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Abstract

The main objective of this work is to create a robust model forpiaase liquid spray
combustion flow using vegetable oils, to investigate the flow streiggenerated by a
swirler array with different fuels, and secondly to assess and optimisepttalitya of

the CFD to predict accurately the results obtained experimerdatl eventually
enhance CFD model development and simulation. Validation is achieved by
comparing the numerical results obtained with CFD with the exeetal

measurements.

The purpose of this research is to increase the scientific uacldirsj of the
fundamental mechanisms of the spray combustion process using a carbahfuelutr
such as ethanol and biodiesel. In fact, very few numerical simulatibrisjuid
biomass fuels in gas turbine systems are available in the literature.

The flames are simulated using the commercial code FLUENThe
combustion/turbulence interaction is modelled using the laminareRgnapproach
with detailed chemistry modelled using the OPPDIFF model from CHEMKIN.

While the experiments could be carried out only up to 3 atm, the ationg were
further extended to a maximum pressure of 10 atm. The FLUENTtgesere
assessed qualitatively and quantitatively between the expadahmeasurements and
the simulation. The cold flow features have been captured by thenpsesulations
with a good degree of accuracy. Effect of air preheating imasstigated for the
biodiesel, and sensitivity to droplet size and spray anglestiearivere analysed.
Good agreement was obtained for ethanol except in the fuel lean degida failure
of the FLUENT laminar flamelet model to capture local flameinction while
biodiesel simulation resulted in a significant overprediction offidree temperature
especially in the downstream region and satisfactory resulisefunpstream. The
results show the importance of setting proper droplet initial comditisince it will

significantly affect the structure of the flame.
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Chapter 1 Introduction

CHAPTER 1 - INTRODUCTION

1.1 Why biofuels?

The famous inventor Rudolph Diesel designed the original diesel etwina on
vegetable oil. He used peanut oil to run one of his engines at tiseBRposition of
1900 and at the 1911 World's Fair in Paris, Dr Diesel ran his eogipeanut oil and
declared ‘the diesel engine can be fed with vegetable and Wglcbasiderably in the
development of the agriculture of the countries which use it'. Howearethe
intervening years, readily available fossil fuels gave littieentive for encouraging
environmental friendly renewable fuels. The energy crisis of1$i#0s sparked a
renewed interest in the use of vegetable oils and looking fanafiee sources of
energy now seems to be increasingly of vital importance albetivated by

environmental considerations rather than fuel availability.

As part of a range of measures drawn up in response to imealeagreements to
reduce greenhouse gas emissions, the EU is encouraging greatef biefuels.
Under the 2003 EU Biofuels Directive, a 2% share of the energy caftatitpetrol
and diesel for transport must come from renewable sources, inclalingiodiesel
and bioethanol. This must rise to 5.75% by the end of 2010. In order tothmeee
stringent environmental standard and reduce the amount of édissions, a
significant amount of research needs to be done into combustion prop#rties

biomass derived fuels to assess the technological requirements.

Biomass derived fuels have been shown to be a promising alterrafivesil fuels,
not only because they are renewable fuels, but also becausedhey atso pollutant
emissions substantially such as particulate matter (PM), unburned hyxnee#HC),
carbon monoxide (CO) emissions (Haas et al., 2001), as well asncdrbxide
emissions by a substantial amount, comprised between 20 and 80% abrpare
conventional fossil fuels and hence produce environmental benefits.velgvadong
with these advantages comes the fact that fuel properties deediffierent from
conventional fuels, with lower fuel volatility, high viscosity and aoef tension and
flame stability issues. Moreover, flames generated by Vielgetal derived fuels
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generate soot, making the flame luminous, therefore influencingti@diwhich

would affect the flame properties.

The broad objective of this project is to assess the ease with Wwiumass-derived
liquid fuel might be used as fuel in gas turbines for heat and pa@meration as part
of a sustainable energy production policy. The use of liquid fuels fiomass will
help fulfil the Kyoto targets concerning Greenhouse Gas Prot@ia{5( Protocol)
emissions. The project aims to develop methodologies to assessmiteistion
performance of these fuels for clean and efficient energy ptioducAnother
objective is to extend the capability of dry low emission (DLggs turbine
technologies based on lean premixed combustion to a wider range of gllytenti
commercial fuels, including those of lower calorific value produmyg gasification of
biomass (Low Heating Value < 25% natural gas) ap@miiched fuels. The research
forms part of a European Union funded project (AFTUR) with the glsbalo-
economic objective of helping strengthen the technological infrasteumf the
European Union (EU) and the European Research Area (ERA) through the

established partnership in relation to renewable energy use.

1.2 Objectives

The main aim of the AFTUR project (2004) is to develop the modetiapability of
spray flames related to biomass derived fuel in gas turbineements. The results
obtained will provide a measure of benchmarking for use in more complex

combustors, such as lean-premixed prevaporized (LPP) combustion designs.

The main objective of this work is to create a robust model forpiaase liquid spray
combustion flow using vegetable oils, to investigate the flow streiggenerated by a
swirler array with different fuels, and secondly to assess and optimisepttalitga of

the CFD to predict accurately the results obtained experimerdaatl eventually
enhance CFD model development and simulation. Validation is achieved by
comparing the numerical results obtained with CFD with the exeetal

measurements.
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The purpose of this research is to increase the scientific uacldirsj of the
fundamental mechanisms of the spray combustion process using biodergefeW
numerical simulations of liquid biomass fuels in gas turbine systEre available in
the literature. In fact, most of the work on biodiesel combustion hasddcmainly
on experimental studies, essentially in internal compressiomesgind mostly on
assessing the fuel performance and auto-ignition phenomena. fiehe detailed
numerical studies available related to the field of liquid combagaising vegetable
oils have been carried out by Griend et al. (1990), Choi and @€@9), Yuan et al.
(2002). Choi and Reitz (1999) conducted computer simulations to study the
combined effects of methyl soyate with diesel. However, taidyshas been limited
to a 20% and 40% biodiesel blend in diesel engines whereas the gtadgrfocused
on pure biodiesel combustion simulations for industrial gas turbines. éwiliy,
their study sought to acquire a better understanding of the gactottrolling the
formation of NOx, which is not in the scope of this work. Yuaalef2002; 2003;
Yuan et al, 2003)limited their work on the soybean-based biodiesel to usampaf
ignition delay with diesel and the reduction of NOx emissions.

1.3 Challenges

Numerical prediction of two phase reacting flow in gas turbinenesgis a very
complicated and challenging task, involving numerical models Her dombined
chemical, thermodynamic and aerodynamic processes. The tamknidable since

the equations satisfied by the species mass fraction and thera@um@ere strongly
coupled with the three-dimensional Navier-Stokes equations. The dewsibmh
liquid fuel spray, break-up phenomenon, evaporation processes and finailhyg mix
with air govern the combustion and are dependent on one another, furthasimgre

the complexity of the problem. These processes which are alggdificantly
difficult to predict, need to be thoroughly addressed and investigatesl thieyg will

affect pollutant emission formation. A satisfactory predictionhef two phase flow
inside gas turbines is one of the most important issues to be addressed in order to have
a thorough understanding of the chemical and physical processes inaided
consequently improve gas turbine combustion and pollutant emissions predictions.
Moreover, a better understanding of the chemical and physicagsex will lead to

more accurate numerical submodels.
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Particular importance has been given to the estimation of thepfualical and
thermodynamic properties necessary for the combustion modellirdicthg the
physical properties of the vegetables oils and biofuels is@atstep in the accurate
prediction of the spray atomisation and combustion processes espsuiakythe
biomass derived fuels have significantly different propertieshfconventional fuels
(diesel or kerosene), such as high viscosity and surface tensiotateow heat of

vaporization and low volatility.

1.4 Thesis layout

The thesis is divided in 7 chapters. After this brief introductiochiapter 1, chapter 2

is mainly a literature review related to the differgmtay combustion submodels used
for turbulent reacting sprays such as turbulence models, multifibasevaporation

and combustion models as well as a description of diffusion flamesthend
extinction behaviour. Chapter 3 gives a description of the fuel prepevtiich need

to be calculated, especially for biodiesel based on their fttgl daid composition
before being implemented into the CFD code. Chapter 4 reports thiés res the
experimental study for the ethanol and biodiesel spray flamgsessures ranging
from 1 to 3 atm, which is necessary to gain both some physicghirand for the
inputs to be defined in the computational model. Droplet size and velocity
measurements, as well as gas temperature are reportesl sedtion. In chapter 5 the
specific modelling strategies available at the present fionethe spray flame
configuration are described including the different submodels for tumbeile
modelling, multiphase flow, droplet evaporation, breakup and combustion models and
their advantages as well as drawbacks are assessed and choiodebfjustified.
Chapter 6 describes the cold swirling flow and reacting spaytseand numerical
results are compared with the experimental data for validatiom &li#scussion on

the suitability of the FLUENT submodels ensues and a set ofmreendations is
also presented. Chapter 7 concludes the thesis by summarisimgitheonclusions
and important aspects of the work, with some future recommenddtoriature

work.
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CHAPTER 2 - LITERATURE REVIEW

This section provides an overview of the different submodels used, witicbrador
the numerical method, turbulence model, multiphase model, evaporation, dcombust
model, and breakup model. Spray wall interaction is not considered significant

in the present study and hence will not be treated in this study.

Spray flames relevant to gas turbine combustion embraces a numimnplicated
processes involving strongly coupled areas of fluid mechanics suttirbagence,
heat and mass transfer due to mixing between the fuel and oxidlsemical
reactions with the associated kinetics and thermodynamics, muéifloas droplet
evaporation and breakup, all parameters which are influenced biyfpeelambient
gas composition, temperature and pressure, droplet initial sizibutisn as well as
relative velocity between the droplets and the surrounding gass Further
complicated by the complex geometry used for the combustion chambeaslays.
Hence a basic understanding of the physical and chemicalspescés needed for
reliable combustion predictions. CFD simulation must be taking irtoust all these
parameters in order to provide accurate predictions, introducing tuckuldroplet
dispersion and evaporation, gaseous mixing, combustion chemistry, radratisoa
production.

The ultimate goal is a general prediction procedure enablingdHermance of a
combustor to be accurately described even beyond the costlyrinegptal

arrangements. Hence it is of prime importance to be able to $oé/eartial

differential equation which describes the convective heat and nmassfer,

evaporation and combustion process accurately and within reasonahléitwever,
thermal radiation will not be included in this study, to limit so®pe of this study.
Secondly, it is important to have good physical models for the varioersomenon
described above in order to capture the good physics and chemikthesk features
are present in the FLUENT commercial package, and this codebagudged a tool
sophisticated enough for this study. The FLUENT programs coVletseaaspects
needed to carry out a turbulent spray reacting flow simulationgchaduie required
features to carry out this investigation.
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2.1 Turbulence models

Turbulent flows continue to provide a challenge to engineers and plg/secigrovide
an accurate description of reacting flows. The importance biiemce is underlined
by the fact that it will strongly influence the rate of mix of the reactants in a
combustion system. Indeed, in order to achieve complete combustiorgtéhefr
mixing must occur at the smallest scale of turbulence, known amdgolov scale.
Hence to compute combusting flows, the different turbulence parameiest be

accurately modelled.

The literature of turbulence modelling is very rich in single-ph#se/s with
predictive schemes that are mostly based on on Reynolds averaggicalm
simulation (RANS), the favoured application for engineering purpasegtere is a

rich choice of turbulence models to be chosen from.

Among the RANS turbulence models, the standasd RNG k<, realizable ke and
Reynolds stress models (RSM) are the most commonly used. ke amder
respectively to the turbulence kinetic energy and its dissipatienThe results show

that for weakly swirling flow reasonable results are obtaingtl wie different ke
models. RNG ke is better than the otherskmodels in predicting the basic flow fields

but the RSM must be used for strongly swirling flows. The stahkaris a semi-
empirical model that has become the most popular for practicgineering
applications since it has been proposed by Jones and Launder (1972)due to its
robustness, simplicity and reasonable accuracy.

However, Chambers and Wilcox (1976) demonstrated that theutoulence model
possessed some serious flaws in accurately predicting adverssungr gradients
flows and later on, Wilcox (1993) explained this serious deficiehtyorder to
improve the performance of the standard kiodel, some variants have been put
forward. Yakhot et al (1986) developed the RN@ rkodel and Shih et al (1995) the
realizable ke model. Wilcox (1974a) demonstrated that the kiodel was not
adapted for low Reynolds number cases and as a result develofed thedel free

of the deficiencies from the widely used standare Jones and Launder (1972)
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turbulence model. Nearly simultaneously, Yang and Shih (1998) developed a new
time scale ke model optimised for near wall turbulence eliminating the previous
drawbacks of the new wall turbulence predictions of the standarddaes and
Launder (1972) model. Menter (1984a) reviewed the performance of sidye e
viscosity turbulence models , between the standardniodel, the RNG k-and the
Shear Stress Transport (SST) model against a number of attantedeparated
adverse pressure gradient flows and he concluded that the SST ravelehg best
agreement for the adverse pressure gradient cases, siaeaptimised for this kind

of application. In general, thes&models can give sufficiently accurate results for

engineering purposes if a qualitative trend is needed rather than accurate val

The Reynolds stress model (Daly and Harlow, 1970; Launder et al. G#%an and
Launder, 1978; Launder, 1989) involves calculation of the individual Reynolds

stressesui'u'j , using differential transport equations. The individual Reynolds stresse

are then used to obtain closure of the Reynolds-averaged momentumnoreqUia¢
RSM is the most elaborate of the RANS turbulence models accouatinthe
isotropic viscosity effect and is especially designed for highirling flows,
considered in this study, and as a result provide more accurat®msdhan the k-
turbulence model. Its disadvantage is the more expensive computatimmatquired
to solve the additional transport equations. The Reynods Stress M&ié) (Roses
the Reynolds-averaged Navier-Stokes equation via solving transportoeguati the

Reynolds stresses and an equation for the dissipation rate.

