( , E85
flame), C2H5OH ( , E85 flame). (b) Mole fraction profiles of H2O in:
ethanol flame ( ), E70W30 flame ( ), iso-octane flame ( ), E85
flame ( )
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(a) O2���

(b) OH���

Figure 4.8: Mole fraction profiles of O2 (a), OH (b) in: ethanol flame ( ), E70W30
flame ( ), iso-octane flame ( ), E85 flame ( )
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field, fig. 4.9a, shows the same profile for all the mixtures. The aerodynamics
of the methane jet is well reproduced, especially at the locations where also
the temperature fields match. A deviation from the original experimental
data is observed in the transverse velocity behaviour, fig. 4.9b, especially in
the recirculation zone. The deviation is less significant in the zone close to
the nozzle (y~d � 4, y~d � 5) but it still indicates an inaccuracy of the model.

Reasons of these dissimilarities are related to the adopted non-adiabatic
tabulation, which does not well predict the temperature gradients, to the
RANS model, and to the different fuel chemistry. As already stated, the
ethanol and wet ethanol flames length is longer than the iso-octane and E85
flames, and this is visible also in fig. 4.9c. At x~d � 15 the RMS velocity of
ethanol and E70W30 has a lower magnitude, in the core zone of the flame,
compared to the other mixtures. This is due to the slower chemical reaction
rate. The overall prediction of the RMS of the transverse velocity compares
well, especially at the reacting layers.

4.5 Conclusions

A numerical investigation has been performed in the premixed combustion
regime of laminar and turbulent flames. Four different mixtures have been
used to assess the suitability of the method adopted for the chemistry tab-
ulation. That also allowed a comparison between the performances of the
different fuel blends: pure ethanol, wet ethanol (E70W30), pure iso-octane
and a blend of 85% ethanol and 15% of iso-octane (E85). An initial con-
sideration regarding the relevant time scales of the presented reacting flows
revealed:

� the smallest turbulent time scales are smaller than the flame thickness
(η @ lF )

� the inner reaction layer is smaller than the smallest turbulent length
scale (η A lδ)

Thus, a flamelet model was assumed to be valid and the tabulated chemistry
approach was used to perform the simulations. The turbu-chemical databases
were built based on an optimized choice of the reaction progress variable, car-
ried out with the CSP algorithm and a PSR sensitivity analysis of the time
scales. Excellent agreement was found between the laminar flame field com-
puted with detailed chemistry and the solution obtained with the CSP based
databases. The four blends of fuels were simulated by fixing the adiabatic
temperature. In particular, the adiabatic temperature of the methane/air
flame from [15] was taken as a reference. As a result, due to the different
heating values of ethanol and iso-octane, four different equivalence ratios, φ,
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(a) v�ms�1�

(b) u�ms�1�

(c) u��ms�1�

Figure 4.9: Velocity profiles: experiments CH4 flame (circle), ethanol flame ( ),
E70W30 flame ( ), iso-octane flame ( ), E85 flame ( )
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were obtained: 0.71 for ethanol/air, 0.78 for E70W30, 1.0 for E85 and 0.65
for iso-octane.

The addition of water into the ethanol mixture caused a decrease of the
burning velocity, because of changes in the radical formation. The blend of
ethanol and iso-octane, as expected, showed a laminar velocity higher than
the pure iso-octane flame. Following, turbulent premixed flames were mod-
eled in a combustor, for which experimental measurements are available for
methane/air flames [15]. This is because of the absence of data for the inves-
tigated blends.

In order to reproduce the same aerodynamic field of the lab-scale burner,
the inlet velocity in the simulations was imposed equal to the experimental
setup. The turbulent intensity at the nozzle inlet, u�~u is the same for all
mixtures but, contrary to the laminar regime, the burning rate is favored by
the lean mixture of iso-octane over the high flame speed of ethanol. Also the
ratio u�~sL might have played a role in the slow spreading of the ethanol flame,
but the effect of different chemical mechanisms employed in the database def-
inition should be investigated. The profiles of OH in the turbulent regime
resemble the behviour in the laminar flames. This represents a key aspect
in the main assumption that turbulent 3D flame can be represented by 1D
laminar flamelets. Only a qualitative comparison with experimental data
can be made, however RANS simulations gave good comparisons of temper-
ature and velocity field. Apparently the velocity field is mainly driven by the
combustion-induced temperature gradient. This was mildly affected by the
different fuel chemistries, while the equilibrium temperature was held con-
stant. A more accurate prediction is expected by including enthalpy levels
effects in the chemistry tabulation.

A priori assessment of the chemical time scales was performed in this work
to find an optimum RPV definition. A systematic methodology was followed
to predict the combustion of alternative fuels characterized by complex chem-
ical structures. The results of a confined turbulent jet flame has shown the
capability of the model to represent industrial framework applications.
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4.6 Appendix 1

4.6 Appendix 1

Intermediate species computed in the 1D laminar freely propagating flame:

(a) (b)

(c) (d)

Figure 4.10: Mole fraction profiles of radicals: (a) ethanol, (b) E70W30, (c) iso-
octane, (d) E85.
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[4] Rodrigo C Costa and José R Sodré. Hydrous ethanol vs. gasoline-ethanol
blend: Engine performance and emissions. Fuel, 89(2):287–293, 2010.

[5] LPH De Goey, T Plessing, RTE Hermanns, and N Peters. Analysis of the
flame thickness of turbulent flamelets in the thin reaction zones regime.
Proceedings of the Combustion Institute, 30(1):859–866, 2005.

[6] Patricia Dirrenberger, Pierre-Alexandre Glaude, Roda Bounaceur, Hervé
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5 Simulations of turbulent piloted
ethanol spray flames

RANS simulations of ethanol turbulent spray flames are performed and com-
pared to experimental measurements. The results shown in this chapter have
been presented to the spray flame workshop TCS-5, held in 2015. Focus of
these workshops is to collect the progress on experimental and numerical tech-
niques in spray combustion [9], [10]. In particular, emphasis was given to the
effect that the inflow conditions of the gas and liquid phases can have on the
flame structure. The results are compared to the available experimental data
and other contributor’s results.

5.1 Experimental setup

The reference test-case is the well known Sydney spray flame. The experi-
mental setup was built and studied at the University of Sydney by Masri et
al. [2], [6], [8]. A schematic of the burner is shown in fig. 5.1: a nebulizer
located 250 mm upstream the jet exit plane injects ethanol liquid. The fuel
mixes with the carrier stream of air and exits the nozzle. The main flame
burns at atmospheric pressure and is stabilised by a pilot flame, which is a
stoichiometric premixed mixture of C2H2 and H2. This condition is such
that both flames have the same C/H ratio. A stream of ambient air co-flow
surrounds the hot flows.

One of the main advantages of this configuration is that no atomization or
dense-spray related phenomena have to be taken into account when modeling
the spray behaviour. The reason is that the droplet at the exit plane are in
the dilute regime and phenomena of break-up and collisions are not relevant.
However an amount of liquid fuel evaporates in the upstream pipe, before
reaching the nozzle exit plane. This aspect represents a drawback due the
uncertainty associated to the the measurement of the vaporised fraction (or
liquid loading) of the fuel at the exit plane.

In fig. 5.1 it can be seen that the inlet of the control volume is fixed at the
nozzle exit plane. The characteristics of the injector, such as droplet velocity
and diameter distribution, are taken into account by means of the boundary
conditions imposed at the inlet of the grid domain.
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5 Spray flames

Figure 5.1: Left: schematic of the piloted spray burner, taken from [8]. Right: sketch
of the simulated domain in dashed line.

5.2 Numerical approach

RANS simulations were performed using the software Ansys CFX. The com-
bustion model adopted is the Burning Velocity Model, and a description
of it can be found in Chapter 2. The multiphase flow is modeled within
the Eulerian-Lagrangian approach, in which the gas phase is the continuum
medium and the liquid phase is tracked into the domain as dispersed phase.

Let consider a liquid ethanol mass flow rate of 0.1 kg/s, and suppose that
the liquid can be represented by spherical droplets of diameter of 40µm or
100µm. The particles per second would be of the order of 10e� 9 and 10e� 8
respectively.

In both cases, keeping track of all the physical particles would be imprac-
ticable, so the Lagrangian solver’s equations are solved for representative
particle trajectories called parcels. Each parcel is assigned a different size,
mass or velocity, which has the same value for particles belonging to the same
parcel. The Euler-Lagrange formulation solves two sets of coupled equations
for the gas and liquid phases. The inter-phase coupling is performed through
the source terms, taking into account the momentum exchange, the mass and
the heat transfer.

The RANS equations are solved in the gas phase domain, while the particles
are treated as moving mass points. The main assumptions in the liquid phase
modeling are:

� the spray is in a dilute regime;

� the particles are spherical, incompressible and single-component;

� details of the flow around the particles (boundary layers, vortex shed-
ding and so on) are neglected.
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5.2 Numerical approach

In the following sections, the governing equations of the liquid phase are
described. The subscript P denotes the properties of the liquid particles;
when the subscript is omitted, the terms are referred to the gas phase.

5.2.1 Lagrangian tracking

The Lagrangian tracking model is a standard model implemented in CFX
within the separated flow analysis formulation [1]. The local properties of the
dispersed phase are calculated from spatial averaging over particle trajectories
which are crossing a certain control volume. The particle motion is calculated
analytically by integrating the force balance on the droplet, following New-
ton’s law:

dxP
dt

� UP (5.1a)

mP
dUP
dt

�QFtot (5.1b)

where xP and UP are the displacement and velocity vectors of the particle
P . The drag and the buoyancy forces are taken into account in the right-
hand side of eq. (5.1). The buoyancy force represents the action of the den-
sity gradient between the two phases. The drag law follows the well known
Schiller-Naumann formulation [12], and is defined as:

FD �
1

2
CDρAUslipSUslipS (5.2)

where A is the projected particle surface area �πd2~4�, Uslip is the difference
between the gas phase velocity and the liquid phase velocity and ρ the gas
density. CD is the drag coefficient and depends on the particle Reynolds
number ReP :

CD � 0.424 ReP A 1000 (5.3a)

CD �
24

ReP
�1 � 0.15Re0.687P � ReP @ 1000 (5.3b)

where the particle Re number is defined based on the slip velocity, the particle
diameter dP and the gas kinematic viscosity ν:

ReP �
dP SUslipS

ν
(5.4)

In the presented work, the influence of the flow on the particle trajectories
is as relevant as the counteracting influence of the particles on the flow, and
the two-way coupling is enabled. To account for the turbulent interaction
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between the gas and liquid phase, turbulent particle tracking is enabled.

As formulated by Gosman and Ioannides [5], the instantaneous fluid velocity
is decomposed, at the droplet location, in a mean and a fluctuating velocity
components. The fluctuating component causes the dispersion of the droplets
such that the trajectory is determined by its interaction with the turbulent
eddies.

5.2.2 Heat and mass transfer

The transport equation for the particle temperature results from the contri-
butions of the radiative (Qr) and convective (Qc) heat transfer, and the term
associated to the mass transfer (Qm):

mP cP
dTP
dt

� Qr �Qc �Qm (5.5)

The heat transfer model is based on the infinite conductivity model, in which
the droplet temperature TP is assumed to be spatially uniform throughout
the droplet but can vary in time [13]. The radiative heat transfer is assumed
to be negligible in the present work.

The rate of change of temperature of the droplet, eq. (5.5), becomes:

mP cpP
dTP
dt

� πdPλNu�T � TP �ζ 1

eζ � 1
� ṁP∆hvap (5.6a)

ζ �
cpSṁP S
πdλNu

(5.6b)

The first term of the RHS, in which λ is the thermal conductivity �J~�smK��
and Nu is the Nusselt number, corresponds to Qc. The correlation adopted
for the Nusselt number, Nu, is that of Ranz and Marshall [11]:

Nu � 2 � 0.6Re0.5Pr1~3 (5.7)

with the Prandtl number, Pr, equal to �µCp~λ�. In eq. (5.6), a so called
blowing factor, ζ, is included to account for the simultaneous mass and heat
transfer. An analogy was found between the parameter ζ and the formulation
adopted by [4]. In his work, El Wakil multiplies the convective heat transfer
term by a factor, z~�ez � 1�, to correct the standard heat transfer coefficient
without mass transfer. The variable z is defined in the same way of ζ.

The last term of the RHS of eq. (5.6) represents the amount of latent heat
of vaporization. The liquid evaporation rate ṁP is determined, when the
particle temperature is below the boiling temperature, by the formulation of
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[13]:
dmP

dt
� πdPρD

Wvap

Wmix
ln� 1 � xvs

1 � xvvap
�Sh (5.8)

where xvs is the equilibrium vapour mole fraction of the evaporating com-
ponent at the droplet surface, xvvap is the mole fraction of the evaporating
component in the gas phase, ρD is the dynamic diffusivity of the component
in the continuum and W are the molecular weights of the vapour and the mix-
ture, in the continuous phase. The Sherwood number is modeled, in analogy
with eq. (5.7):

Sh � 2 � 0.6Re0.5Sc1~3 (5.9)

where the Schmidt number, Sc, is equal to �µ~�ρD��. The variables xvs ,
xvvap are calculated assuming the vapour phase surrounding the droplet, at
saturated conditions such that the vapour partial pressure equals the fuel
saturation pressure at the droplet surface. The vapour pressure is calculated
by using the Antoine equation [14], in which the A, B and C coefficients were
properly tuned for ethanol [15]:

pvap � pscaleexp�A � B

TP �C
� (5.10a)

xvs �
pvap

pambient
(5.10b)

The gas phase mole fraction is calculated on the basis of the transport equa-
tions specific to the combustion model.

5.2.3 Interphase source terms

In Chapter 2, the Favre-averaged equations governing the reacting flows were
introduced. The source terms specifically related to the multiphase mixtures
are here reported. The source terms to be added in the continuous phase is
multiplied by the number flow rate, which is the mass flow rate divided by
the mass of the particle [1]. The particle momentum, heat and mass sources
transferred to the continuous phase, calculated based on eq. (5.2), eq. (5.6)
and eq. (5.8), are:

dSu

dt
� �FD (5.11a)

dSh

dt
� �Qc (5.11b)

dSρ

dt
� �ṁP (5.11c)
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Table 5.1: Inflow conditions of EtF6, EtF7.

EtF6 EtF7

U fexit φglobal c U fexit φglobal c

main flame 36 0.05 1.8 0 60 0.067 1.8 0
pilot flame 12 0.1 1.0 1 12 0.1 1.0 1
co-flow air 4.5 0.0 - 0 4.5 0.0 - 0

5.3 Computational domain

The EtF6 and EtF7 are the test-cases chosen to perform the simulations. The
control volume of the flame is reduced to a half cylinder, which is discretised
with a 2.7 million cells multi-block structured mesh. The inlet plane of the
computational domain is taken at the jet nozzle exit plane, as represented in
fig. 5.1. The central nozzle diameter is d � 10.5 mm and the cell size of the
smallest cell in the core zone of the flame is 0.2 mm. The grid extends 20
diameters in the radial direction and 95 diameters in the axial direction. The
same grid is used for all the test-cases.

5.3.1 Boundary conditions

The boundary conditions are inflow and outflow (inlet/outlet) and open bound-
aries in the radial direction to model an open environment. The experimental
data are available at specific axial, y~d, and radial, x~d, locations, normalized
with the diameter. For the EtF6 flame, the equivalence ratio at the jet exit
is varied to study the effect of the boundary conditions on the flame. In ta-
ble 5.1 the values imposed at the inlet, to the velocity U , fuel mole fraction
fexit and reaction progress variable c are shown: The global equivalence ratio
is given by φglobal and it is the ratio of liquid fuel injected upstream carrier
air. The pilot is modeled as a mixture of burnt hot gases (c � 1), with an
inlet temperature equal to 2500 K, calculated at chemical equilibrium. Given
that adiabatic temperature, the the burnt velocity of the pilot is calculated
as 12m/s.

Liquid phase

The nozzle has been divided in seven annuli, representative of the seven radial
locations at which the measurements data are available. Five discrete droplet
size groups are defined by the value of the mean diameter. The 25 µm drop
diameter is representative of the 10-20 µm size class, and so on, with the
bigger tracked particle of 45 µm. From each annulus all the groups are injected
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5.4 Results and Discussion

with their own mass flow rate and velocity. An uniform distribution of the
equivalence ratio is assumed at the jet exit plane. The mass flow of the gaseous
mixture is fixed at the jet exit and the liquid loading is adjusted in order to
keep the overall equivalence ratio of the test case. The mass flow rate for each
droplet group size, at each annulus, is calculated based on the volume flux
measured at the first axial station. Also, the droplets velocities are specified
for each group size, at each annulus, as reported by the experimental data at
x~d � 0. The gas phase velocity, and so the turbulence intensity at the inlet,
are assumed to be equal to those of the smallest droplets. To investigate the
influence of the inflow boundary conditions, two simulations of the EtF6 flame
were performed, by changing the equivalence ratio at the jet exit plane: 0.5
and 0.065.

5.4 Results and Discussion

5.4.1 Gas temperature

In fig. 5.2, the gas phase radial temperature profile, expressed in terms of
difference with the inlet temperature T0, is plotted at two axial locations.
The equivalence ratio at the jet exit plane does not play a relevant role in
the temperature profile calculation. In the EtF6, the temperature near the
centerline, at x~D � 10, is underpredicted, fig. 5.2a. This might be related to
the combustion model used. The source term of the reaction progress variable
is dependent on both the gradient of the reaction progress variable and the
turbulent burning velocity. In the core zone of the flame, there is no source
of ignition (S©c̃S � 0.0), and the burning velocity is too small to sustain the
reactions, being the mixture very lean. A delayed ignition can also be caused
by an incorrect prediction of the evaporation rate. Also the flame spread and
the maximum temperature, in fig. 5.2b, seem to be over predicted. The same
behaviour can be observed in fig. 5.2c and fig. 5.2d. These inaccuracies might
be related to the intrinsic limitation of the RANS modeling to capture the
large scale mixing. The centerline temperature in the EtF7 calculation is well
captured, fig. 5.2c. Compared to the EtF6, the liquid loading of the EtF7 is
much higher and a longer core cold flow is expected. At x~D � 30, however,
the temperature is under predicted, fig. 5.2d. This can be the result of an
incorrect prediction of the evaporation rate.