Alternatively, large eddy simulations (LES) is particularlpmising and represents
an attractive solution as it provides a compromise between agamdccost, and is
increasingly becoming a practical tool for engineering iagppbns. The philosophy
behind LES is to offer a solution for larger scales of turbulenaéevine smaller
scales are modelled, including the interaction between the flowhandombustion
processes (Grinstein and Fureby, 2005). The flame is usually thihae the
affordable grid size, and thus subgrid combustion models must be useddfand
Trevnino, 1989). Very few studies have been performed on LES ding@aseous
flows on unstructured meshes but Selle et al. (2004) have demongtetsapability
of LES to handle such meshes, as well as investigated the d&miof LES in a
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realistic configuration, and comparison of the LES results wipleéxmental data was
very satisfactory. Grinstein and Fureby (2005) have also castied study of non-
reacting and reacting flows in a lean premixed gas turbine caanbusing LES to
determine its potential for design studies of engineering apijolics and a reasonable

agreement was found with experimental data.

Since it does not attempt to resolve the smallest scales bgricaimntegration, the
computational resources can be manageable even for large valuesReytin@ds
number as found in practice(Sirignano, 2003). In the foreseeable fukBewill be
able to replace RANS models as a way of simulation engimeamplications of
turbulent flows. However, the LES calculations have not yet incogubridte most
advanced droplet heating and evaporation models. The theoretical andcalme
aspects of LES are further discussed in recent reviews publishd esieur and
Métais (1996), and Meneveau and Katz (2000).

In the long term, DNS is expected to play a leading role iatitg multiphase
turbulence, but at this stage is out of reach of the capabiligupércomputers for
engineering solutions and is mostly used for academic purpasesjts applicability
will remain limited to simple flow geometries and to Reynolds nushich are
low compared to industrial applications (Libby and Williams, 1994)jtlsiill can be
a powerful tool for benchmarking RANS or LES simulations and gre@hinr the
description for the fluid mechanical and chemical aspects of fundahflows . In
fact, although its range of applicability has been demonstratée uite limited,
DNS calculations will extract information which are impossibde be obtained
through experimental measurements, such as pressure fluctuatioreteté strain

tensor and the three vorticity components for example (Libby and Williams, 1994).

The main limitation related to the applicability of DNS for neaating flows resides
in the fact that it requires grid size which must be prohibitivatge in order to
capture the small scales. This limitation is enough to cedtre use of the DNS to

simple flows with a sufficiently low Reynolds number.
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2.2 Multiphase flow modelling
Two-phase flow consists of any moving mixture of gas, liquid odsdlhe various

phases are constituted of interfaces and may take the formsaktd particles
(bubbles, solid particles, droplets), geometrically random formed emni{slurries,

clobs, slugs) or a liquid or gas carrier fluid. A spray is one ¢fgeo-phase flow and
a particle will be defined as an unattached body whose motiormsudsi controlled

by convection and/or gravity forces. It involves the liquid as theeds&d or discrete
phase in the form of droplets and the surrounding gas as the continuouBpibate.
flow is the opposite as the gas is the discrete phase and theisighiel continuous
phase. A very complex issue consists in the theoretical descrigtitdre discrete
phase. To describe the combustion process, conservation equationsda® foee

each phase separately.

Basically, there are two approaches commonly used to predictutetie two-phase
flow: the Euler/Euler and Euler/Lagrange method, respectivedgugntly called
Eulerian and Lagrangian method. In both Euler/Lagrange and Eullerfaethod, the
continuous phase is treated with the Eulerian method. For the disgdrasel the
Eulerian (quasi continuous) or the Lagrangian approach (tracking micl@a
trajectories) are used and these formulations are examined.aBptbaches have
been studied extensively and excellent reviews (Crowe, 1982; Faé), ih9both

modelling schemes have been introduced in the past.

2.2.1 Lagrangian approach

Spray Lagrangian models can be divided into two categorieallyJdtomogeneous
flow (LHF) models and separated flow (SF) models. Shuen (1987) mentioaed
LHF models represent the simplest treatment of a multiphase &hd have been
widely used to analyse sprays. The key assumption of the LHkaisinterphase
transport rates are fast in comparison to the rate of develophené flow. This
implies that all phases have identical properties at each potheiflow. LHF are
correct only for flows containing infinitely small droplets. Fa€t983) demonstrated
that, while LHF models provide a reasonable qualitative descriptiotiheofflow
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structure, they generally overestimate the rate of developmelng dliotv and yields

unrealistically high evaporation rates.

Dukowicz (1980) and Gosman and loannides (1983) have adopted stochastic methods
to study droplet dispersion by turbulence. Faeth (1983) and co wofRarsen et al.,
1986; Shuen et al., 1985; Solomon et al., 1985a; Solomon et al., 1985b; Solomon et
al., 1985c) extended the analysis by Gosman et al. (1983) to incliasfelots of
turbulence on interphase heat and mass transport. Their stodegstiated flow
(SSF) model has been evaluated in a wide variety of flows wabueaging results.
Shuen (1986) and Aggarwal and Chitre (1991) extended their analysis byeconsi
swirling and recirculating flows. The stochastic separated f{8&8F) model is
employed to represent the effect of gas-phase turbulence ortdmgpéctories and

transport rates.

Duckowicz (1980) mentioned that the main aspect and first importsunt is the
Lagrangian treatment of the dispersed phase is to introducega@ taumber of
particles in order to generate accurate statistics. How#vsrmethod is costly in
terms of computer time and storage requirement thereforadt islways possible to
represent this large number of particles so various strateguesbeen suggested to
alleviate this problem and reduce the total number of partickgsmust be tracked.
Duckowicz (1980) proposed in his stochastic approach to consider the use of
relatively small number of ‘computational’ particles, called pkr,cwhich groups the
real particles into numerical parcels treated as discrdites, consisting of a large
number of physical droplets having the same properties (sizityeltrajectory) but
this may result in significant errors if the ratio of the corapanhal to real particles is

too small.

Zhou and Yao (Zhou and Yao, 1992) developed a group modelling method where
only the centre of a group of particles is tracked in the Lagrangian@go&motion,
which resulted using only 20 times less computational time nefedegenerating
similar results than via the traditional stochastic approach. OmeriPareira (1997)

also proposed a method called stochastic-probabilistic efficiamtgreed dispersion

10
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(SPEED) model to decrease the number of particle traject@ugsred for accurate

calculation of statistics, hence improving computational efficiency.

The Lagrangian method is usually applied to describe dilute flavieh are

characterised by a relatively small local dispersed phaseneofraction (<10~12%)
and where particle interactions are not significant hence no mufuis expected from
neighbouring droplets and collisions are infrequent. This allows drdpléts tracked
separately, i.e. the effect of adjacent droplets is ignoredLliagaangian approach,
since it is difficult and costly to include. Information is traitsed only along droplet

trajectories.

The liquid phase properties are obtained by solving Lagrangian ordiifeesential
equations for the trajectory, velocity, temperature and size cifi statistically
significant sample of individual droplets and the gas phase equatiastsbe solved
simultaneously with the droplet equations. Individual trajectorieerdicted as a
result of the forces on the droplet from the existing solution ofgseous phase
equations. The Lagrangian path is the trajectory of an averagetdoogdent in the
neighbourhood and by doing so, synthetic turbulence is obtained, which is the
physical representation of real turbulence. The effect ofitbplet on the gaseous
phase is taken into account by calculating the particles’ boiish to the continuous
phase source term for each computational cell visited through fedphdse coupling
due to mass, momentum and energy is taken into account. Instantanepbaggs
properties crossed by the droplets are taken into account in a Lagrangiarclapproa

The stochastic particle method accounts for two-way turbulence colggingen the
dispersed and the continuous phase, which needs to be considered whessthe ma
loading ratio is high. With two-way coupling, sprays are injeatéa the flow with
sufficient momentum to have a substantial effect on the continuous, phase
afterwards the gas controls the motion of particles and asil nerbulence coupling

needs to be taken into account.
Previously, Rudinger (1965) introduced a one way coupling approach, whigh
considered the influence of gas to particles, while the lgas ffeld characteristics

was assumed to be unaffected by the presence of particles. Tiveagn=upling

11
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approach is proper only for low particle mass loading (Boyson arithehwank,
1979).

Later on, Melville and Bray (1979), and Michaelides (1984)studiedntiieence of
dispersed particles on the turbulence structure of the carrise gimal as a result two-
way coupling was introduced. Another Lagrangian approach that doesntake i
account the particles’ effect on the fluid turbulence is thatagn@an and loannides
(1981; 1983). More recently, general mathematical models for turbwenphase
flows have been proposed with some success by Chen and Wood (1985) fanEuleri

approach and by Mostafa and Mongia (1988) for Lagrangian approach.

2.2.2 Eulerian approach

Eulerian formulations treat the particles as a continuous phesenixed with the
fluid phase. The motion is predicted by solving a set of continuum egsati
representing the fluid and the particles. Two-way coupling éewated for as extra
source terms in the equations for both phases. Eulerian approach Iy appaéd
and particular suited to dense flows, i.e. regions of high dispersee¢ pbasne
fraction as it is the case near a fuel injector, wheregbartollisions dominate the
droplet motion. A major problem lies in the fact that the droplet digtribution,
however, can not be predicted with the Euler/Euler method (PEtzeSommerfeld,
2002).

Eulerian methods for the prediction of turbulent two-phase flows haga used by
various groups of researchers (Melville and Bray, 1979; Elgobaahi 4984),(Chen
and Wood, 1986), however most of the investigations relate mostly tosthenee of
the particles to the fluid turbulence and the momentum transfeeéetthe primary
fluid phase and the secondary phase made of particles but negihechezht and mass

transfer between the two phases.

However, more recently Hallmann et al. (1995) introduced an Euleraalel for the
computations of fuel spray characteristics including droplet heatidgevaporation
and excellent agreement with the Lagrangian calculationgerms of droplet

velocities and diameter was obtained. More work on an Eulerian moetEling

12
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spray evaporation and combustion has been carried out by Truchot(20@da;
2005; Truchot et al. 2004b). In their study, the spray was assumedindidléy
monodispersed.

2.2.3 Eulerian versus Lagrangian

Lagrangian and Eulerian approaches both have advantages and disadvditages
Lagrangian approach ensures that there is no numerical diffusidime idroplet
equations. However, there can be interpolation problems between the thamsfor

the dispersed and continuous phase when calculating the source tetinesgaseous
phase, because droplet time scale may be much smaller thdre fgageous phase,
which can make the solution difficult to converge. This problem does not exist for the
Eulerian approach, since the same computational approach is empbtryedch
phase and all the equations are solved on the same mesh which beddisigsta
accuracy advantage in two-way coupling (Loth, 2000). On the other hand, the
dispersed phase will be subject to the same numerical diffusitvatasf the gaseous

phase.

The Lagrangian approach allows to deal accurately with the rmostplex
configuration of collision, coalescence, counter flowing pasijcleeat and mass
transfer can be handled in this approach without substantial complicatioss of
physical representation and it is not limited by a lack of kndgéeof the governing
equations of the droplet phase when treated as a continuum as fRuldr&n
approach. But the Lagrangian approach is computationally moresxpdhan the
Eulerian method since Eulerian approaches are typically more wisgeefficient
when dealing with a very large number of particles. In fact, dmputation of
Eulerian equations does not depend on the number of particles, avaidihgr f

computational complications.

2.3 Spray Evaporation

Droplet heating and vaporization must be described in a sufficiantiyrate and
simple manner to be implemented in a CFD code representing spnayustion.
Indeed, the concentration of fuel vapour in the combustion chambeernded by

13
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the evaporation rate, which affects the performance of the comisiggtdicantly and
will have a knock-on effect on the simulation of the combustion processe\doyas
it is a multidisciplinary issue, droplet heating and evaporatiomrbes even more
complex and challenging. In fact, spray evaporation and combustion invobaes
and mass transfer, multiphase flow, fluid dynamics, and chemidisg. evaporation
is further complicated by the fact that the droplet diamstén constant regression,

involving a moving boundary.

Introduction description of droplet evaporation has been introduced by tlke wfor

Kuo (1986), Kanury (1975), Glassman (1987), Clift et al (1978), Williah98%),
Lefebvre (1989) and useful research reviews have been written ibany
(1973),Faeth (1983), Law (1982) and Sirignano (1982, 1993a) which tend to show
that spray evaporation and combustion is reasonably understood under trealpheri
symmetric configuration first introduced by Godsave (1953)and Spaldi®§3).
Indeed, because of the importance of fundamentals and application % spra

combustion, droplet evaporation has been extensively investigated.

2.3.1 Droplet Vaporization Models

Sirignano (1999) divided the droplet heating and evaporation models ingoosigs
of increasing complexity:

- constant droplet temperature models such as tHawdwith uniform and
constant droplet temperature;

- infinite conductivity model with uniform (no temperature gradient insice
droplet) but time varying droplet temperature;

- conduction limit model, which takes into account the finite liquid tlkarm
conductivity but not the droplet internal circulation;

- effective conductivity model, which takes into account both the firgiadi
thermal conductivity and the droplet internal recirculation via ttr@duction
of a correction factor to the liquid thermal conductivity;

- vortex model which account for the droplet internal circulation viavtreex
dynamics;

- models based on the solutions of the Navier-Stokes equations.

14
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The two last groups are not expected to be implemented into CFD codes
foreseeable future due to their complexity (Sazhin, 2006). These navdelgdely
used for a better understanding of the droplet heating and evapquaticess as well
as a tool of validation of the simpler models (Sirignano, 1999). A darefactor is
required to take into account the convective heat transfer frogatht the liquid for
the first three models, while internal circulation and liquid masleldded in the three
remaining models. Models such as the infinite conductivity, conductioi, Bnd
effective conductivity models would rather be implemented in CFDscdddfact, a
major concern for implementation is to find a reasonable balaneesdretresults
accuracy and computing time, without sacrificing too much on eittley which is a
condition satisfied by these models.

For all the models presented a complete list of assumptions is as follows:

- quasi-steady gas film around the droplet

- uniform physical properties of the surrounding fluid

- the equation of state is based on the ideal gas law

- the air is insoluble in the liquid phase

- uniform pressure around the droplet

- liquid/vapour thermal equilibrium on the droplet surface

- radiation and gravity effects are not considered

- liquid phase viscosity is generally taken as variable but deasitly other

properties are typically taken as constant (Sirignano, 1999).

One of the first theoretical and simplest approaches to the probledroplet
evaporation of historical significance was made by Godsave (1953) and
Spalding(1953). The model has been termed fHavd because they experimentally
found that it predicts that the square of the droplet diameterasesrdinearly with
time. It should be noted that thé-ldw neglects the liquid-phase heat and mass
transfer and is basically a gas-phase model (Aggarwal et%84). Also it assumes
guasi-steadiness in terms of droplet temperature, spatiallyearnmbtally. The change

of droplet diameter with the*daw is represented as follows:

d*>=d; -t Equation 2.1
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with
8k )
A=—""In(1+B) Equation 2.2
1Cpg
where
A =-d(d)?/dt Equation 2.3

A characterises the rate of decrease in size of the iditogd, which is called the
evaporation constanik depends linearly on the transport properties, through either

Ky, /cpg orp,d, therefore the evaporation constant can also be written

= 80,9, In(L+ B)
£

Equation 2.4

The d-law is based on the main assumption of unitary Lewis number, hkace
species mass and thermal diffusivity are equal. Furthermore, kéhenl, Sh = Nu

and this results in:

log(L+ B)

Nu=Sh=2 Equation 2.5

The resulting relationship for fuel evaporation rate for a spiigrgmmetric droplet
- where the heat and mass transfer are expected to oawphrerically symmetrical

manner between the droplet surface and the gas phase- is written as below:

m= 2rddp, In(L+ B) Equation 2.6

B is the mass transfer number suclBas Cp(Tg —TS)/ L, for pure vaporization and

B, =|C,(T, -T.)+aY,/u]/ L for combustion withv the stoichiometric oxygen to

16
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fuel mass ratio and g the chemical heat release per ursteh&sel burned. Typical

values of B and B range from 0.1 to 1 and 1 to 10, respectively.

The d law appears to be too simplistic for applications in most CF2s¢8azhin,
2006) and is not appropriate for high boiling point droplets lifetime gtieds

(Sirignano, 1983) such as vegetable oils.

Since the classical?’daw, many significant advances in the modelling of droplet
vaporization have been reported. Law (1976) developed the infinite conductivity
model or rapid mixing limit model where it is assumed that rage&tnal circulation
occurs within the droplet and the droplet temperature is uniformrbetvarying. By
assuming that the droplet temperature is spatially uniformgliaenging task of
describing the droplet internal circulation is avoided, althoughfiecte are still
included in his analysis. The gas phase model remains sphesgatlyetric and

guasi-steady.

Compared to the’daw, L is replaced by

1(4 dT, .
L+=|=mpC,. |— Equation 2.7
m(sw' p'j dt g

The infinite conductivity model is relaxed with the conduction limddel developed
by Law et al. (1977), where the internal liquid motion is assumetigitdg, heat
transfer inside the droplet will be controlled by thermal condaotinly and droplet
temperature quasi-steadiness can be achieved after a certain flmetween 10 to 40
%) of the droplet lifetime. With the’daw (no transient droplet heating), the droplet
vaporizes much faster than with the conduction limit model. For the comaldienit
model, L is replaced by:

L+i4ﬂ2kl% Equation 2.8
m

fs
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The conduction limit model is essentially a spherically symmetow-pressure

model for monocomponent fuels such as the ones investigated in this study.

Prakash and Sirignano (1980)developed a gas phase analysis coupledchoatified
liquid phase analysis from a previous paper (Prakash and Sirignar®), th&7time
accounting for the changing droplet size due to evaporation asasvelie internal
liquid motion within the droplet. This droplet heating model is namedvidmex
model due to the explicit identification of a spherical vortex inlithed as illustrated

in figure 2.1.

LIQUID-GAS
INTERFACE

LIQUID STREAMLINE

O

SPHERICAL VORTEX
{REGION V)

FREE STREAM
(REGION 1)

GAS STREAMLINE

AXIS OF SYMMETRY

GASBOUNDARY LAYER
(REGION W1}

LiQUID BOUNDARY LAYER
{REGION 111}

Figure 2.1 Schematic of droplet with internal circulati@®irignano, 1983)

However their analysis is too complicated to be implemented fay s@iculations.
Tong and Sirignano (1982)strived to present a simplified model wittamuifising
accuracy, however it is only valid when the Reynolds number ge leompared to

unity.

More recently, Abramzon and Sirignano (1989) provided a relativexfiensive’
vaporization model of a moving fuel droplet, particularly suitable tfer spray
combustion calculation, which includes all the effect of varighkrmophysical
properties, non unity Lewis number (in the range 1-4) in the gas,fitbet ef

transient liquid heating, droplet internal circulation and the etiethe Stefan flow
on heat and mass transfer between the droplet and the gas. Thisposxtss such
advantages as simplicity, application to a wide range of paeasnéRe, B, etc.)

making it a more robust model, and necessitating low amount of computational time.
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The liquid phase portion of this model is often branded the ‘effectwelctivity

model’ since it implicity represents the effect of the liquidteithrough an effective
conductivity larger than the actual conductivity. The liquid finfiiermal conductivity
models could be generalised to take into account the internalutativa inside

droplets and correctly predict the heat transfer to moving droplet.

On the basis of the simplifications made in the classical mptted ‘exact solution’
based on the resolution of the Navier-Stokes equations is highly ldesiEaxact
analysis for gaseous flow over vaporizing liquid droplets have peéiormed by
several researchers (Renksizbulut and Haywood, 1988; Haywood et al. Cho%y
et al. 1992)and can serve several purposes. First, they yield diétaight to the
heat and mass transfer as well as momentum between the drapkbieagas phase.
Second, they offer a basis of comparison with the other simplified models.

2.3.2 Convective Effects

Convection greatly affects the heat and mass transfer atdpketdsurface and as a
consequence, the gasification process. Indeed, where relative masts mtween
the droplets and the surrounding gas, the rate of evaporation is enhgniceded
convection, but it also generates liquid circulation inside the dropiethwncreases

the liquid heat transfer and evaporation rate.

In the case of stagnant droplets, there is no relative motion dxetihe droplet and
the ambient gas, and convection is hence inexistent, reducing theameder to a

log(L+ B)

conduction problem. Based on equation 28y =2 in absence of

convection. As B tends toward zero, In (1+B)/B approaches unityNand= 2.
Therefore, for constant fluid a property, in the absence of coomedtie Nusselt

number describes a non dimensional heat transfer rate to the droplet is:

Nu=hD/k =2 Equation 2.9
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The effect of forced or natural convection is then treatednbgdalitional empirical

correlation due to Ranz and Marshall (1952).

Nu = hD/k = 2+ 06Re’? Pr’3 Equation 2.10

The Reynolds number, based on the relative velocity between thietdamgl the
Iooo Uoo _Udroplet d
Hy
et al. 1977) in a typical spray application, especially foreladgpplets where the

surrounding gas, and describedRes=

,can be as high as 100 (Law

convective transport processes are dominant.

Hence the convection correction for the heat transfer ratalatdd in the absence of

convection is written as follows:

h/hpeoo =1+ 0.3Re¥? Pr¥? Equation 2.11

Hencem=mo (L+ 03Re? Pr?)

Sometimes, the power 1/3 of the Prandtl number is replaced by ORn(S2206)and
instead of a factor of 0.3, Frossling (1938) suggested a value of G@7Reynolds
numbers that are very large compared to unity, the Reynolds nuntherdeminant
effect and the Nusselt number as well as the vaporizationwidltebe directly
proportional to the square root of the Reynolds number. This correlatomimonly

used for the @law, conduction limit and infinite conductivity models.

Other correlation, valid for wide range of Reynods number, have fresrded by
Renksizbulut-Yuen (1983) and Abramzon and Sirignano (1989) have been
demonstrated to accurately predict experimental data and nuhmesgls written in

other publications..
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2.3.3 Droplet drag coefficients

Droplet drag coefficients is crucial to determine the dynanait the evaporating
droplet and its penetration into the combustor apparatus, since the momentum
exchange between the droplets and the gaseous phase is assumenl/éoriss dpy a

drag law.

Bolt and Saad (1957) in agreement with Spalding (1955) remarked thatistenee

of the flame around and in the wake of the droplet tends to decheaseag force.
Eisenklam et al. (1967) showed that the drag coefficient is reduced thes blowing
effect of evaporation by a factor (1#Bwhere B, is the mass transfer number. Yuen
and Chen (1976)extended the work of Eisenklam et al. (1967)to higher Beynol
number and found that the droplet drag coefficient is close to thatdolid sphere of
the same diameter.

Renksizbulut and Yuen (1983)developed the following correlation based on
experimental data, for a intermediate Reynolds number between 10 and 260:

C, 1+ B)* =24Re'+ 48Re>*

= WITHOUT

E VAPORIZATION

[If
b 1
& o
C—E E—

O \ WITH VAPORIZATION
'\

0.0

T T T —
10.0 20.0 30.0 40.0

T-GAS TIME SCALE

Drag coefficient variation (Dwyer and Sanders, 1984)

Chiang et al. (1992) proposed the following correlation:

21



Chapter 2 Literature review

_ 24
Re

for 04< B, <13;30< Re< 200

Cp = 2= (1+0.325Re2™ )1+ B) % Equation 2.12

Liu et al. (1993) expressed the drag coefficient as a functitimeodroplet Reynolds

number:
Co = 24 (1+1Red2/3jif Re < 1000 Equation 2.13
Re, 6

Cpb=0.424 if Rg > 1000

Where Rgis the droplet Reynolds number

2.3.4 Droplet Evaporation at elevated pressures

The trend toward higher combustion chamber pressures driven by tihemesnt of
increased mixing rates has led to a need to get a clear tamding of the
evaporation process under super critical conditions and the literaturéroplet
evaporation under higher pressure has become quite extensive inttegaae with
reviews by Givler and Abraham (1996) and Bellan (2000).

Theoretical studies have shown that the quasi-steady approxinsatioionger valid
when the droplet approaches its critical temperature and wheanthient pressure
increases beyond the fuel supercritical pressure(Rosner and @BaBg,Givler and
Abraham, 1996). Lazar and Faeth (Lazar and Faeth, 1971) and Matols¢1872)
have experimentally demonstrated that the portion of droplet lifesipemt in the
guasi-steady state decreases as the ambient pressursdacaed that none of the

droplet reached the fuel critical temperature.

Once the critical temperature is reached and the droplet chartgegaseous phase,

the ambient gas is soluble into the liquid phase and as a consequiebdayseffects

should be taken into account under high pressures (Jia and Gogos, 1993). In most
models of droplet evaporation, it is assumed that the ambient giesmidut several
researchers (Matlosz et al. 1972; Delplanque and Sirignano, 198ér énd
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Abraham, 1996; Holmann and Renz, 2003; Sazhin, 2006; Sazhin, 2006) mentioned
that for high pressure this assumption is no longer valid and the Raguias to be

replaced by the equation of state proposed by Peng and Robinson (1976).

Matolsz et al (1972) and Kim and Sung (2003) demonstrated thatdperation rate
was enhanced for sub and supercritical pressure conditions but high ambient

temperature contributes more significantly to the evaporation tlad@sincrease in
pressure, as shown in the figure 2.2.
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Figure 2.2 Effect of ambient pressure on the fraction of fuel evaporateah @fid
Sung, 2003)

2.4 Droplet interactions

2.4.1 Droplets collision and coalescence

Because of the dense nature of the droplet concentration in the negiediately
downstream of the injector, droplet collision and coalescence éxjadnt event. The
collision and coalescence of fuel engine sprays and gas turbinégisat interest
since it will affect the droplet size, number density and vsjocit the droplet,
essentially influencing the structure of the spray andiafeangine performance and
as a consequence fuel emissions. Depending on the drops velocity and atafigur
of the spray, as well as the physical properties of the flatlision can lead to
various outcomes, such as bouncing collision, due to the presencenérerning
air film, permanent or temporary coalescence, which occurs vileekirtetic energy

exceeds the value for stable coalescence, followed by disruptiamgmentation
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(Brenn and Frohn, 1989b; Orme, 1997). The number of droplets resulting from
disruption remains the same whereas fragmentation is the outdooatastrophic
breakup into numerous small droplets. Droplet coalescence is the pmeEmowieere

two droplets combine and generate one single droplet and it is expected to loesur w
droplets can approach each other with a distance smaller thanical ovalue
depending on the droplet properties and its environment. The differersiocoll

outcomes are illustrated in the figure 2.3.