5.4.2 Droplets velocity

The droplets velocity profiles of the axial and radial components are presented
here. For case EtF6, the axial velocity close to the nozzle (y~d � 5) is well
captured (fig. 5.3). A slight discrepancy can be seen for the �0�10�µm group
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(a) (b)

(c) (d)

Figure 5.2: Mean value of gas phase radial temperature at axial locations y~D �

10, (a), (c), and y~D � 30, (b), (d). Top: EtF6, bottom: EtF7. ( )
Experiments, ( ) present study φexit � 0.65, ( ) present study φexit �
0.5, ( ) UM φexit � 0.2, ( ) UM φexit � 0.5.
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of droplets, at y~d � 5 towards the edge of the nozzle (x~d � 0.5). For the
EtF6, the under prediction of the velocity is higher for the case φ � 0.65
so the lower liquid loading, compared to the φ � 0.5, might play a role in
the velocity prediction. As the droplets progress downstream, there is an
over prediction of the evaporation rate, such that no droplets are detected at
y~d � 20. The decay of the bigger droplets �30 � 40�µm seems to be better
predicted, especially corresponding to the case of (φ � 0.5).

For the EtF7, a good agreement is found on the axial velocity of the �30 �
40�µm group of drops, (fig. 5.5). Once again, the evaporation is not correctly
predicted for the small drops �0 � 10�µm.

The evolution of the radial profile of the velocity shows a better trend
for EtF7 (fig. 5.6) compared to the EtF6 (fig. 5.4), in particular for the big
droplets compared to the small ones. It is worth mentioning that as an inlet
condition the radial velocity was set to zero. The slow evolution of Umean for
the �30�40�µm droplets and the absent evolution for the �0�10�µm suggests
a deficiency of RANS simulations It can be observed, generally for all the
cases, an under prediction of the radial component of the velocity.

5.5 Conclusions

RANS simulations were carried out for two Sydney ethanol flames EtF6 and
EtF7, using the BVM combustion model. The interaction between the gas
and liquid flows is modeled in a two-way coupling, in the Eulerian-Lagrangian
framework. The results are compared with the experimental data.

The temperature is not affected by the equivalence ratio at the jet exit
plane, which suggests that these flames have a non-premixed like behaviour.
A better match with the measured temperature, especially near the center-
line of the flame for the EtF6 and at the tip of the flame for EtF7, can be
obtained by switching to LES. The mean axial velocity of the droplets is well
captured both for the EtF6 and EtF7. However, especially when observing
small droplets, �0�10�µm class size, an over prediction of the evaporation rate
is observed, especially for the cases with higher equiavalence ratio at the exit
(and so lower liquid loading). The radial component of the velocity, however,
shows discrepancies, especially when conditioned to small droplets. This is
an indication that the droplets do not acquire a radial velocity, Umean from
the gas flow. An improvement of the results can be achieved by prescribing
a Umean at the injection and, once again, by favoring an LES approach. In
general, a good agreement is found with the experimental data, however, the
employment of a combustion model, whose chemical source term is based on
kinetic rate, is recommended [3]. Also, a new spray flamelet/progress variable
approach, where the manifold is built by taking into account the evaporation,
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5 Spray flames

Figure 5.3: EtF6: axial profile of the droplets mean velocity: droplet class �0�10�µm
(left), droplet class �30� 40�µm (right); top to bottom: �y~d � 5�, �y~d �
10�, �y~d � 20� and �y~d � 30�. ( ) Experiments, ( ) present study
φexit � 0.65, ( ) present study φexit � 0.5, ( ) UM φexit � 0.2, ( )
UM φexit � 0.5.
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Figure 5.4: EtF6: radial profile of the droplets mean velocity: droplet class �0�10�µm
(left), droplet class �30� 40�µm (right); top to bottom: �y~d � 5�, �y~d �
10�, �y~d � 20� and �y~d � 30�. ( ) Experiments, ( ) present study
φexit � 0.65, ( ) present study φexit � 0.5, ( ) UM φexit � 0.2, ( )
UM φexit � 0.5.
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Figure 5.5: EtF7: axial profile of the droplets mean velocity: droplet class �0�10�µm
(left), droplet class �30� 40�µm (right); top to bottom: �y~d � 5�, �y~d �
10�, �y~d � 20� and �y~d � 30�. ( ) Experiments, ( ) present study
φexit � 0.65, ( ) present study φexit � 0.5, ( ) UM φexit � 0.2, ( )
UM φexit � 0.5.
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Figure 5.6: EtF7: radial profile of the droplets mean velocity: droplet class �0�10�µm
(left), droplet class �30� 40�µm (right); top to bottom: �y~d � 5�, �y~d �
10�, �y~d � 20� and �y~d � 30�. ( ) Experiments, ( ) present study
φexit � 0.65, ( ) present study φexit � 0.5, ( ) UM φexit � 0.2, ( )
UM φexit � 0.5.
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represents an interesting possibility [7].
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6 Ethanol turbulent spray flame
response to gas velocity modulation

Abstract

A numerical investigation of the interaction between a spray flame and an
acoustic forcing of the velocity field is presented in this paper. In combustion
systems, a thermoacoustic instability is the result of a process of coupling
between oscillations in heat released and acoustic waves. When liquid fuels
are used, the atomization and the evaporation process also undergo the effects
of such instabilities, and the CFD of these complex phenomena becomes a
challenging task. In this paper, an acoustic perturbation is applied to the mass
flow of the gas phase at the inlet and its effect on the evaporating fuel spray
and on the flame front is investigated with URANS numerical simulations.
Two flames are simulated: a partially premixed ethanol/air spray flame and
a premixed prevaporised ethanol/air flame, with and without acoustic forcing.
The frequencies used to perturb the flames are 200 Hz and 2500 Hz, which are
representative for two different regimes. Those regimes are classified based on

the Strouhal number St �
D

U
ff : at 200 Hz, St � 0.07 and at 2500 Hz, St � 0.8.

The exposure of the flame to a 200 Hz signal results into a stretching of the
flame which causes gas field fluctuations, a delay of the evaporation and an
increase of the reaction rate. The coupling between the flame and the flow
excitation is such that the flame breaks-up periodically. At 2500 Hz, the
evaporation rate increases but the response of the gas field is weak and the
flame is more stable. The presence of the droplets does not play a crucial role
at 2500 Hz, as shown by a comparison of the discrete flame function in case of
spray and prevaporised flame. At low Strouhal number, the forced response
of the prevaporised flame is much higher compared to the spray flame.

6.1 Introduction

Combustion instability is a major issue in combustion systems, especially
when the reactions occur in the lean-combustion regime. When close to the
lower flammability limit, the reacting mixture is more sensitive to any up-
stream perturbations, and the interaction combustion/acoustic is more likely
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6 Ethanol turbulent spray flame response...

to happen. In liquid-fueled combustion systems, the unsteady burning rate
caused by the acoustic waves can also affect the spray structure through tem-
perature fluctuations. Conversely, the gas velocity oscillations can cause an
enhancement of the evaporation and, subsequently, a modification of the mix-
ture fraction. This will cause a secondary effect on the heat released by the
flame. Modeling of spray flames is a difficult task due to the interaction
of several phenomena that occur over a wide range of temporal and spatial
time scales, such as atomization, droplet collisions, heating and evaporating
droplets, gas-liquid turbulence interaction and chemical reactions. Several nu-
merical investigations are described in the literature, aimed at gaining insight
into the physical phenomena that characterize the effect of a pulsating gas
flow field on a single burning droplet. Only a few experimental investigations
have achieved a good understanding of the influence of the sound waves on
droplets’ injection, dispersion, and turbulence.

A summary of earlier work on this topic will be provided below. A com-
monly used tool to determine the correlation between the unsteady heat re-
leased by the flame and the acoustic perturbation upstream the flame is the
(FTF) Flame Transfer Function [13], [4]. Yi et al. [18] measured a FTF in
a turbulent liquid fuel combustion rig submitted to fuel modulation. They
found the flame spectra to be similar to those in the gaseous combustion and
this can be attributed to the small inertia of the droplets and to the conse-
quently fast mixing. On the other hand, a stronger impact of the spray on
the reaction rate, and so on the gain of the FTF, is observed in the case of
laminar spray flames ([14]). The important role played by the turbulence is
shown by [17], who presented an experimental investigation of the impact of
acoustic waves on an air-atomized evaporating ethanol spray. They observed
a change of the spray velocity and penetration under high-amplitude velocity
oscillations. As they reported, this is in agreement with numerical studies
showing an increase of the evaporation rate due to acoustic velocity. A nu-
merical analysis was performed by [12] to investigate the interaction between
spray flames and acoustic waves, in particular when the acoustic frequency
is close to the natural frequency of the spray flame. Self-excited oscillations
were also experimentally investigated by [3] in a kerosene spray flame. They
concluded that the mixing of the droplets, and so the evaporation, has an
impact on the burning rate and this is related to combustion instabilities.