There are few significant studies in which droplet collision antesoance is directly
related to spray combustion applications such as the experimentziviesl out by

Benn and Frohn (1989b; 1989a), on propanol and hexadecane liquids, however these
were mainly observational studies. Jiang et al. (1992) carriecheunbst detailed
investigation of collision behaviour involving hydrocarbon droplets, witidies
involving fuels from heptane to hexadecane. Orme (Orme, 1997) dentedstinat
collision dynamics and outcome for the hydrocarbon droplets for theodamtbon

droplet can be significantly different and much more complex tb#ision of water
droplets (Brenn and Frohn, 1989b), due to the difference in physical properties.

Qo ®° -
@
7/ B —
o @ T
'°@d@ fragmentation
o P @

Figure 2.3 Possible outcomes of droplet collisions (Orme, 1997)
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Generally collision needs to be incorporated in the numerical gaeariof dense
spray configurations. Indeed the numerical results of Martinellialet(1984b)
predicted a much smaller mean droplet diameter of 7um than then42qasured
experimentally by Hiroyasu and Kadota (1974b) and he explainedtiamain
reason for this major discrepancy was because droplet coaless@scneglected.
This also demonstrates that in the presence of collision and aaratesphenomena,

the droplet size is less dependent on the initial conditions.

2.4.2 Droplet breakup

The atomization of liqguids has many important applications suchntesnal
combustion engines, gas turbine and agricultural sprays among others azdtadom
quality is crucial to ensure good combustion efficiency and lowssoms of
pollutants. As a result, numerous interesting studies on droplet breakempmena
from Lee (1932), Lane (1951), Giffen (1953), Krzeczkowski (1980a),
Lefebvre(1989), Faeth (1991), Hinze (1995), Hsiang and Faeth (1995), Gelfand
(1996) have been reported for several decades and literature onyicsapprocess

is quite abundant.

The atomization process is generally divided into two stagest, primary droplet
breakup process defines the initial conditions for the sprayctaffemixing rates,
secondary breakup and collisions. Early observation (Lee and Spencersi®a2ayl
that liquid fuel leaving the nozzle is broken up into shreds and $igeathents by
aerodynamic forces and instabilities developing at the liquidigteyface as
illustrated in figure 2.4. These ligaments are quickly broken up into dipphe
surface tension of the fuel.
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Film Formation
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o O O O 0 o © Atomization

Figure 2.4 Sheet disintegration(Dombrowski and Johns, 1963)

Then the secondary breakup where the large drops produced in prioraigation
are further disintegrated into smaller droplets due to the stioeay $orces imposed
on the droplets, due to high relative velocities between the gaharspriay phase.
Primary followed by secondary breakup is likely to be a phenomenon ioccunr
dense sprays. The transformation of an initial liquid jet into atitmdé of small
liquid droplets will increase the surface area per unit volunigwfl and as a result
the evaporation rate and it will lead to a significant shortenirtheotiroplet lifetime
(Chin, 1995). The relative velocities of the droplet are signifigareiduced during
secondary breakup (between 30 and 70% deceleration, depending on droplet size) due
to large drag coefficients due to the droplet deformation (HssaugFaeth, 1993)
significantly reducing droplet penetration and hence avoiding the isSueall
wetting and carbon deposits.

Breakup regime transitions depend largely on the ratio of disruptiveyaemic
force to surface tension forces, represented by the Weber number,

pdu-u, |’

g

We = and the ratio between the liquid viscous and the surface tension

forces, represented by a dimensionless group known as Ohnesorge nuimber de

by Hinze (1995),Oh:L or Oh=We®/Re with Re= p |u-uy|D/u, .
(/0|d0| )}é

The higher the Weber number, the larger the deforming externaupee®rces are,
compared with the restoring surface tension forces. In the abstruaeh disruptive

forces, surface tension tends to pull the liquid into the form of heerep The
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Ohnesorge number accounts for the influence of liquid viscosity on titmelgkup.

At low Oh, droplet deformation becomes significant at We of roughgnd, droplet
breakup occurs at We of around 10-12, with a critical Weber number takea
generally of 12, with bag, multimode, and shear breakup regimes atserve
progressively at larger Weber number, as illustrated in the figufe to 2.8. With
increasing Oh, however, higher values of We are needed in ordegger tbreakup,

as illustrated figure 2.10, because the high viscous forces hindeetddefbrmation,
which are the first stage towards the breakup process.

o) o g 9

t=0 reg IO ms r=5.64ms

‘ | 3 \

i0.34ms

HLOF ms 2278ms 17 08ms

—
Vad

2l.48ms 306/ ms 18.57 ms

t=27.83 r=3475 =207 ms

Figure2.5 Figure 2.6 Figure2.7 Figure2.8

Typical pictures of Typical pictures of Typical pictures of  Typical pictures of

bag breakup for  bag-jet breakup for transition breakup  shear breakup for

water droplets, glycerine droplets, for butanol droplets, ethanol droplets,
We = 13.5 We = 36.0 We =48.1 We = 162
(Krzeczkowski, (Krzeczkowski, (Krzeczkowski, (Krzeczkowski,
1980) 1980) 1980) 1980)
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The resulting deformation and breakup regime map, showing transh&msen
different breakup regimes such as those described in figure 2.5 to2faragion of
the Weber number and Ohnesorge number have been identified and itiustréte

figure 2.10.

ooooes

w frcregsing Mo

Figure 2.9 Sketch of droplet deformation development (Krzeczkowski, 1980a)
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Figure 2.10 Drop deformation and breakup regime map as a function of We and Oh(Hsiang
and Faeth, 1995)

2.4.3 Breakup models

Despite being the subject of numerous investigations, breakup model&é rema

imperfect, which explains why several breakup models exist in the literature

Reitz and Diwakar (1987; 1988) proposed a method called WAVE method for
calculating droplet breakup and found that the droplet size downstriedr® injector
were influenced by the competition between collision and coalescdrhey had
some success in predicting the experimental measurements mally bgtHiroyasu

and Kadota (1974).

29



Chapter 2 Literature review

O 00%
g

Oscillations couse jet breakup. No air friction.

zH%Hm;&mNNH %

Oscillations with air friction.

N ‘
t 4t
O G
Wave-like breakup caused by air friction.

Figure2.11 Schematic drawings of pressure-swirl atomizers (Senecal e929) 1

O’Rourke and Amsden (1987) presented an alternative model for drogdédup, the
so called TAB model. This model is based on an analogy, sudgkgtdaylor,
between an oscillating and distorting droplet and a spring massnsyThe TAB
model is mostly valid at low drop Weber numbers and possesseslsadeantages
over the Reitz and Diwakar (1988) breakup model, enumerated by O’Randke
Amsden (1987), such that there is not a unique critical Weber nublereakup,
the effects of liquid viscosity are included, which can signifigamtffect the
oscillations of the small droplets. Also, the model predicts the efeoscillation and
distortion of the droplets and gives drop sizes that are more innagmeeavith
experimental data of liquid jet breakup (Reitz and Bracco, 1979)l\Fittee model
does not need to input the spray angle since the spray angleoimatiaally
calculated by the TAB method, unlike the Reitz and Diwakar mod@&@8(j1%ut on
the other hand, the TAB models needs more constants. O’'Rourke and A@8en (
demonstrated that one major limitation of the TAB model is ah§t one oscillation

mode can be kept tracked of, while many such modes exist in reality.

Some improvements were also introduced concerning the atomizatomespr
introducing a ‘hybrid’ model (Beatrice et al. 1995), based on the TAB (O’'Rouxke a
Amsden (O'Rourke and Amsden, 1987) and the WAVE Reitz and Diwakdelm
(Reitz and Diwakar, 1987; Reitz and Diwakar, 1988). Indeed, it hasdstablished

that the TAB model underestimates the tip penetration, resultifeggirevaporation
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and fuel rich regions close to the nozzle while the WAVE model stierates it
(Bertoli and Migliaccio, 1999) and the simultaneous choice of both mdud a
physical meaning since for large diameter drops, near the neztléehe model of
unstable wave propagation on a liquid surface may be more relevant, while in the later
stages of the injection process, the computation of break-up withABeamalogy
seems to be more appropriate for smaller drops (Bertoli andadagh, 1999). The
WAVE and TAB models are the most used secondary breakup model&0On C

simulations.

Ibrahim et al. (1993) introduced the droplet deformation and breakup mod&l) (D
which provided a better agreement with experimental data compatfedhe TAB
model since the breakup criteria has been modified. Indeed, then@gm in the
TAB model that the breakup criterion is the amplitude of os@latiof the drops
equals the drop radius has been proven to be unrealistic followireskowski’s
(1980) publication, who suggested that breakup occurs at different sizifdognt
Weber numbers. The model suggested by Ibrahim et al. (Ibrahih et993) is

applicable for breakup regimes whose We > 20.

Alloga et al. (1994) assessed the capabilities of the TAB, WANE DDB breakup
models by comparing their results with experimental measuremgtgspenetration,
spray cone angle and Sauter mean diameter. The DDB modelb malic the
experimental penetration data at low temperature, while the thoelels underpredict
the droplet size and, at high temperature, the DDB model showsighest
penetration rate suggesting that it is more appropriate for aimglthe spray
dynamics for small engine like conditions and the WB model is raoitable for
large engines, while the TAB model is estimated to be comypletaiequate. The
TAB and WB models underestimate the spray cone angle atlopetrature, whereas
the DDB overestimates it, but at higher temperature it gacsirate predictions,
whereas WB and TAB calculate lower values.
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2.5 Combustion models

The complex turbulence-chemistry interaction can be modelled byathaar
flamelet modeling, probability density function and conditional momkstuce. The
different combustion methods for turbulent non premixed combustion are outlined
and their success in predicting temperature and species aaticenin turbulent jet
diffusion flame is reviewed. The limitations of the modelling agsions made and

the advantages of the methods are discussed.

2.5.1 Laminar diffusion flamelet models

The chemical equilibrium assumption may not be sufficient in tunibdlews where
local diffusion time scales vary considerably and non-equilibriumctefieust be
taken into account. The deviation from chemical equilibrium is basedhen t
assumption that a turbulent nonpremixed flame can be viewed as cansistcally
thin, one-dimensional reaction zones that are continually displaced atched
within a turbulent medium as illustrated in the figure 2.12. This pictigeturbulent
flame as a statistical ensemble of laminar flames has bemened the laminar
diffusion flamelet model (Peters, 1984). As shown by Bilger (197&)formulation
of diffusion flamelet structure is introduced through a coordingséesn where the
physical space x is suppressed in favour of the mixture dra@;j itself transported
by convection and diffusion in the flame, which means the temperap@aes mass
fraction and all thermochemical variables will be expressddration of the mixture
fraction Z, key to the simplification introduced by flamelet madgll(Moss, 1995)
illustrated figure 2.13. The mixture fraction is bounded between valuesro and
unity. An advantage of the transformation is that in the Z coordinatprtfiges are
much less strongly dependent on the flow configuration than they ane wriginal
spatial coordinate. These relationships are then averaged, fourthdent flame,
using an assumed pdf — clipped Gaussian form or Beta function hfomixture
fraction (Liew etal. 1981).
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turbulent flame
laminar flamelet structure
isee detail below)

J\

Figure 2.12 Flamelet illustration (Fluent documentation)
In figure 2.12, Zis the stoichiometric mixture fraction; the mixture is fuereor
Z<Z. and rich for Z>ZThus there are two separate zones, one {Z#&¥Z which

oxygen diffuses into the flame and the other Zwihere the fuel diffuses into the

flame (hence the name diffusion flame).

DIFFUSION FLAMES

CONVECTIVE- REACTIVE- CONVECTIVE-
DIFFUSIVE  DIFFUSIVE DIEFaE
Z0NE Z0NE 20N
]
To-——r | 1
c ol | INCREASING f ;3
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~ 1Lt i rrbcsn Frantian

Figure 2.13 lllustration of the structure of a diffusion flamelet in mpeuraction

space (Lifian and Williams, 1993)
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An essential objective of the flamelet formulation is to sifgghe coupling between
chemical kinetics and turbulence. It should therefore be possible tatvéhe scalar
profiles from a laminar flow configuration and to use them in a terilow. This
requires that the Z dependencey(i,t) agrees sufficiently well for the laminar and
turbulent flows considered (Peters, 1984). In the laminar flamelet modedsgusned
that the structure of the turbulent diffusion flame is locally tia laminar diffusion
flame at the same instantaneous value of the mixture fractom Zcalar dissipation,

x (Tsuji and Yamaoka, 1966; Peters, 1984). The scalar dissipation rate is defined by:

2 2 2
xX=2 9z + 9z + 9z Equation 2.14
ox ay 0z

With & the diffusion coefficient.