An extensive numerical analysis has been performed by [2] on the effects of
slip velocity fluctuations on a single droplet burning. The NO formation was
predicted to vary with the forcing frequency, depending on the droplet-to-
flame distance changes. Because of the small temperature gradient between
the droplet flame and the surroundings, no significant increase of the evap-
oration rate was observed. Naturally, there are a few uncertainties about
whether the single burning droplet model is fully able to describe the more
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complex physics of a spray.

[8], performed experiments to study the vortex structures in a reacting
spray exposed to pressure waves. They described a clear interaction with the
turbulence field, through the use of non-dimensional characteristic parame-
ters, such as the Strouhal number and the Stokes number. Representative
of the evolution of the reacting flow are the time scales associated with the
forcing acoustic cycle and the time scales describing the evaporation and the
fluid mechanical response of the flow. An important contribution to the study
of forced flames response is the work done by [15]. They computed and an-
alyzed the effects of several regimes of Strouhal number on chemistry and
temperature of methane-air diffusion flames.

In this paper, effort has been made to numerically investigate a turbulent
piloted spray flame exposed to low amplitude gas velocity oscillations. The
CFD is performed using a commercially available numerical code, CFX An-
sys, by solving the URANS set of equations. The flow field is solved in the
Eulerian-Lagrangian framework and gas and liquid phases are coupled in a
two-way manner. The studied test-case is a non-confined turbulent flame
burning at atmospheric pressure and stabilized by a pilot flame. The bound-
ary conditions of the main flame and the burner’s configuration are taken from
the well known ethanol flame of the University of Sidney ([11], [5]). The main
advantage of this flame is that the spray can be modeled in the dilute regime
and hence phenomena of break-up and droplet interactions can be neglected.

This paper is based on previous work done by [6]. The results shown in
[6] are here integrated with new simulations aimed at comparing the spray
flame response with a purely gaseous reacting flow. The response of a mono-
dispersed spray flame is compared with the forced response of a pre-vaporised
ethanol flame, with the same global equivalence ratio. A preliminary study on
dimensionless parameters is carried out in section 6.2, as an attempt to char-
acterize the dynamics of the spray flame. The numerical procedure followed in
the simulations is explained in section 6.3. The results of the simulations per-
formed are discussed in detail in section 6.4. Final conclusions are formulated
in the final section 6.5.

6.2 Characterization of unsteady spray flames

The characterization of the spray flame response to acoustic forcing covers a
wide range of phenomena involving a variety of temporal scales. An important
contribution to describe the forced flame response by means of dimensionless
variables was made by [8]. They analyze the reacting gas field and the spray
structure, submitted to the acoustic forcing, by determining three main pa-
rameters: the mechanical time of the flow, the relaxation time of the droplets
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and the evaporation time. These physical variables are linked to the acous-
tic modulation through the forcing acoustic time, which is the inverse of the
forcing frequency (tac � 1~ff ). Despite a strongly non-linear response of the
flame, they could observe a major trend of the flame fluctuations, based on
the value of the Strouhal number. The largest combustion/vortex interaction
occurs for St B 1, while towards higher frequencies, ff C 240 Hz, the fluctu-
ations tend to decrease. At the maximum frequency imposed, 700Hz, they
measured a phase speed equal to the value of the inlet fresh gas velocity. In
eq. (6.1) the Strohual number is written as:

St �
D

U
ff (6.1)

where D is the diameter of the main flame nozzle, U is the gas bulk velocity
at the inlet and ff the forcing frequency. Equation (6.1) is valid when the
flame is submitted to a mono-harmonic signal and a unique value can be given
to ff . This is the case for the flames �a� and �b� investigated in this paper
and listed in section 6.3: St � 0.07 at 200 Hz and St � 0.8 at 2500 Hz. These
values are in agreement with the field observed in the simulations: at 200 Hz
the flame shows a strong entrainment of the pilot into the core zone, while at
2500Hz the flame front appears wrinkled but not disrupted. The behaviour of
the spray flame, �a�, is very similar to the correspondent gaseous flame �b�.
In addition to the eq. (6.1), another formulation of the Strouhal number can
be given based on the turbulent length scale:

Stt �
Dº
k3ε�2

(6.2)

where k is the turbulence kinetic energy and ε the turbulence eddy dissipation.
To distinguish the two definitions of Strouhal number in eq. (6.1) and eq. (6.2),
a subscript t (for turbulent) is written in eq. (6.2). The second relevant
parameter represents a measure of the mechanical response of the droplets:
the Stokes number. If the effects of the relative convective motion are not
taken into account, then the particle relaxation time is written as [8]:

trel �
ρld

2
d

18µg
(6.3)

The liquid density ρl and the droplet diameter dd are calculated at the inlet
conditions and the gas dynamic viscosity µg at high temperature. The Stokes
number describes how closely the particles follow the fluid streamlines: when
σ @@ 1 the inertia of the particles is negligible, and when σ AA 1 the particles
are likely to detach from the flow streamlines. There are several definitions

106



6.2 Characterization of unsteady spray flames

of the Stokes number, and the formula used here is:

σ �
trel
te

(6.4)

where trel is the relaxation time and te is the characteristic eddy lifetime,
simply defined as k~ε. In the case of a stationary flame, at a distance of 10
cm from the nozzle, eq. (6.4) is observed to give a value of 0.8. This value
is slightly higher than the one estimated in [7]; this discrepancy is probably
due to the different definitions of eq. (6.4). Based on the Stokes number
calculation, the dispersed phase is expected to follow the fluid. A parameter
proposed by [8] relates the liquid relaxation time to the forcing frequency by
the following definition:

σl �
trel
tac

(6.5)

where l indicates the liquid phase. Equation (6.5) is defined as acoustic Stokes
number (σac), by [14]. At 200Hz, σl � 0.2 and the liquid is responsive to the
acoustic perturbation and its dispersion is affected by the forcing frequency.
At 2500Hz, σl � 2.6 and the influence of the velocity fluctuations on the
dispersed phase is weaker than in the low frequency case. However, since the
Stokes number calculated with eq. (6.4) is less than unity, if the gas field is
susceptible to the perturbation, also the spray is. This statement is true in
this case because droplets of only one size band are injected into the domain,
and the Stokes number is calculated based on a specific droplet size diameter.
In the general case of a polydisperse spray, as the original validation test-case,
the Stokes number assumes different values, depending on the size band [9].
An important time scale to take into account when studying the behaviour
of spray flames is the evaporation rate. In a piloted flame, the lifetime of the
droplet is affected not only by its reacting vapour phase, but also by the heat
transferred by the hot pilot. The liquid mass injected from the center of the
nozzle travels a longer distance, before evaporating, than the liquid located
at the periphery of the jet. From the steady state calculation, the range of
the evaporation time is calculated to be: 0.003 @ tevap @ 0.012. If the droplet
evaporates before undergoing an entire acoustic cycle, the dispersion will not
be affected by the forcing. The condition tevap A tac is satisfied at ff � 2500
Hz, but not completely fulfilled at ff � 200 Hz. The droplets traveling from
the periphery of the nozzle, close to the pilot, only survive half of the acoustic
cycle before evaporating.

Figure 6.1 represents a sketch of the regimes of response of the spray. The
acoustic Stokes number (eq. (6.5)) on the x-axis is plotted versus the forcing
frequency, y-axis. The iso-line of Stokes number (eq. (6.4)) equal to 1, divides
the diagram in three main areas:
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Figure 6.1: Regimes of response of the ethanol spray to reacting gas modulations.
Area I: droplets following gas region. Area II: spray detaching from the
flow region. Area III: spray uncoupled with gas and acoustics.

� area I (σ @ 1, ¦σl): droplets following gas region. Regardless the value
of the acoustic Stokes number, the liquid phase is likely to follow the
gas and the acoustic waves;

� area II (σ A 1, σl @ 1): spray detaching from the flow region. The spray
is responsive to the acoustic wave but is likely to detach from the flow.

� area III (σ A 1, σl A 1): spray uncoupled with gas and acoustics. The
inertia of the liquid is such that it is not responsive to external pertur-
bation and is not attached to the gas.

For σ C 1, it is possible to determine the frequency f� above which the liquid
becomes less responsive to the acoustic forcing. The frequency f� becomes
lower with increasing Stokes number. The lower limit, fm, is given by the
condition fm A 1~tevap, below which the droplet will evaporate before the end
of the acoustic cycle. The gray area indicates the droplets which will not
survive the acoustic cycle. The frequency fm moves towards higher values
for increasing Stokes number. This is because the evaporation time becomes
higher for bigger droplet, which corresponds to higher Stokes number.

6.3 Numerical configuration

The burner object of the presented work was designed and studied experi-
mentally at the University of Sydney. The turbulent ethanol-air spray flame
is burning at atmospheric pressure. The nebulizer is located 250 mm from the
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(a) (b)

Figure 6.2: (a) Sketch of the simulated domain, dashed line [6], (b) Imposed velocity
at the main flame inlet, f � 200 Hz (-) and f � 2500 Hz (–)

nozzle exit plane, and an amount of ethanol vaporizes already along the tube
upstream the jet exit plane. At the inlet of the numerical grid, a partially
premixed mixture of prevaporised ethanol and air is injected, along with the
liquid loading. The liquid fuel is assumed to be in the dilute regime and
the droplets in spherical shape. The main flame is stabilized by a pilot flame,
which is a stoichiometric mixture of acetylene, hydrogen and air. The hot flow
is surrounded by a stream of co-flowing air, at ambient conditions. A detailed
description of the geometry and a wide set of initial conditions adopted in an
experimental set-up of non-reacting jets and flames can be found elsewhere
([11], [7]). Figure 6.2a shows the numerical domain, limited by the dashed
line, and the streams of flow entering the domain. The control volume of the
flame is reduced to a half cylinder and is discretized in a structured mesh
of 1 � 106 nodes. Symmetry boundary conditions are used to represent the
symmetric reacting flow field; an opening boundary condition is applied to
the external surface of the half cylinder to simulate the surrounding air. In
total seven simulations were performed:

(a) Open spray flame submitted to two mono-frequency forcing: one of 200
Hz, and one of 2500 Hz ([6]);

(b) Open prevaporised ethanol/air flame submitted to two mono-frequency
forcing: one of 200 Hz, and one of 2500 Hz;

The purely gas-fueled flame has the same global equivalence ratio of the spray
flame �φ � 2.4�. However, in the spray flame configurations the ethanol/air
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gas mixture, injected at the inlet along with the liquid, is a lean mixture. The
simulations are performed following the Eulerian-Lagrangian approach. The
interphase coupling takes place with a 2-way coupling, through source terms
in the solved equations. The particle motion is solved for representative tra-
jectories (parcels), by integrating the Newton’s law. The particle temperature
is assumed to be spatially uniform within the droplets and the evaporation
model is the Spalding-like formulation as implemented in CFX. The mass flow
of the liquid fuel at inlet is based on the Sydney spray flame database and
the injection of the parcels takes place uniformly over the nozzle plane. The
combustion is treated with the available Burning Velocity Model [1]. The
mixing is modeled by means of the mixture fraction and the spatial/temporal
evolution of the reacting flow is described by the reaction progress variable
’c’. The kinetic mechanism used in the simulations is the 235-step reaction
mechanism, composing of 46 species, by Marinov [10]. Other details of the
numerical setup can be found in [6].

The main flame is perturbed, at the inlet, with an harmonic wave, rep-
resented by a sinusoidal signal that includes the forcing frequencies. The
transient mass flow rate of the air/ethanol gas mixture is implemented as
follows:

m�t� �m�1 �Afsin�2πff tstep�� (6.6)

The time-dependent component has a constant amplitude, Af , equal to 0.12
of the mean gas mixture mass flow. In this paper, two cases are investigated
concerning the slip velocity at the inlet. One simulation is performed in which
a velocity equal to 15 m/s is imposed to the droplets, at the inlet. In this
way, when the mean velocity of the gas phase undergoes the prescribed time
(frequency)-dependent oscillations, also the slip velocity follows the same fluc-
tuations. A representation of the time dependent profile of the slip velocity
is given in fig. 6.2b; this case is presented in section 6.4.3. A second set of
simulations is carried out with the assumption of zero slip velocity at the inlet
and the results are shown in the next paragraph section 6.4. The total sim-
ulation time is 0.9s, with a time step of 2µs. Due to the high computational
time required by the Lagrangian tracking, the fuel droplets are injected only
every 0.2 ms. One complete acoustic cycle of the 2500 Hz perturbation covers
a time lap of 0.4 ms and the acoustic cycle of 200 Hz has a period of 5�3

s. The injection of the droplets takes place in a time interval such that at
least two injections are made per acoustic cycle at high frequency (and 10 at
low frequency). This should ensure that the liquid loading is present at each
acoustic cycle.
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Figure 6.3: Decay of liquid diameters along representative clusters of droplets, at five
radial locations r~d, and acoustic period T2500Hz � 0.4 ms and T200Hz � 5
ms

6.4 Simulation results

Two cases of forced flame response to inlet flow modulation are shown in
this paragraph. The frequencies used to perturb the two phases fluid mass
flow rate at the inlet are 200 Hz and 2500 Hz. First, a brief discussion on
the flow time scales is made. In the case of a mono-dispersed spray, the
Stokes number can be assumed constant. However, in this specific test-case,
the evaporation time varies along the radial coordinate, moving from the core
zone of the flame towards the pilot. Figure 6.3 shows the decay of the droplets
diameter in the non-forced spray flame. The radial location, r, is normalized
by the nozzle diameter d. Each line represents a cluster of droplets injected
at a specific location, from the centerline (r~d � 0) towards the edge of the
flame (r~d � 0.5). The droplets injected close to the pilot are exposed to a
much higher temperature and they heat up faster than the liquid in the cold
core zone. This leads to a higher evaporation rate going from the pilot to
the centerline. On the x-axis the acoustic periods at 200 Hz (Tac � 5 ms),
and at 2500 Hz (Tac � 0.4 ms) are also indicated. The mass of liquid with
an evaporation time lower than the acoustic periods will evaporate before
the completion of the acoustic cycle. The interaction between liquid and gas
phase is modeled in a two-way coupling, meaning that a change in the liquid
field will affect the gas field and vice-versa. The effect of the droplets on the
turbulence field of the gas becomes even larger in the case of acoustic-forced
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flow. The evolution of the Lagrangian tracks and the Eulerian gas field are
described in the next paragraphs section 6.4.1. A comparison of the spray
flame with a prevaporised ethanol flame is made in section 6.4.2.

6.4.1 Spray flame forced response

Several can be the responses of a flame exposed to acoustic forcing. In this
paragraph it is shown that, in case of liquid-fueled flames, one of the pa-
rameters which can be used as a well defined measure of the change of the
flame structure is the spray penetration. In table 6.1 the maximum axial
penetration of the spray is compared in the case of perturbed and non-forced
flames. From table 6.1 it can be observed that the higher the frequency, the
shorter the distance traveled by the droplets before evaporating. As stated
in section 6.4, the boundary conditions of the liquid’s velocity slightly differ
between the forced and the non-forced case. The slip velocity is null in the
forced cases and equal to 5 m/s in the stationary flame. However, due to
the small size of the droplets, the initial slip velocity decays quickly and the
ff � free case is taken as a reference. This assumption is validated in sec-
tion 6.4.3, where the spray response of two flames, with us � 0 m/s and us � 5
m/s, are compared, both in case of 2500 Hz forcing. The traveling distance of
the spray exposed to the highest frequency is shorter than the distance of the
non-forced flame. This is the result of a shorter evaporation time, as can also
be observed in fig. 6.4. Figure 6.4a and fig. 6.4b show the diameter lifetime
of the tracks injected at the same location of the acoustic-free case, fig. 6.3.
The gas modulations at 200 Hz and 2500 Hz have an opposed effect on the
spray response. In particular, at low frequency the acoustic wave interacts
with transport phenomena of the liquid phase. At specific ∆t, pockets of cold
fuel detach from the flame causing a perturbation of the spray dispersion. In
fig. 6.5 the forcing signal, which is the velocity at the inlet, is plotted versus
the time. The evolution of the spray dispersion is shown for one acoustic
period (Tac), and each ball in the figure is a graphical representation of the
so-called parcels of droplets (where each parcel represents a fixed number of
physical droplets). The entrainment into the spray occurs every Tac and the
droplets travel downstream and evaporates when entering the hot region of
the post-flame. This leads to a delay of the evaporation time for the droplets

Table 6.1: Axial spray penetration [m] under acoustic forcing and in stagnation flame.

ff � free ff � 200 Hz ff � 2500 Hz

0.248 0.314 0.206
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Figure 6.4: Decay of liquid diameters along representative clusters of droplets, at five
radial locations r~d, under ff � 200 Hz, (a), and ff � 2500 Hz, (b).