The coupling between non-equilibrium effects and turbulence is ascribede
instantaneous scalar dissipation rgte which quantifies the amount of flame stretch.
At low value of stretch, laminar flamelet profiles approach tpglérium structure,
and at very high stretch, extinction can occur. The introductionnahda flamelet
into a turbulent flow is performed by considering the joint stigs of the mixture

fraction Z and the scalar dissipation rat€Liew et al. 1984).

For the counterflow geometry, the scalar dissipation rate alodation where the
mixture is stoichiometric may be approximated, assuming constmgitg and

diffusivity, by

Xe = (& ﬂ)exr{— derfc(2z,, )

, Equation 2.15
= 4az2|erfc (22, )

where a is the velocity gradient and &rfihe inverse of the complementary error

function.
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The formulation of diffusion flamelet allows the use of complicateemistry
including pollutant formation and soot. An accurate prediction of the especi
concentration to determine the flamelet structure will depend oseleetion of a
detailed enough reaction mechanism (Peters, 1984). Compared to th@tassah
chemical equilibrium, substantial improvement in the prediction ohn@ and CQ@

concentration in the fuel rich region is obtained in a laminar diffusion flame.

For diffusion flames in the extreme flamelet limit (Da »>flamelet models treat the
coupling between reaction and diffusion accurately and elegantly. fBimelet
models have quite limited applicability since, in practice Da spigmpscally, four
orders of magnitude (Pope, 1990) and is suited to predict moderate dheamca
equilibrium in turbulent flames but not slow-chemistry flames sascNQ formation.
Discussion of the laminar flamelet validity has been initidigdBilger (1988) who
suggests that the condition for flamelet concepts that the reacti@nbe thinner than
the smallest scales of turbulence will be violated in most namipeel flames of
practical interest. Nevertheless, calculations accounting &msignt behaviour in
flamelets have countered criticism ( Peters, 1991; Buriko etl@84) of the basic
concept with capabilities of the model extending beyond the rangidarotlet

behaviour (Desjardin and Franel, 1996).

In summary, the flamelet concept has proven to be useful for nonxgem
combustion because it is a straight forward extension of thedqadlbrium model,
the turbulent flow and finite rate chemistry and a two-variabimétation appears to

be introduced with a reasonable physical approximation.

2.5.2 Joint PDF methods

Probability density functions have been used in the study of turb@acdtive flows
for nearly 60 years (Hawthorne et al., 1949) and the PDF methoctsbddsbelow,
employ joint pdf of reactive scalars and conserved scalars in Ingdskcalar
transport and production (Smith et al., 1995). With the pdf approach, detsedif
convection and chemical reaction can be accommodated without appiorima

avoiding modelling problems and, no assumption is needed about the shape of the
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joint pdf of Z since the joint pdf is calculated and not an assumed (léope and
Correa, 1986), therefore providing a more accurate closure than shmespdf
method (Pope, 1990). A modelled procedure is only necessary for molecular
transport.

The instantaneous reaction rate for fuel disappearance, is aesoraptesentation of

the composition, Y¥and Yo, the mixture densityy and the temperature T, whence

S, = ISZ (Yf ’YO’/O’T)p(Yf ,Yo,,O,T)de dY,dedT Equation 2.16

where p(¥,Yo,p,T) is a joint probability density function for these scalar variables.

The joint pdf contains all statistical informations to determimamreaction rate. All
the thermochemical variables are tabulated as functions of Z éomuthe Monte
Carlo procedure. The variables tabulated are: the speciesfraetisn, the density

and the temperature (Pope and Correa, 1986).

Pope (1985) demonstrates that the transport equation for the jointrpte csolved
using a Monte Carlo method in flows of practical interest. Indeade fdifference
methods have difficulty in coping with the large dimensionalityhef pdf's and the
integro-differential nature of the equations. This method has beeceepin favour
of the Monte Carlo method, which makes possible the solution of the pdfoeqfoat
the general case (Pope, 1981).

PDF methods have been successfully employed to calculate laboratbuyent
flames. They can predict phenomena such as super equilibrium leneldocal
extinction (Norris and Pope, 1995). Because of these advantages, &bédmare
becoming used increasingly in industrial combustor code but coupling thidkede
description of the turbulent combustion flow field provided by PDF methots w
detailed chemical kinetic mechanisms (Yang and Pope, 1998) remaimallenge.
Indeed, the PDF calculations are very computationally expensige, despite its

more accurate closure compared with an assumed pdf method, the weakest component
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of pdf method is the modelling of molecular diffusion, especiallthi presence of

reaction.

2.5.3 Conditional Moment Closure Modelling

The modelling of turbulent reactive flow is significantly mordidiflt than modelling
laminar flames and reactive systems, due to the need to coimgdeghly non-linear
processes associated with high levels of fluctuations of specreentrations and
temperature. The unconditional average approach commonly employelittie ofe

in turbulent combustion modelling because it does not provide a mean okedosur
the non-linear chemical production terms present in the reactiveespealance
equation (Pope, 1990). Using moment conditional on a stoichiometric variatie, s
as the mixture fraction, eliminates this major source of nonliyeamd more accurate
closure for the reaction rate becomes available, hence condéemalging reduced
the problem considerably ( Bilger, 1993; Bilger, 1997).

This alternative method pioneered and proposed by Bilger (1993) and Klimenko
(1990) is called the CMC (Conditional Moment Closure) method, and makes
extensive use of conditional averages of reactive scalar viaudgse the chemical
reaction terms in the governing equations. By conditioning on conserved scala
values, the effect of turbulent fluctuations in conserved scalae spathe chemical
system is accounted for, and instantaneous chemical reaction exggesan be
evaluated in terms of these conditionally averaged scalarsvedugive conditionally
averaged mean reaction rates. Solution of the system is theavedthvia a

conventional solver (Smith et al. 1995).

In the CMC method, the instantaneous equations governing reactive tsgasport
and production in a statistically turbulent reactive flow are @estaon the condition
that mixture fraction Z(x,t) =z in the sample range Onz < 1, that is, only those
members of the whole ensemble that meet this condition are includled average

in order to close the chemical reaction terms.

The equations governing the behaviour of the conditional moments of theduraivi

species mass fractions in a homogeneous turbulent flow are:
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wln,) Equation 2.17

where closure is obtained in terms of the conditional average

(Yil72)=Qxnm,)= (Y (xt)z(xt) =n,) =(Yin,) Equation 2.18

Where the angled brackets denote ensemble (or here, whesaastaturbulent flow

is assumed, time) averaging of thb species mass fraction and the vertical bar
denotes that this is done only for those members of the ensentislyirsa the
conditions to the right of the bar (Bilger, 1993).

Due to the lack of significant variation of the conditional momeitit wross-stream
coordinates, the cross-stream dependence of the conditional meahsimated
therefore reducing the dimensionality of the problem (Bilger, 1998) worth noting
that the method is applicable to systems of arbitrary comptemistry within
reasonable computational cost compared to stochastic approachezs ghe Monte
Carlo methods (Pope, 1990), allowing more complete chemical meoisto be
considered without detracting from the viability of solving the combustion problem.

However, the closure used for the conditional chemical rate teomiyissalid for low
values of fluctuations about the conditional mean closures as mostfafdiuations
in species and temperature are associated with fluctuations imixiwre fraction
(Bilger, 1997). For unconditional averaging such approximation leadsryolarge

errors in combustion system (Bilger, 1993).

The CMC approach is considered to provide a novel framework fothdwey of

reacting turbulent flows, particularly in non-premixed systemsligtiag temperature
and mass fraction fields of major species and radicals quiteadely ( Smith et al.
1992; Bilger, 1997).The main idea behind the CMC approach is the assuthgation
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while the quantities of interest (species mole fractions, atajter significantly
around their unconditional average, the scatter, for a given mixtutéofras small

enough for the approximations discussed above to hold.

2.6 Diffusion flames

Flames of gaseous fuels are commonly divided into two categdnespremixed
flame and the diffusion flame. In the diffusion flame, the fuel andottidiser are
initially separated and the reactants mix in the same regairreaction takes place
and are also called non premixed flames. Tsuji (1982) assertedhéhaliffusion
flame differs from the premixed flame in that combustion occtrthea interface
between the fuel gas and the oxidant gas, and the burning propessisienore upon
the rate of mixing than on the rates of the chemical processgelved. In fact, the
original paradigm for turbulent non-premixed combustion has the viewpotrduba
combustion is basically mixing controlled as illustrated byreference paper from
Hawthorne et al. (1949), where they discussed the flame length fausiosh flame
structure which are found to correlate well with the mixingslgwesented in their
study. For this reason, the characteristics of diffusion fkaame markedly dependent
on the aerodynamics of the particular flow situation, and diffusioneflaehaviour
cannot be discussed without invoking aerodynamic considerations. A diffilesios
does not propagate and therefore, burning velocity cannot be defined. The
characteristic chemical time is much smaller than the cterstic diffusion time,
hence the chemical reaction occurs in a very narrow region betiveduel and the

oxidiser.

Candles, matches, and wood fires are familiar examples of diffusame. The
Diesel engine employs diffusion flames that ignite and burn around dropletsgs.spr
Linan (1993) also mentions that in many liquid propellant rocket engintessidif
flames occurs around individual fuels or oxidizer droplets, and some ajoplicd
solid propellant rockets as well as supersonic combustion, consideregp&rsonic

propulsion also involves diffusion flames.

Processes involved in a representative example of diffusion-flambustion can be

addressed by considering spray combustion into an oxidising gas (Liichn a
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Williams, 1993). Indeed, Onuma and Ogasawara (1974) made a direct ismmpar
between the structures of a spray combustion flame and a turbukentiffysion
flame and they concluded that the flames are similar in steisince they observed
that most of the droplets do not burn individually, rather forming a vagoud due

to droplet evaporation. The process can be decomposed into setsgest: s
atomization of the liquid fuel, spray vaporization, mixing of the drepieth the
oxidizing environment, mixing of the fuel vapour with the oxidiser,ugitbn flames
around the droplets or a cloud of droplets, possibly some regions ofxpteffame
propagation, production of air pollutants, and possibly the extinction of burning
around fuel droplets as they reach cold gas, leaving unburnt fuetahaepresent
additional pollutants and diminish combustion efficiency. Several rempptal
studies (Presser et al., 1993; Goix et al. 1994 ; Abdujljalil.e2G04) show that
droplets are strongly interacting with the flame structuspeeially because of the
concentration fluctuation due to droplet evaporation, and this will {eaal flame
shape different from purely gaseous flames. Compared to gaseous fuels
comparatively fewer studies have been undertaken related to thenideten of
flame properties of practical liquid fuels, as a result ofctraplexities that the liquid
phase introduces into the experimentation and also the fact thatetmécal kinetics

of liquid fuels are far more complex and less understood than thogadeous fuels
(Holley et al. 2006).

To investigate diffusion-flame structures, it is desirable staldish a simple
configuration that can be probed in detail. The counterflow diffusamdlillustrated
figure 2.14, represents such a configuration where these flames hawve be
demonstrated as being suitable for a fundamental study of diffusiored and its
combustion characteristics (Dixon-Lewis, 1991). Major advantagesiookétup are
the steadiness of the flow, a well-defined flow field, and the ®agary experimental
boundary conditions such as strain rate, temperatures and compositioan feed
streams. Counterflow diffusion flames, illustrated by the  broadiew of
experimental studies of these counterflow diffusion flames camet by Tsuiji
(1982), is now well documented, and has been used extensively to studodiff

flames and their structures. Opposing jets of fuel and oxidizediaected toward
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each other, and after ignition, a planar diffusion flame is estaolimormal to the

axis of the jets.
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Figure 2.14 Laminar Opposed Flow Diffusion Flamelet (Fluent documentation)

Turbulent combustion regimes may be classified by Damkdhler nuniier.

Damkohler number is the ratio of the diffusion time to reaction time:

_ charactesticdiffusiontime
charactesstic reaction ime

Da

Equation 2.19

For sufficiently small Damkéhler numbers, the fluid dynamicea@d compared to
the chemistry process, and the turbulent mixing tends to smooth autrtbentration
fluctuations before the combustion occurs. The reaction then occurs stolakge
regions of the flow. On the other hand, for sufficiently large Kimter numbers, the
reaction occurs very rapidly compared with turbulence, and the combastars in

thin sheets, where the fuel and the oxidiser diffuse into each other.
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For a counterflow diffusion flame stabilized in a counterflow geoynétiere are two
independent parameters by which one may control the Damkdhler number and
thereby the structure of the flame. One parameter is thefraatien of oxygen in the
oxidiser stream, which determines the maximum flame terperand thereby the
chemical reaction time, and the other parameter is the velaicitye oxidiser jet at

the injection plane, which determines the strain rate.

The value of the strain rate, on the oxidizer side of the stagnaltine is presumed to
be given by (Seshadri and Williams, 1978):

Molqy AN Equation 2.20

L ’\/2\/72

a=

where \; is the velocity of the oxidiser stream near the injection pétkeL is the
distance between the tip of the liquid fuel cup and the tip of thesexidiuct. At a
fixed nozzle separation distance, increasing the exit velpafieither or both fuel
and oxidizer increases the gradient of axial velocity —thénstete-, as well as the
gradient of fuel and oxidizer in the mixing layer, hence deargabke local diffusion
time in the vicinity of the flame. The jet flows are taildr® exhibit uniform exit
velocity profiles and the velocities are large enough to makeamey effects
negligible (Froude number large enough), but small enough to prel@mt f
instabilities and turbulence from developing (Reynolds number not tge)(aifian
and Williams, 1993). Since the characteristic chemical reatit@does not change,
the Damkdohler will also decrease. This decrease subjects i tilanon-equilibrium
effects and eventually results to flame extinction. The flasnextinguished by
increasing either the velocity or the dilution of the gas.