clustered at the center-line, as can be observed by comparing the diameter
decay at r/d=0 in fig. 6.3 and fig. 6.4a. When the flame is exposed to 2500
Hz, the forcing signal does not cause a disruption of the liquid jet but plays
an effective role in the evaporation rate. In fig. 6.6 an histogram of the total
number of droplets across the full cross-section of the spray versus the axial
locations is shown. One can see that the number of droplets is decreasing
faster at high frequency than at 200 Hz, and this can only be explained by a
faster evaporation rate. Recalling fig. 6.1, the inertia of the droplets is such
that the liquid jet most likely follows the gas flow, under both the exciting
signals. In order to understand the phenomena behind the response of the dis-
persed phase, the gas field has to be observed. The 200 Hz forcing frequency
results into a deformation of the flame front which undergoes a periodic action
of stretching and contraction. At the end of each acoustic period, there is a
disruption of the flame, that causes a detachment of pockets of cold gas from
the core zone of the flame. This series of phenomena leads to an entrainment
of the hot gases coming from the pilot into the flame zone. When the flame is
exposed to 2500 Hz, the effects of the acoustic waves occur at small scales, on
the flame front. Local deformations take place in the shear layer between the
cold core zone of the flame and the pilot. The flame front appears wrinkled,
causing an increase of the flame surface area. Figure 6.7 shows the instanta-
neous contour of the ratio �Sc�forced~�S̄c�stationary at the maximum and the
minimum amplitude (�c� and �e� of fig. 6.5) of the acoustic cycle. Scforced is
the chemical source term and S̄cstationary is the source term, averaged over the
simulation time, of the non-forced flame. At 200 Hz the length of the flame
front changes periodically with the acoustic wave. It can be observed that
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Figure 6.5: Sketch of the spray dispersion at every Tac, in correspondence of the
lowest peaks of forcing signal.
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Figure 6.6: Counts of physical droplets ���, versus axial distance [m].

the magnitude of the source term changes in the course of the acoustic cycle,
in particular it increases at 3π~2, when the stretching of the flame reaches
its maximum value, �e�. As shown in fig. 6.5, after that point, the spray
breaks-up and cold pockets of gas are released downstream. The phenomena
of decreasing in radius and increasing in length are simultaneous, but locally
the flame front maintains its smooth profile. In the same figure, it can be
observed that at 2500 Hz the flame length does not vary, but the flame front
is highly corrugated.

6.4.2 Spray flame vs Prevaporised ethanol flame

The heat released by the flame represents an important indicator of the effects
of the forcing signal on the flame. Based on the combustion model used in
the simulations, the heat released is calculated as follows:

Q̇ � ηS
v
ωcdV (6.7)

where η [kJ/kg] is the heating value of the fuel and ωc [kg/m3/s] is the reaction
progress variable source term. Figure 6.8 shows the fluctuating component
of the heat released in case of non-forced flame. The peaks will also affect
the fluctuations of Q̇ of the forced cases. As can be seen in fig. 6.9, under
acoustic forcing, the induced fluctuations have a periodic oscillation, which
is not linearly related to the forcing. In fig. 6.9 the fluctuations of the heat
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Figure 6.7: Instantaneous contour of the ratio �Sc�forced~�S̄c�stationary at π~2 and
3π~2.
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Figure 6.8: Time series of the fluctuations of heat released of acoustic non-forced
spray flame.
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released are plotted for the spray and prevaporised flames configurations.
Three main observations can be made:

� The amplitude of the fluctuations is much higher at 200 Hz than at 2500
Hz.

� At 200 Hz the fluctuations of the spray flame (dashed line) are smaller
than the prevaporised case (solid line), and vice-versa at 2500 Hz.

� At 200 Hz the period of the fluctuations of the spray flame shows two
frequencies, in the other cases the oscillations are characterized by one
frequency.

Figure 6.9: Time series of the fluctuations of heat released (200 Hz left, 2500 Hz
right). Solid line gaseous configuration, dashed line spray.

As shown in fig. 6.6 and fig. 6.4a, at 200 Hz the evaporation of the liquid fuel is
delayed because clouds of droplets are transported into the burnt gases. The
rate of fuel burning is lower in the spray flame than in the pre-vaporised case,
and this explains why the fluctuations of Q̇ are larger in the gaseous flame
than in the liquid-fueled flame, fig. 6.9 (left). Moreover, the oscillations of the
dashed lines in fig. 6.9 (left) show a series of a sharp peak followed by a flat
profile. The flat portion of the curve, which is not present in the prevaporised
flame, can be related to the delayed evaporation of the liquid. The stretching
of the flame leads to a contraction of the jet; the spray penetration increases
and the energy released by the fuel is lower than in the pre-vaporised case.
This leads to a strong non-linear response. An opposite behaviour is observed
at 2500 Hz, in fig. 6.9 (right): the heat released by the spray flame is locally
larger than the energy emanated by the pre-vaporised case. This is due to
the enhancement of the evaporation rate, as was shown also in fig. 6.6 and
fig. 6.4b. It can also be observed that the heat released oscillates at the
same frequency in the case of liquid and gas-fueled flame, fig. 6.9 (right).
The magnitude of the heat released fluctuations is lower at 2500 Hz than at
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Figure 6.10: Time series of the gas temperature monitored at y � 20 cm. (spray flame
(solid line), pre-vaporised ethanol/air flame (-o), stationary spray flame
(dashed line), stationary prevaporised flame (-+ line)).

200 Hz. In fact, as also observed in fig. 6.7, the flame appears to be more
stable when exposed to high frequency forcing. This is confirmed by observing
the time series of the gas temperature. Figure 6.10 shows the instantaneous
gas temperature, monitored at a distance y of 20 cm from the nozzle along
the centerline, in the case of forced and non-forced flames. The solid black
line corresponds to the forced spray flame, the line-with-circles to the forced
prevaporised configuration, the dashed line to the non-forced spray flame and
the line with ”�” symbols to the steady non-forced prevaporised flame. On the
left column �a� there are the fluctuations resulting from the 200 Hz forcing,
on the right column �b� the field exposed to 2500 Hz.

At 2500 Hz, fig. 6.10b, the temperature in the spray flame increases from a
mean value of 1000 K to 2200 K. This is in agreement with the faster evapora-
tion rate observed at high frequency, and suggests a shortening of the flame.
The change of evaporation rate plays a major role in the characterization of
the gas field. In fact, looking at the prevaporised flame in fig. 6.10b, only
small fluctuations can be observed, and an increase of the temperature mean
value of 100 K. Moreover, when the evaporation is completed downstream,
the acoustic wave does not effect the gas temperature, fig. 6.11b. The ∆T
between the acoustic-free spray and prevaporised flame at y=30 cm can be
explained by the different boundary conditions assigned to the flames. The
global equivalence ratio is maintained constant in the simulated test-cases.
Thus, the gaseous mixture is injected at rich conditions in case of prevap-
orised flame, and at quasi-stoichiometric conditions in the spray flame con-
figuration. At 200 Hz, the gas field appears perturbed, both in liquid and
gas fueled-flames. In the spray flame, the evaporation is completed and the
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Figure 6.11: Time series of the gas temperature monitored at y � 30 cm. (spray flame
(solid line), pre-vaporised ethanol/air flame (-o), stationary spray flame
(dashed line), stationary prevaporised flame (-+ line)).

oscillations are a few Kelvin. In the prevaporised case, the chemical reactions
are not completed yet and the amplitude of the fluctuations is of 1000 K.

Frequency domain analysis

The response of the flame to acoustic fluctuations can be quantified by means
of the flame transfer function (FTF). In this case, a flame transfer function is
calculated at two discrete frequencies: 200 Hz and 2500 Hz. It describes the
variation of the heat released by the flame due to an acoustic perturbation
which takes place upstream of the flame. As explained in section 6.3, the
acoustic perturbation is caused by the mass flow fluctuations, eq. (6.6). This
translates into a fluctuation of the velocity at the inlet, and the formula used
to calculate the discrete flame function is defined as:

FTF �ω� � �Q̇��ω�~ ¯̇Q�
�u��ω�~ū� (6.8)

The time series of heat released and velocity are monitored during the simu-
lations and subsequently split into the fluctuating and the mean components.
The obtained variables are then mapped into the frequency domain by using
a fast Fourier transformation. The magnitude and the phase of the FTF are
calculated by assuming a sinusoidal waveform and they are shown in fig. 6.13
and fig. 6.12. At high frequency the corrugation of the flame front causes an
increase of the reaction rate, but the stretching and contraction of the flame
exposed to 200 Hz amplifies this phenomenon even more. This explains why
the transfer function gain is higher at 200 Hz than at 2500 Hz, both in case of
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Figure 6.12: Discrete FTF magnitude of spray flame (l) and pre-vaporised (�) flame,
at 200 Hz (black) and at 2500 Hz (red).

prevaporised and spray flame. Moreover, the response of the flame at 2500 Hz
has a small amplitude (@ 0.1), as it was proved by the relatively small oscilla-
tions of the time series of heat released, fig. 6.9 (right). The acoustic forcing
has a direct effect on the evaporation rate; however, the enhancement of the
evaporation rate has a small impact on the reaction rate. In fact, the gain of
the FFT in the spray and prevaporised flames has a similar amplitude. At 200
Hz, the delay of the evaporation of the droplets is such that the response of
the spray flame is much smaller then the forced response of the prevaporised
flame. The effects of the acoustic wave on the phase are similar in the gas and
liquid-fueled flames. In fig. 6.13 the point marked with a represents the phase
at 200 Hz. Assuming a linear behaviour of the phase, the point b corresponds
to the phase at 2500 Hz. The magnified area in the graphs shows how far
the point b is from the points c and d that represent the phase at 2500 Hz
adjusted by multiples of π. In the prevaporised flame, fig. 6.13b, the point d
is close to the linear response of the phase, while it is shifted in case of spray
flame. The combustion time delay, tdelay, can be calculated from the slope of
the lines plotted in fig. 6.13. Following the formula of eq. (6.9):

τ �
S�FTF S

2πff
(6.9)

a time characterization is found for the spray flame, fig. 6.13a, and for the
prevaporised case, fig. 6.13b. A comparison is made in table 6.2: In case of the
prevaporised flame, the time delay is slightly higher than in the spray, with
a difference of 0.5 � 10�3 s. However, as observed by [14] it can be concluded
that the droplet dispersion is affected by the acoustic wave, but with the same
phase characterizing the gas field.

120



6.4 Simulation results

(a) (b)

Figure 6.13: Discrete FTF phase, spray (a) and Prevaporised flame (b).

Table 6.2: Combustion time delay τ [ms]

τ

Spray 3.1
Prevaporised 3.6

6.4.3 Effect of initial slip velocity on the forced flame response

In section 6.2 a set of dimensionless parameters was calculated to determine
the regimes of behaviour of a spray flame exposed to acoustic forcing. The
test-case studied in this paper is characterized by a Stokes number lower
than unity, so the droplets tend to follow the gas streamlines and not to
maintain their velocity due to inertia. Therefore, one can assume that if a
slip velocity between the liquid and the gas phase is imposed at the inlet,
it will decay fast. The effect of the gas velocity modulation on the initial
velocity of the droplets is investigated here. Two unsteady simulations are
performed: in one case, the initial slip velocity, us, is imposed to be zero. In
the other case, the droplets are injected with a constant initial velocity, such
that the perturbation imposed at the gas flow rate translates into slip velocity
fluctuations (fig. 6.2b). In fig. 6.14 it can be observed that the evaporation
rate and the heat released by the flame do not vary when a slip velocity is
imposed or not. Figure 6.14a shows the time series of the heat released by
the flame in the two cases, and the graphs overlap. The spray penetration
is the same at each axial location, fig. 6.14b, and it can be assumed that
also the spray dispersion does not change. In fig. 6.15b the time series of the
gas velocity at two monitoring points along the centerline is illustrated. The
black line corresponds to the axial coordinate closer to the nozzle exit plane,
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y=10 cm, and the blue line represents the velocity at y=20 cm. At both
axial locations the circle symbols overlie on the line, at each time. The same
behaviour is shown by the temperature monitored at a distance y=20 cm
from the nozzle plane, fig. 6.15a. To conclude the slip velocity imposed at the
inlet decays fast and does not have impact on the combustion or evaporation
dynamics.
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Figure 6.14: (a) Time series of heat released by the flame submitted to 2500 Hz, with
�ug � ul� � 0 m/s (black) and �ug � ul� � 5 m/s (blue). (b) Counts of
droplets along the axial direction.
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Figure 6.15: (a) Time series of the gas temperature at y � 20 cm from the nozzle.
(b) Time series of the gas velocity at two monitoring points: y � 10 cm
(us � 0 m/s (black) and us � 5 m/s (blue)) and y � 30 cm (us � 0 m/s
(line) and us � 5 m/s (circle))
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6.5 Conclusions and discussion

URANS simulations have been performed in the Eulerian-Lagrangian frame-
work. Two regimes of Strohual numbers, St, have been investigated, under
the same Stokes number equal to σ � 0.8. The response of a turbulent pi-
loted spray flame exposed to a 200 Hz (St � 0.07) and 2500 Hz (St � 0.8)
has been computed and compared to the non-forced spray flame and to the
prevaporised ethanol/air flame.

6.5.1 Conclusions

The main effects of the acoustic on the spray flame can be summarized in five
key points:

� for St � 0.8 the acoustic wave induces a corrugation of the flame front,
(fig. 6.7) and the evaporation rate of the droplets increases (fig. 6.4); the
effect of the modulation is confined in the region of the steady flame.

� for St � 0.07 the combustion/acoustic coupling causes a periodic stretch-
ing and contraction of the flame (fig. 6.7) which causes a delay of the
evaporation rate and an increase of the combustion rate; the oscilla-
tions cause pocket of cold gas to detach from the flame and travel far
downstream.

� the forced response of the spray and prevaporised flames at 2500 Hz
has a similar amplitude and small compared to the 200 Hz response,
fig. 6.12; thus the droplets do not play a major role in case of 2500 Hz
signal.

� at 200 Hz the gain of the flame transfer is higher in case of prevaporised
flame, due to the delay of evaporation rate in the spray flame case;
at both low and high gas modulation, the phase of the flame transfer
function is not significantly affected by the liquid phase.

� the spray penetration in the flame exposed to 2500 Hz is about 5 cm
shorter than the spray penetration in the non-forced spray flame. The
200 Hz forcing results, instead, into an increase of the spray penetration
of about 5 cm compared to the non-forced case.

An interpretation of the main findings can be done by analysing the results
separately in the temporal and in the frequency domains.
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6.5.2 Discussion

Temporal domain

The acoustic forcing of the turbulent spray flame results into a faster evapora-
tion rate at 2500 Hz and, compared to the non-forced case, the mean value of
the temperature at the centerline increases (fig. 6.10b). The shape of the flame
remains almost unaltered, however the flame front appears wrinkled. Thus,
the enhancement of the evaporation rate can be related to the interaction of
the acoustic field with the flame front. The Stokes number is small enough
to ensure that the droplets follow the gas streamlines under both the forcing
modulations. At a Strouhal number St � 0.8 this results into a stable flame,
where the dispersion of the droplet is not altered by the forced perturbation.
[15] found that, for growing Strouhal number, the methane flame object of
their CFD seemed to have characteristics similar to the non-forced case. A
so called weakly coupled state established, as described by [16]. The same
phenomenon is observed in this work. However the turbulence seems to play
a crucial role in this case, compared to the laminar regime studied by [15], in
the oscillations of the flame front. Under 200 Hz perturbation, pockets of cold
gas detach from the tip of the flame and travel into the gas burnt downstream
the flame. The droplets follow the gas and the evaporation undergoes a delay.
So, the effects of the modulation for St � 0.8 are confined in the region of the
corresponding steady flame. Instead, the oscillations induced at St � 0.07,
propagates far downstream the flame. In both cases, the dispersion of the
spray follows the gas behaviour: it remains almost unchanged for St � 0.8,
and is entrained by the gas for St � 0.07.

Frequency domain

The changes of the combustion rate as a response of the perturbations im-
posed at the inlet velocity of the gas phase can be studied into the frequency
domain, by calculating the flame transfer function in the two forcing points:
200 Hz and 2500 Hz. The amplitude of the flame transfer is higher at 200
Hz than at 2500 Hz and, in particular, the response of the prevaporised flame
has a gain equal to four times the gain of the corresponding spray (fig. 6.12).
At 2500 Hz the response of the spray and the prevaporised flame is very sim-
ilar. This suggests that at high oscillations, the presence of the droplets does
not play a crucial role. The combustion delay calculated through the phase
of the flame transfer function shows a similar behaviour for the gas and the
liquid-fueled flames, (fig. 6.13). The presence of the liquid droplets do not
affect the gas phase.
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7 Conclusions and recommendations

The presented research originates from the need to refine numerical and mod-
eling tools which can be used to describe the complex phenomena of turbulent
reacting flows of fuel sprays, in a feasible and accurate way. Turbulent liq-
uid spray flames can be found in several industrial applications, and ethanol
plays an important role as a biofuel, in a low-pollutant emission combustion
systems scenario. To ensure the stability of the flame and a low production
of pollutants over a wide range of initial operating conditions, the investiga-
tion of the unsteady behaviour of the flames is of crucial importance when
designing a combustion system.

The main issues addressed in this dissertation were the modeling of pre-
vaporised ethanol flames, and the study of forced spray flame response to
upstream perturbations. The main findings of the research presented in this
dissertation were shown in the core chapters 3 to 6, and are summarized in
this conclusive chapter 7.

Lastly, some recommendations for future work are proposed.

7.1 Conclusions

In this work, insight was gained on diverse aspects of ethanol combustion.
Numerical simulations were performed with the commercial software Ansys
CFX, by using the available combustion models, and implementing external
user-defined routines. The first part of this session presents conclusive re-
marks on the simulations performed on laminar and turbulent prevaporised
ethanol flames. The second part is dedicated to the results obtained in the
study of an ethanol spray flame and its response to acoustic modulations.

7.1.1 Combustion of pre-vaporised ethanol flames

In chapters 3 and 4 the modeling of premixed pre-vaporised ethanol flames
was addressed. The combustion was treated with the tabulated chemistry
approach, and a methodology to a priori assess the reaction progress variable
was refined. The main concept on which this methodology is based, is the
projection of the detailed chemistry space into a low-dimensional chemical
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7 Conclusions and recommendations

manifold. Laminar flamelets are therefore tabulated based on controlling
scalar parameters.