2.6.1 Extinction of turbulent counterflow non-premi xed flames

The extinction mechanism is a fundamental issue. Pioneering woektimetion of
counterflow diffusion flames was first done by Norris and Pope (199% w
conducted experiments testing the maximum air velocity a fleanepersist using
kerosene as fuel. Tsuji (1982) mentioned that in the diffusion flameothéustion
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rate is controlled by the rate at which fuel and oxidiseusifto the reaction zone,
and this combustion rate increases with the diffusion rate, which is stronghydeepe
on the aerodynamics of the flow, particularly with convection. Butthasflow
velocity is increased, the characteristic aerodynamic tyaed as a consequence the
diffusion timety become shorter. If the flow of fuel and oxidant into the reactoe z
increases, and exceed a critical value, the chemical reaatmotckeep pace with the
supply of fuel and oxidant and the reaction ceases, and as a resDhrtidadler
number goes below a critical value provoking the extinction of thesilai flame. In
fact, there is a critical stagnation velocity gradient beywshith a flame can never be
stabilized (Tsuji and Yamaoka, 1966a) and this is defined as thectext

mechanism.

Hence the flame structure is influenced not only by moleculansigh but also by
turbulence effect, rendering analysis even more difficult. Kiajiet al. (1996)
investigated the effects of difference between the turbulenteediel stream and
the air stream for the structure and extinction of counter-flow nemiged flames.
They concluded from their experimental results that for methaneen-premixed
turbulent flames, extinction limits are mostly influence bysaieam turbulence rather
than the turbulence provided by the fuel stream. They explaingdhielfact that the

methane-air flames were established in the air stream flow.

2.7 Reaction mechanisms

Detailed reaction mechanisms are widely used to describeérahsformation of
reactants into products, through a large number of elementary stepsuB reviews

on detailed kinetics models for hydrocarbons include a comprehensiesyv rby
Westbrook and Dryer (1984) and a progress report of the last 2% ipearding a
forward looking projection by Cathonnet (1983). Cathonnet (1983) mentioned that
most of the results available from kinetic modelling studidgarature concern small
molecules (hydrocarbons up to C4, methanol and ethanol, formaldehygbe an
acetaldehyde, nitrogen oxides and their byproducts: cyano and aprmgounds).

For molecules with more than 4 carbon atoms, the most advanced oxidatio
mechanisms is for alkanes, and it has been applied for the modelangidé variety

of application. However, there exist relatively few computationakxperimental
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studies of the combustion of high hydrocarbon under non-premixed conditions.
Cathonnet (1983) also mentioned that the laminar flamelet concept udeeltdrs
(1984) would be able to include detailed chemical kinetics into thellaatm of
turbulent flames in order to accurately predict pollutant emissi@isimie (2003)
published a thorough and detailed review of the post 1994 progress in thdéingodel
of detailed chemical kinetics for the combustion of hydrocarboms fisldrocarbon is

by far the best studied class of compounds for which reliable andedekinetic

models exists.

The main purpose of this study is to investigate the spray combusting biomass
derived fuels and the accurate prediction of biofuels combustion perioemand
emission characteristics necessitates a good knowledge otdneustion kinetics.
Due to the complexity of biofuels, which is a mixture of fattidaanethyl esters
to Cy), it is difficult to propose a detailed reaction mechanisnitfooxidation and a
better knowledge of vegetable oil and oxygenated fuels kineticedssgary for
modelling its combustion in gas turbine engines. Consequently, thetulrgera
regarding the burning of higher hydrocarbon fuels, especially liquadudds is
relatively sparse and the development of accurate surrogdtenfukels for use in
computational models is a critical steps towards enabling theaaecsimulation of
biofuels combustion characteristics. Reaction Design (2007) haséketed by the
NASA to develop fuel models for simulating the operation of jet esgiwih
biofuels with experimental support from researchers at the thiiyeof Southern
California. Recently, Zhao et al. (2005) presented a detailed deeamwtion
mechanism but it does not posses the oxygenated structuresrgptiee of biofuels.
The known published reaction mechanism for which the highest hydrocarbon is
investigated is the oxidation of hexadecangHgs, reported by Ristori et al. (2001).
Sahasrabudhe et al. (2005) proposed n-hexadecane as an appropriatgestorog
rapeseed oil methyl ester and the reactivity of rapeseenheaityl ester was well
predicted by the kinetic model. Hexadecane molecular weigtioge to that of
biodiesels and good agreement between the experimental data anddilewas
obtained, confirming the effectiveness of using surrogate fieelsnodelling the

combustion of complex commercial fuels. However this was not applidifiision
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flames where transport data are needed and too many weragnisdie able to use

this mechanism.

Therefore, the development of a detailed kinetic model for methylbata could be
considered as a possible alternative as a surrogate for biddigdg@lisher E.M. et al.
2000). Although methyl butanoate does not have the high molecular weight of a
biodiesel fuel or of vegetable oil, it has the essential chemsicattural features,
namely the RC(=0O)OC#structure (where R is an alkyl aralkenyl radical) that
might emulate the effects of oxygen that is found in biodieseéentdr structures.

The paper from Fisher et al. (2000) strives to fill some infoonaton the
thermodynamics and kinetics of RC(=0)O&4hd species derivated. However, it has
been recently demonstrated that methyl butanoate is probably noetieiodiesel

surrogate.

Westbrook and Dryer (1984) mentioned that the word detailed is useddbéethe
elementary steps illustrating the process of fuel oxidation int products at a
molecular level, which is essential for tracing species. Mp@rocarbon fuel is
fragmented into smaller intermediate species which amatkly converted into final
products, made of in majority of water vapour,@) and carbon dioxide (G{
Carbon monoxide (CO) and hydrogen)ldre also common species observed during
hydrocarbon oxidation as well as some radicals, such as OH. From thesetabserva
a reaction mechanism can be constructed systematically, begwith the simplest
species and then adding new species by order of complexity. &ation has to be
thoroughly validated against experimental results. However, this isufiatient to
ensure that the reaction mechanism is valid for a whole ofagserating conditions.
Indeed reaction mechanisms are usually valid only for a sgé raintemperature and

pressures

However, as the number of species and reactions becomes too agreai,iced
mechanism is needed as the numerical solution of the conservationomsuat
including detailed kinetics is computationally too demanding, especialt
engineering applications. Thus it is highly recommended to useedduechanism

without sacrificing accuracy, by identifying non-contributing tears. Conventional
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numerical solution techniques for the differential equations encountardibth

detailed and simplified kinetics schemes indicate that the comjputerequirements

2

are roughly proportional tdN_,,,

where Npeis the number of species(Westbrook and

Dryer, 1981).There is a rapidly growing useful literature on redkaeetics for
combustion and different approaches have been taken. Chen(1988) has developed a
systematic procedure in constructing reduced mechanisms basedrisnopetiations
called Computer Assisted Reduction Method, (CARM) and further create
computer algorithm for automatic generation of reduced chem{€tihnen, 1997)
which can be applied for small (Sung et al., 1998) and large hydowcéuels (Sung

et al. 1998). Wang and Frenklach (1991), Frenklach et al. (1986) and (1984)
introduced a method where two criteria were defined which tfestsontribution of a
given reaction to the main reaction and to the heat released range® the least-
contributing species. Tomlin et al.(1992) and Turanyi (1989; 1990a; 1990b) illustrated
an approach where rate sensitivity and temperature sensithalysés as well as
guasi-steady state analysis are employed, method which Rahkitz(1983) has been
one of the first to link to chemical kinetics. Other methods basedhtomsic low-
dimensional manifolds by Mass and Pope (1992), species lumping (Li dnz,Ra
1989; Li and Rabitz, 1990), computational singular perturbation (CSP), (L293;

Lu et al. 2001; Massias et al. 1999; Ristori et al. 2001) and meoeatty new
strategies such as adaptive chemistry method (Schwer et al. , #083) integer
programming (Bhattacharjee et al. 2003) and genetic algorithiot{Et al. 2005)

are amongst the most significant effort produced in this relsearea.
Cathonnet(1983) prophetised that in the next 10 to 15 years, efficient esropdes

for the automatic reduction of large reaction mechanisms walystematically used

for modelling practical combustion systems.

2.8 Concluding remarks

A vast body of work related to the different processes involved bulemt reacting
spray flows has been written, from turbulence to combustion models, mgludi
multiphase flow methods and spray evaporation models and has been devi¢ine
chapter. Radiation and soot modelling has not been incorporated in tlyiststluchit
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the already vast scope of this study. Indeed, complex issuesasutiirbulence,
droplet interactions, spray evaporation and combustion already glgpiicant part

in the prediction of the numerical simulation.

Throughout this review, it appears that each physical process aapresented by
sophisticated numerical models and although it would be preferred ton cstai
accurate results as possible, a compromise has to be found betwgaimntatmnal
time and accuracy, by eventually using simple approaches. Cbapikdescribe the

models of choice for the present study.
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CHAPTER 3 — FUEL PROPERTIES

As the use of alternative fuels becomes more widespread, aeseahave shown a
growing interest in modelling combustion processes in order to urmigrébee
fundamental combustion characteristics of fuels which are remewailodegradable
and oxygenated such as vegetable oils, their derivative and mixtiieesaithfully
predict alternative fuel combustion, accurate prediction of thsigdiyproperties of
alternative fuels is critical in the representation of speagmization, and combustion
process in the combustion chamber (Yuan et al. 2003b). Lefebvre (198giokias
that physical properties can directly affect combustion perfacmand C@ emissions.
Atomization quality is influenced by the physical properties offtie¢ such as density,
surface tension and viscosity. Therefore, predicting the physicakeniex of the
vegetables oils and biofuels is a crucial step in the accpratiiction of the spray
atomisation and combustion processes. Most computational softwal®®&, (K
FLUENT) used to model atomization and combustion includes the sftdcthe
different fuel properties. Key properties such as viscosity, surfansion, which
intervene in the spray breakup process, density, vapour pressure, laaenofhe
vaporisation are needed on a temperature range representative of ofilet dr
vaporisation and combustion in order to obtain accurate numerical rdeults

combustion modelling.

Different models have been developed to predict the properties of S@bthi@sed on
their fatty acid composition (Allen et al. 1999a; Allen et al. 1999len and Watts,
2000). However, their predictions are either for a specific fuelproa fsingle point of
temperature, limiting the usefulness of the information (Tat amdG&xrpen, 1999; Tat
and Van Gerpen, 2000b; Tate et al. 2006b; Tate et al. 2006a) . Allen et al. (Allen et al.
1999Db; Allen et al. 1999a) predicted the surface tension and viscodity different
biofuels but at a single point of temperature. Yuan et. al (2005)nteesa method
aimed at calculating the physical properties of the biodieseledbon their fatty acid
composition over a wide range of temperature, so that it candekimscombustion
modelling. However, the properties were validated for a temperatwie to 373 K, as
no published experimental data for higher temperatures were agaikdded to the

difficulty in obtaining the biofuels physical properties, biodiesven from the same
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source may have a different structure and consequently diffgepeerties (Yuan et al.
2003b). However, spray secondary breakup is not occurring in the expertoaseted
out for this study, therefore calculation of fuel viscosity and sartansion will not be

presented here, since they are not needed in the numerical model.

The fuels which have been considered in this study are ethanol arfmbdiesel.
Biodiesel fuels are the fatty acid methyl or ethyl es(EBAME) derived from vegetable
or animal fats and oils. In the European Union, FAMEs are mosgigtable oil methyl
esters from rapeseed and sunflower oils (Gokalp and Lebas, 2004). Eshamaluced
by alcoholic fermentation of sugar plants (beets, sugar canej cellulose material
(straw, wood). Biodiesels and ethanol present the possibility of aectly used in a

gas turbine and can also be blended in various proportions with Diesel fuel.

3.1 Biodiesel properties
3.1.1 Fatty acid methyl ester chemical structure
Table 3.1 lists the chemical structure of fatty acid me#siers. Biodiesels have a

different structure from conventional petroleum-based fuels whiclaicoahly carbon

and hydrogen atoms, whereas vegetable oil, biodiesels and alcohol genatey

hydrocarbons.