Several researchers have proven the suitability of this combustion model-
ing, in gas turbine engines. However, a research gap emerges in the definition
of such controlling scalar parameters, also in the flamelet-based combustion
models available in Ansys. In chapter 4, it was shown that such investiga-
tion becomes important especially when dealing with complex mixtures of
fuels, which can not always be treated with the same tools adopted for the
traditional fuels. Two methods were combined to determine the optimum
combination of species defining the reaction progress variable: the CSP anal-
ysis and a sensitivity analysis of the times scales carried out with a PSR.
When this approach was applied to ethanol combustion, as a result of the
sensitivity analysis of the species consumption rate, the species were divided
in three groups: fast (steady), slow and dormant. This information was used
to correct the set of major species indicated by CSP, in particular by neglect-
ing the species (dormant) whose time scale was out of the range of interest.
The CSP/PSR method to define the reaction progress variable leads to the
most accurate choice of species weight factors.

The obtained chemical database was then implemented in Ansys CFX, and
a set of laminar flat and Bunsen flame was simulated. An excellent match
was found with the 1D freely propagating laminar flames solved with detailed
chemistry. The chemical manifolds obtained with other definitions of RPV
shown a different distribution of the chemical source term over the reaction
progress variable space, compared to the CSP/PSR based RPV. The latter
results into a RPV’s source terms spread more uniformly. This feature leads
to less steep gradients in the manifold space, therefore to the best feasible
tabulation. The way the RPV is defined has an even bigger impact on the
prediction of the Bunsen flame. In particular, for some expressions of the
RPV, the ignition of the flame takes place close to the inlet, upstream the
wall where the stabilization of the flame is expected to occur.

The so assessed procedure was then extended to the prediction of a tur-
bulent premixed flame. The interaction of chemistry and turbulence was
accounted for by means of a PDF integration. Tabulations of lean mixtures
of air and ethanol and blends of ethanol/water and ethanol/iso-octane were
performed and verified against freely propagating laminar flames predicted
with detailed chemistry. Excellent agreement was achieved, for tempera-
ture and species mole fractions of all the mixtures. It was found that the
ethanol/air mixture has the highest laminar flame speed among the other
mixtures. While, the addition of water into the ethanol mixture results in
a decrease of the laminar flame speed. The addition of ethanol into the iso-
octane/air mixture causes an increase of the laminar flame speed compared
to pure iso-octane.
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7.1 Conclusions

The turbulent simulations were carried out on an existing methane burner,
and the composition of the ethanol blends mixture was determined by the
adiabatic temperature being equal to the methane burning inside the burner.
It is found that the iso-octane flame reaches completed combustion when the
ethanol is still not fully burnt. The results were compared to experimental
data measured in methane/air combustion. The aerodynamic field was well
reproduced, nonetheless the observed discrepancies can be addressed by using
a more accurate turbulent modeling approach, and increasing the dimension
of the manifolds to account for the heat loss.

7.1.2 Dynamics of turbulent spray flames

Simulations of ethanol turbulent piloted spray flames were presented in chap-
ters 5 and 6. The Sydney ethanol flame was taken as reference case, and
the experimental database was given by professor A. Masri. First, RANS
simulations were performed in the Eulerian-Lagrangian framework, in which
the interaction between the gas and liquid phases was solved in a two-way
coupling. The combustion was treated with the Burning Velocity Model, in
combination with an empirical laminar flame speed polynomial law, specific
for ethanol oxidation. The spray evolution was predicted under the main as-
sumption of dilute regime, such that phenomena of atomization and droplet
collisions were negligible and not modeled.

Two flames configurations were used as comparison with the experimental
measurements: the EtF6 and EtF7. In general, good agreement was found
with the axial droplet velocities and the gas field temperature. Some discrep-
ancies were observed in the droplets radial velocities and the gas temperature
close to the nozzle. This can be read as a RANS turbulence modeling defi-
ciency. Moreover, the definition of the initial velocities of the droplets, close
to the measured data plays a crucial role in the prediction of the mixing of
the flow, as well as a combustion model which is capable of capturing the
partially premixed-like behaviour of the flame.

There are numerous lines of research focused on improving the state of the
art of the modeling of dilute spray flames. An important field, in which a
more in-depth insight urges into the physics of the phenomena involved, is
the response of spray flame to acoustic perturbations. The final chapter 6 of
this thesis presented results of URANS simulations performed to explore the
forced response of the spray and the heat released by the flame to gas velocity
fluctuations. The models used to predict the combustion field and the spray
evolution reflected the ones used in chapter 5. The EtF6 flame was perturbed
with two frequency signals imposed at the gas inlet velocity, and the initial
conditions of the droplets were simplified such that a monodispersed spray
was injected.
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An increase of the evaporation rate was appreciated when the flame was
exposed to a high frequency signal, while the medium frequency excitation
caused a disruption of the flame front, and of the spray displacement. These
results have shown that the study of the thermoacoustic, as well as stability
phenomena, in spray flames must account for the interaction between the
convective flow, the heat released by the flame and the spray evolution.

7.2 Recommendations

Based on the insight gained in this work, the following recommendations are
proposed for future work:

� An extension of the CSP/PSR approach to define the optimum weights
of the species mole fractions in the reaction progress variable definition
is proposed. More validations are needed to verify if the chemical time
scales selected for a specific mixture composition can be representative
of the reactions over the entire range of flammability limits of the fuel.
With the goal to model non-premixed flames one should verify if the
counterflow diffusion flames would represent a better choice to build
the flamelet tabulation.

� More detailed comparisons with experimental data would allow a refine-
ment of the tools presented in chapter 4. The prediction of the combus-
tion of complex fuels blends was successful, however better results are
expected if heat loss is included in the chemical tabulation.

� The current grid spacing of the reaction progress variable space in the
tabulation is uniform. A dynamic refinement of the tabulation might
lead to more accurate results, especially where high gradients occur.

� The spray flame simulations shown a good capability of the software to
represent the flame behaviour. A refinement of the initial conditions of
the droplet and gas velocity might lead to more accurate predictions.

� The use of the tabulated chemistry is expected to perform better in cap-
turing the flame behaviour, especially the prediction of the temperature
at the centerline of the flame.

� The exploration of the forced flame response should be extended to
low frequencies signals. To gain an insight into the effect of the Stokes
number on the spray response to velocity fluctuations, a polidispersed
spray should be considered.
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7.2 Recommendations

� A comparison of the URANS simulations with experimental data, cur-
rently not available, would be beneficial.

� Last, one common discrepancy observed both in the prevaporised and
spray ethanol flames with measured data, was the velocity of the gas
and droplets. A more accurate prediction of the RMS velocity, as well
as the large scale mixing of the flow is expected by performing LES
simulations.
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A Chemical kinetics mechanisms

The chemical kinetics mechanisms used in this work are:

� San Diego mechanism which includes 50 species and 43 elementary re-
actions [2]. (Chapters 3 and 4);

� Marinov mechanism for ethanol oxidation [1] (Chapters 5 and 6);

� Wang mechanism for I �C8H18 and E85 flames are respectively formed
by: 73 species, 296 reactions [4] and 80 species, 349 reactions [3] (Chap-
ter 4).
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Acronyms

BVM Burning Velocity Model
CFD Computational Fluid Dynamics
CSP Computational Singular Perturbation
FGM Flamelet Generated Manifold
HCCI Homogeneous charge compression ignition
FTF Flame Transfer Function
ISAT In Situ Adaptive Tabulation
LES Large Eddy Simulation
LHS Left Hand Side
LHV Lower Heating Value
LPM Lean Premixed Combustion
PDF Probability Density Function
PSR Perfectly Stirred Reactor
RANS Reynolds Averaged Navier Stokes
RMS Root Mean Square
RHS Right Hand Side
RPV Reaction Progress Variable
TFC Turbulent Flame Closure
URANS Unsteady Reynolds Averaged Navier Stokes
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Nomenclature

The most recurring symbols are here listed. Unlisted symbols are defined
when used in the text.

Roman letters

b Reaction progress variable’s weighting factors ���
c Reaction progress variable ���
Cp Specific heat capacity at constant pressure �J~kg~K�
D Diffusion coefficient �m2~s�
f Mixture fraction ���
h Specific enthalpy �J~kg�
x vector spatial coordinate �m�
k Turbulent kinetic energy �m2~s2�
l length scale �m�
p Pressure �Pa�
q̇ Heat flux �W ~m2�
R Ideal gas constant �J~mol~K�
t time �s�
s Flame speed �m~s�
Sc Reaction progress variable source term �kg~m3~s�
T Temperature �K�
X Mole fraction ���
Y Mass fraction ���
W Molecular weight �kg~mol�
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Nomenclature

Greek letters

ε Kinetic energy dissipation rate �m2~s3�
η Composed species mass fraction ���
φ Equivalence ratio ���
λ Thermal conductivity �W ~m~K�
µ Dynamic viscosity �kg~m~s�
µt Turbulent dynamic viscosity �kg~m~s�
ν Kinematic viscosity �m2~s�
ρ Density �kg~m3�
τ Viscous stress tensor �kg~m~s2�
ω̇ Chemical source term �kg~m3~s�

Subscripts

b Burnt
u Unburnt
t Turbulent
L Laminar
n Species
P Particle
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