Number of | Fatty acid methyl ester Chemical structure

carbons

8 Caprylic (carboxylic acid £ CH;(CH,)sCOOCH3

10 Capric (carboxylic acid ) CH3(CH,)sCOOCHS3

12 Lauric (carboxylic acid §) CH3(CH,)10COOCH3

14 Myristic (carboxylic acid €) CH;(CH,)12,COOCH3

16 Palmitic (carboxylic acid {g) CH3(CH,)14COOCH3

16 Palmitoleic (cis-9-Hexadecanoic | CHz(CH,)sCH=CH(CH,);COOCH3
acid)

17 Heptadecanoic (carboxylic acidA | CHz(CH,)15sCOOCH3

17 Heptadecenoic (cis-9-Heptadecangi€Hz(CH,)sCH=CH(CH,);COOCH3
acid)

18 Stearic (carboxylic acid;g) CH3(CH,)16COOCH3

18 Oleic (cis-9-Octadecenoic acid) ¢t8H,);CH=CH(CH,);,COOCH3

18 Linoleic (cis, cis-9-12- CHz3(CH>)3(CH,CH=CH)(CHy,);
Octadecadienoic acid)

18 Linolenic (cis, cis, cis-9,12,15- CH3(CH,CH=CH)(CH,);COOCH3
Octadecatrienoic acid)

18 Elaidic (trans-9-Octadecenoic acid 40€EH,);CH=CH(CH,);COOCH3

18 C18:2 (trans, trans- 9,12- G8H,)3(CH,CH=CH),(CH,);COOCH3
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Octadecadienoic acid)
18 C18:3 (trans, trans, trans-9,12,15- | CH3(CH,CH=CH)3(CH,)7,COOCH3
Octadecadienoic acid)
20 Eicosanoic (carboxylic acid,§ CH3(CH,)1sCOOCH3
20 Eicosenoic (cis-10-eisenoic acid) £EH,)sCH=CH(CH,)sCOOCH3
22 Behenic (carboxylic acid.g) CHs(CH,)20COOCH3
22 Eruric (cis-13-docosanoic acid) &(8H,);,CH=CH(CH,);;COOCHS3
24 Lignoceric (carboxylic acid £&) CH3(CH,),,COOCH3

Table 3. 1 Chemical structure of fatty acid (Giannelos et al. 2002)

3.1.2 Volatility and boiling points

Volatility is a fuel tendency to vaporize and the vapour pressurge helps to
determine the level of volatility. Rix biodiesel is a mixturefatty acid methyl esters
(FAME) and can be regarded as a near ideal solution (Swern,1979; u@godr
2002).Therefore, the total vapour pressure is based on the mixtutee ofapour

pressure of the different fatty acids composing the biodiesel andoe calculated

following Raoult’s law:

Pvmix = Z Pvi X; Equation 3.1

where R; and Rnix are respectively the fatty acid and the mixture vapour pressure.

The Rix biodiesel FAME mass fraction is given in table 3.2.

Fatty acid methyl ester FAME mass fraction
Palmitic 16:0 13.73
Stearic 18:0 5.33
Oleic 18:1 50.96
Linoleic 18:2 19.93
Linolenic 18:3 4.2
Eruric 22:1 5.85

Table 3.2 Rix biodiesel fatty acid composition

The vapour pressure of all the FAME present in rix biodieset@renonly calculated
based on the Antoine equation.
— BAnt

= A, —— Equation 3. 2
\ Ant -I- +CAm q
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A B C

C16:0 9.5714 2229.94 -111.01
C18:0 9.3746 2174.39 -131.23
C18:1 9.9155 2583.52 -96.15
C18:2 8.2175 1450.62 -188.03
C18:3 8.1397 1387.93 -196.16
C20:0 10.3112 2987.15 -84.56
C20:1 10.3525 3009.62 -81.66
C22:0 10.6867 3380.86 -73.20
C22:1 10.7518 3423.99 -69.43
C24:0 11.0539 3776.89 -62.90

Table 3. 3 Antoine equation constants of pure FAMEs (Yuan et al. 2005)

Based on the Antoine constants and equation 3.2, the vapour pressure for biodiesel can

be plotted figure 3.1:
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Figure3.1 Rix biodiesel vapour pressure
The normal boiling point of biodiesel is determined by the location evtiex curves

reached 1 atm and it can be found that it is 623 K. Its higinggibint is an indication

of its low volatility.

Pressure 1 atm 2 atm 3 atm 5 atm 10 atm
Boiling  point| 623 659 683 715 767
(K)

Table 3. 4 Rix biodiesel boiling point at different pressures
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3.1.3 Critical properties

The critical properties are used to estimate the properties as liquid density,
viscosity, surface tension, heat capacity, diffusion coeffictesdt of vaporization and
thermal conductivity. The critical properties are also usedtinate the fuel boiling
point and establish a correlation for vapour pressure. Hence it isupsty important

to accurately predict the fuel critical properties, as thdlinfluence the prediction of

the other fuel properties.

The Lydersen’s method recommended by Reid (1977) was a groupbuabatri
method, which employs structural contribution to estimate thealrpiessure £ the
critical temperature Jand the critical volume Mof the different groups , which are

described as follows:

T .
T. = O.5b67 +> A - (ZAT )2 Equation 3. 3
MW .
P. = Equation 3. 4
° (034+>n,f !
Ve =40+ A, Equation 3.5

Ar, Ay andAparethe contribution constants used for various atoms or groups of atoms.

The critical properties of the different fatty acids have been incorporathd mixing

rules using the Lee-Kesler equation (Reid et al.,1977):

% :
Ty = (Tcich) Equation 3.6
T, = 1}/ Zz Xinch%Tcu Equation 3.7
Vi
3
Vg = E(Vci% +ch%) Equation 3. 8
8
Ven = 20> %XV Equation 3.9
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W, =Y %@ Equation 3. 10

5 - (0.2905- 0.085w, )RT,,,
cm vV

cm

Equation 3. 11

Where m refers to the mixture, i and j refer to the pure caestis and x to the mole

fraction of the pure constituent i or j. The pure component acenuiorféu ) was

computed as follows:

w = Equation 3. 12

IR

Where
a=-InP, —597214+6.0964& " +1.28862n 6 - 0.16934®° Equation 3. 13

[ =152518-15687%" -13.4721n 8 + 0.43571H° Equation 3. 14
With

T, .
0= T Equation 3. 15

with Ty;: normal boiling point of the pure constituent i (K) and

Tpr-reduced temperature at normal boiling point

The normal boiling point of some fatty acid methyl esters which compose the biodiesel
have been published by several authors (Graboski and McCormick, 1998; Weast and
Melvin, 1982; Swern, 1979).

Fatty acid methyl esters nd(K)
C16:0 623
C18:0 625
ci18:1 622
C18:2 639
C18:3 642
Cc22:1 654

Table 3. 5 Normal boiling points for common pure methyl esters

The critical properties can then be calculated for the fatiysamomposing the rix

biodiesel and consequently for the biodiesel and are displayed table 3.5.
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Property Cl6:0 | C18.0 C18:1 C18Z18:3|C22:1 | Rix
biodiesel

Critical temperature | 779 773 770 792 796 802 | 788

(K)

Critical pressure (bar) 13.70 12.46 12.66 12|86 13.11 10.62.15

Critical volume 1000 1110 | 1090| 1070 1050 13101068

(mL/mole)

Table 3. 6 Estimated critical properties for the FAME and rix biodiesel

3.1.4 Density

Various methods for estimating densities have been describedutty &d Sankin
(1954), Li et al. (1956), Reid et al. (1977). Spencer and Danner (197 2)brasrected
an extensive evaluation of the available methods for predictingahgated liquid
density of pure hydrocarbons as a function of temperature. Theyuded that the
most accurate mean of predicting the effect of temperature osatoeated liquid
densities is by the modified Racket equation. The Rackett's equ&amkett, 1970)
has been slightly modified by Spencer and Danner (Spencer andrpaan2) ( Reid
et al., 1977)to predict the saturated liquid density as a function of temperature:

RT, :
Vol = (?CJZQA Equation 3. 16
hence
Vol =Vol 2%, Equation 3. 17
Volgr is an experimental liquid molar volume at a reference redwegdrature g
where
p=0-T)¥ -A-TR)? Equation 3. 18

Yuan (2003a) employed the experimental data obtained by Tat andGérpen
(2000a) using densities measured at 0 °C and 100 °C to deternunstant &, used

to calculate biodiesel density. The Rackett parametgt, B a unique correlating
parameter for each compound. The following relationship is derived fopratien

3.16:
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Pr

Zin

p= Equation 3. 19

By selecting k=0 °C, Tat and Van Gerpen (2000a) obtained an experimental value of
0.8976 kg/L and equation 3.33 becomes:

0 =08976* 0.237 ¢ Equation 3. 20
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Figure 3. 2 Predicted density of rix biodiesel vs. temperature (Yuan et al. 2003a)

The predicted density of rix biodiesel is shown figure 3.2. Tkebmdiesel liquid
density seems to be decreasing at a linear rate up to thegbpdint and from then,

decreases at a slightly higher rate, which could be attritoteoh increasing liquid

expansion rate.

Temperature| 300 | 350 | 400 | 450| 500] 550 600 650 7Q0 750
(K)

Rix biodiesel| 880 | 847 | 813 | 777| 738 697 652 602 542 460
density
(kg/m?’)

Table3.7  Predicted density of rix biodiesel vs. temperature (Halvorsen et al.
1993)
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Biodiesel density is moderately higher than conventional fueB0@tK (880 kg/m

versus 790 kg/ffor kerosene). An increase in fuel density will have a slighectlir
effect on spray compactness and penetration, resulting in lesssigiance, since for
the same volume, the fuel mass flow will be increased. At tresyres investigated in

this study, the variation of density as a function of pressure is negligible.

3.1.5 Enthalpy of vaporisation

The enthalpy of vaporization also called the latent heat of vaporization,dgfdrence
between the enthalpy of the saturated vapour and the enthalpysaittinated liquid at
the same temperature. The higher the enthalpy of vaporizatioimmdhe energy is

required to obtain fuel vaporization.

The Pitzer acentric factor correlation (Reid et al.,1977; Pitzer et al. 1883)sed to
determine the latent heat of vaporizatignup to the biodiesel critical temperature. An
analytical representation of this correlation for 0.6<T.0 is given below:

h
R;? = 7081-T, )** +1095¢(1- T, )***° Equation 3. 21

C

The enthalpy of vaporization will be determined at the fuel tgibioint. To determine
the latent heat of evaporation at low temperatures (I.6) the following relationships

suggested by Fish and Lielmezs (1975)were used:

q
hy = hfgbLu Equation 3. 22
Tbr 1+Xp

where

— Tb 1_Tr

Equation 3. 23
T, 1-T,

With q = 0.3598 and p = 0.13856 for organic liquids (Reid et al.,1977)
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Figure 3. 3 Latent heat of vaporization of rix biodiesel versus temperature based on the
Pitzer and Fish and Lielmezs method (Pitzer et al. 1955; Fish and Lielmezs, 1975)
The latent heat of vaporization of the Rix biodiesel is much lower fibesil fuels and
ethanol, which means that much less energy is needed to vaporib@&esel than

ethanol.

3.1.6 Specific heat capacity

Liquid heat capacities are not strong function of temperature except abe®& To
0.8 (Reid et al., 1977). At high reduced temperatures, liquid heat capacitiegare lar

and strong functions of temperature.

In order to calculate the liquid heat capacity at 293.15 K, the relatively sitophéca
group contribution approach of Chueh and Swanson (1973) for liquid heat capacity at
293.15 K has been used.

C, =D N,AC, +1883m Equation 3. 24

i=1

with N; the number of different atomic groups in the compoux@p the numeric
value of the contribution of element i described in tabler./epresents the number of

carbon groups requiring an additional contribution, which are those thairsed by a
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single bond to a carbon group, which in turn is connected to a thivdrcgroup by a
double or triple bond. If a carbon group meets this criterion in moredha way, m
should be increased by one for each of the ways. ExceptionsgrGlips or carbon
groups in a ring never require an additional contribution; and the duldition
contribution for a —Ckt group meets the criterion in a second way, the second

additional contribution reverts to the 18.83 J/mol.K value.

AC, (3/mol.K)
Non ring increments
-CH3 36.82
-CH2 30.38
Oxygen increments
-COO- 60.67
-COOH 79.91

Table 3. 8 Atomic group contribution to estimate liquid heat capacity at 293.15 K

For oleic acid methyl ester, the —gHjroup is once joined by a single bond to a carbon
group, which in turn is connected to a third carbon group by a double bond, therefore
m = 1. Following the same approach, for linoleic acid methylr estd eruric acid
methyl ester, m = 2 and m = 3 for linolenic acid methyl ester.

Bondi (1966) has reviewed many forms and modified one suggested by Rwwlins

(1969) to give the specific heat as a function of temperature:

0
Cpl C

—F; P - 256+043d1L-T, )_1+a{2.91+ 42617, )%,Tr_l+0-29€(1‘Tr )_1}

Equation 3. 25

For liquid mixtures as is Rix biodiesel, the values of the FAME can be mak&fra

averaged. This procedure neglects any heat of mixing effect. Therefore:

=2X,C, Equation 3. 26

Prixbiodies!
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Figure 3. 4 Specific heat capacity for rix biodiesel

Xirepresents the mole fraction of the different species which petef the fuel and
is calculated according to equation 3.26 based on the FAME naas®rir defined in
table 3.2:

Y,

X, = ' Equation 3. 27

3.1.7 Thermal conductivity

For liquids at reduced temperature between 0.25 and 0.8 at a presswe deMPa,
an equation based on the methods of Pachaiyappan et al. (1966) may be used to

determine the thermal conductivity:

3+20(1-T.)%
%
- 2{1_ 29T3.15j

C

k, =Cp, MW" Equation 3. 28
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With C = 1.811 x 1dand n = 1.001
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Figure 3.5 Rix biodiesel thermal conductivity as a function of temperature

3.1.8 Binary diffusivity

For the prediction of the gas diffusivity of binary air-rix biodieshe method of Fuller

et al. (1966) is recommended:

05
0.01013 " 1 + 1
5. = _ MW, MWbiodie@el

12 =

Pl_(VO|ajr )% + (V0| biodiseel )% J2

Equation 3. 29

Atomic and structural diffusion-volume increments Number of atoms
C 16.5 19

H 1.98 32

O 5.481 2

Table 3.9 Atomic diffusion volumes

Based on table 3.8, M@diese= 387.822, while Val, = 20.1
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Therefore at 1 atm and 415 &, =7.42e-6 s

The binary diffusivity is displayed as a function of temperature figure 3.5.
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3.2 Ethanol properties
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Figure 3. 6 Rix biodiesel binary diffusivity as a function of temperature

630

680

Ethanol properties already exist in the FLUENT database. Theref@ fuel properties

which are set to be constant in the simulation will be reported @Bl such as fuel

thermal conductivity, latent heat of vaporization and density alhedfat 298 K Then

vapour pressure, specific heat capacity, and binary diffusivitly il plotted as a

function of temperature.

Chemical Critical Critical Critical Thermal | Latent heat| Density
composition| temperature pressure | volume \; | conductivity of (kg/m)
T¢ (K) P(bar) (mL/mole) | (W/m.K) | vaporization
(J/kg)
Ethanol| C,HsOH 514 63 168 0.182 855237 790

Table 3. 10 Ethanol properties set to be constant in FLUENT at 298 K
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3.2.1 Vapour pressure

As for biodiesel, the vapour pressure for ethanol is calculatest b@s the Antoine

equation.

P. = A, ~_Ban Equation 3. 30
! " T + Cetht

Temperature (K) | Agn Beth Cehn

364.8 - 513.91 4.92531 1432.526 -61.819

292.77 - 366.63 5.24677 1598.673 -46.424

Table 3. 11 Antoine constant for ethanol
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Figure 3. 7 Vapour pressure for ethanol

Pressure 1 atm 2 atm 3 atm 5 atm 10 atm

Boiling  point| 351 371 384 399 427
(K)

Table 3. 12 Ethanol boiling point at different pressures
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3.2.2 Specific heat capacity

Fluent used a piecewise polynomial function to describe the spleediccapacity as a

function of temperature:
Cp(M) =A+A T+A* T2+ A *T* Equation 3. 31

With A1 = 2235.728, A= -3.038854, A= -0.00066 and A= 4.42804e-5

3200 +

Specific heat capacity (J/kg.K)
N N N N
N S (o2} (0]
o o o o
o o (@) o

2000 T T T T T !

250 270 290 310 330 350 370
Temperature (K)

Figure 3. 8 Ethanol specific heat capacity (J/kg.K)

3.2.3 Binary Diffusivity

The theory describing diffusion in binary gas mixtures at lowntwlerate pressures
encountered in this study has been well developed. The diffusion caffier binary
ethanol air mixture is solved with the following equation presented in Reid (1977):

(MWethanoI +M air )/MWet M, ]}é

hanol ar

3,5 =1858X10°T 2 [ s
Pa5ahanol —airQD

Equation 3. 32

Ecmon /K =3626 Equation 3. 33
Eu [K=T786 Equation 3. 34
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Therefore

Ecmon /K = (3626* 78.6)°=168 K

s = 453A ando,;, =3711A

o
+ (o]
which results iN0 4 g —air = A453+3.711_ 4.1205A

Q,, is tabulated as a function of ki/and described in Reid (1977) in the following
manner:

Q,=—2+ C"*+ E"*+ G"*
T® expD,T" expFT  expHT

Equation 3. 35

whereT" =KT /&, ., With A; =1.06036A, =1.06036B, = 0.15610
C, =0.1930M; = 047635E, =1.03587
F, =1.529965, =1.76474H, =3.89411

Based on equation 3.29 and 3.32, the following curve is obtained:
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—
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<
\Ef 2.50E-04 - — Diffusivity at 1 atm
_B\ — Diffusivity at 2 atm
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‘n —— Diffusivity at 5 atm
g 1.50E-04 - Diffusivity at 10 atm
©
> 1.00E-04 -
£
e 5.00E-05 +

0.00E+00 - \ \ \ \
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Temperature (K)

Figure 3. 9 Ethanol air binary diffusivity at different pressures

Figure 3.9 clearly shows that higher pressure can notably hatrersy effect on the
diffusion coefficient.
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3.3 Influence of fuel properties on droplet diameter

The various physical phenomena involved in pressure swirl atomizagohighly
complex, and many empirical correlations have been developed to farnméstn
droplet size as a function of fuel properties. Among these lationes, the following

one has the advantage of being dimensionally correct (Lefebvre,1989):

025

SMD = 2250 %4 m AR p, Equation 3. 36

From equation 3.36, the droplet SMD highly depends on the viscosity andesurfac
tension of the liquid fuel. These informations have been included in Appéntbx
rapeseed oil. The fuel and air properties vary with temperatunefdhe the Sauter
mean diameter has been plotted against temperature. However, tedaticor
presented by Lefebvre (1989) does not describe any range otwédidiemperature,
therefore the temperature was limited to a variation of =tvwa¥3 and 333 K (0 °C
and 60 °C). The fuel and air temperature was assumed to be thelsaBMD plotted
figure 3.10 against temperature was calculated based on the operatidiions
described table 4.1 under 1 atmosphere for ethanol and biodiesel. dinrmoaly
considered that the high viscosity of the injected liquid causescegase of the Sauter

mean diameter as showed figure 3.10.
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Figure 3.10 Sauter mean diameter as a function of fuel properties
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Indeed, the viscosity has a direct effect upon the final atomisptbcess by which the
drops are formed, and this final process directly affects theeSmean diameter. An
increase in fuel viscosity will also increase spray penetrasince with more viscous
and heavier fuels the jet will not be so well atomised, at angijection pressure, and
the spray will be more compact, resulting in less air mst&t. With the high viscosity
of vegetable oils and biodiesels compared to ethanol, the dropletsotdred igger

therefore generating atomisation problems as seen figure 3.10.

Consequently, an increase in the viscosity of the liquid has ansade#fect on the
fineness of atomisation, hence any change by which the viscosikycreased will
improve the atomisation of the spray. Such an effect can be aghfevenstance, by
an increase in the temperature of the liquid, operation which hascle®d out in the

present study for the Rix biodiesel and rapeseed oil experiments.

3.4 Concluding remarks

The fluid properties such as density, thermal conductivity, spdwfit, latent heat of
vaporization, vapour pressure and boiling point, have been determined owde a
range of temperatures. Viscosity and surface tension were notibées since no
secondary breakup occurs in the study and therefore these charactamgstiosneeded
for the model. Rix biodiesel possess a high boiling point compared tooétad this
study has showed that the fuel chemical structure andatmiroperties significantly
influences the fuel properties. This section has shown that theditfelssignificantly

in their physical and chemical characteristics signifigantbdifying the evaporation
and combustion process and therefore the properties need to be accurateipeidterm
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CHAPTER 4 — EXPERIMENTAL STUDY

4.1 Introduction

The experimental work has been carried out by Jasuja, Klaessote Bred Moss.
Although this work has not been carried out by the author of this,stuthnstitutes a

vital part to validate the numerical results obtained with the .dFi» section presents

data which are used to develop a qualitative and quantitative destoptihe structure

of a spray flame. The flame has been scaled down to laboratergrgizmeasurements

have been taken which are then made available as an input for computer modelling. The
objective of this section is to obtain a detailed understanding ofttheture of the

spray and its physics as well as being able to assess hepréeinteracts with the air

exiting from the swirler and how it affects the combustion process.

Indeed, it is of interest that the spray flames undergo moadedescrutiny since there
are few reports in which the accuracy of calculated resuéégamined by comparing to
measured data for spray flames, despite the common use of @prdustion in
industrial applications. The main reason for this is that the measurementslefdited
distribution of velocity, temperature and gas composition are veigudifin practical
combustors, especially in dense spray regions, due to the hostile @mnditid the

limited optical access for carrying out the measurements.

However, experimental data are required to get a better undergtaridime different
physical processes involved, such as evaporation, mixing, and momenthangs.
The data will also provide information for the numerical model, eafpgdn terms of
model development and validation and information needed on the boundary conditions
as well as droplet initial conditions, which are used as an inpbei€ED model. The
obtained data set will then be applied to simulate the behaviour gi¢ksure rig in

different operating conditions.
Pressure swirl atomizers spray flames are shown in thi®©isdo have a complex

structure. The swirling motion introduced in order to maintain thméd stability,

control the flame length and increase the fuel residence tsneeldas the multiphase
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nature of the phenomena, added to spray evaporation, creates such a tammplica
situation, that even nowadays researchers struggle to fully undesadtahd physical

implications related to these applications.

Measurements have been made at atmospheric pressures andspelgresised to 3
bar. The pressure inside the rig is regulated through an external translagjrigrifice

arrangement at the top of the rig.

Previous experimental studies of turbulent ethanol and biodiesel dpragsfhave
been briefly reviewed and the different experimental have beerritssc The
measurement techniques chosen have been discussed and uncertaystys ssua
described in section 4.3 and 4.4. Finally the experimental result®rm@ented in the

latter part of this chapter.

4.2 Experimental studies of turbulent ethanol and biodiesel
spray flames

Numerous experiments have been carried out to determine swirliag S§pmes
properties such as SMD, droplet number density and volume flux, drapiak
velocity, using Phase/Doppler technique (PDPA) and Laser Dopplercivfedter
(LDV) to measure the axial gas velocities (Mao et al., 1988sder et al., 1988;
Edwards and Rudoff, 1991; Ghaffarpour and Chehroudi, 1993; Presser et al., 1993;
McDonnell and Samuelsen, 1992). The different studies on spray meastgdraee

been very helpful in getting some understanding of the spray strusdrelroplet
behaviour in a spray and were also instrumental in the development oficaime

models.

Most of the studies on burning sprays have been carried out using keordsgptane
as a fuel (Mao et al. 1988; Presser et al. 1988; Edwards and RWLE6ff;
Ghaffarpour and Chehroudi, 1993; Presser et al. 1993; McDonnell and ISamue
1992), but the purpose of this study is to use ethanol and biodieselsauite a few

studies have been reported on the characterisation of methanol or ethanol spay flame
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McDonnel and Samuelsen (1992) conducted measurements of methanol spray
vaporization behaviour operating at three different conditions such alssence of
atomizing air, non swirling atomizing air and swirling atomizaigand they observed
that the vaporization rate was respectively increasing dicgprto the air flow

configuration injection mode.

Wang et al. (1992) conducted experiments to determine the sprayecisécs of
methanol and ethanol with high-pressure swirl injector both expatah and
numerically. They observed that spray patterns of methanol and ethansimalar
except that the spray penetration of methanol was a littléeshtive cone angle was a
little larger, and the atomization process a little fasterce the vapour pressure of
methanol is about twice that of ethanol, implying that methanol i€ malatile than
ethanol however the overall SMD curves of methanol and ethanol areclesey to

each other.

Bossard and Peck (1996), in a very interesting investigation, cautedxperiments
with ethanol sprays generated by air blast atomizers and shbaedthbore complete
combustion occurs in sprays possessing narrower droplet size distribugeuctian in
the burning efficiency for wide drop size distribution is attrdouto their greater

population of large droplets.

Various reseachers (Friedman and Renksizbulut, 1999; Widmann et al., 2000;
Giridharan et al., 2001; Widmann and Presser, 2002a) described a bencpragrk s
combustion database for the purpose of validating multiphase combustion rmodels
submodels, using methanol where a validation of the numerical siomslaivith
comparison of the droplet size, velocity, number density and volumeathaxnst
experimental data is presented, using phase Doppler Interferoff&y temperature

with the help of thermocouple and gas velocity through ParticegémVelocimetry
(PIV).

A large number of experiments were carried out with vegetabla®#sreplacement of
conventional fuels by researchers from various parts of the wbvlésl often reported
that the fuel depended on the location of the investigation. Most ctildées using
vegetable oils were mainly investigating on NOx, CO, HC andcpéate emissions,
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engine performance as compared to diesel engines using rapég&émhtague, 1996;
Hemmerlein et al., 1991; Murayama, 1984), rapeseed oil methyl (é&ibf, 1995;
Desantes et al., 1999; Senatore, 2000; Salvatore et al. 1993), sunflo(@arsit and
Humke, 1981; Radu and Mircea, 1997; Abbass et al. 1990), coconut ojukMetsal.
2001), coconut oil methyl ester (Shaheed and Swain, 1998), peanut oil (Badsic
Humke, 1981), palm oil (Barsic and Humke, 1981, Silvico et al. 2002)njeacal
(Ramadhas et al. 2004), waste oil (Yoshimoto et al. ; Yu eR@D2) and biodiesel
(Yoshimoto et al. 1999; Choi et al. 1997; Babu and Devaradjane, 2003; Slarp et
2000; Tat and Van Gerpen, 2003). Graboski et al. (1998) presented a detagedofe
biodiesel properties, emissions and performance but although thiduiifeereview is
not exhaustive, no detailed mapping of spray flame using vegetalie lmbdiesels,
such as gas temperature, droplet size and velocity has beendeftmgkowski (2004)
examined the viability of using biomass-derived oil in gas turbined) as biodiesel
and soybean oil. The fuel atomization, depending on the fuel propseras as
viscosity, density and surface tension, was investigated and mipagly study was
conducted to evaluate whether the partially atomized oil could be bii#oecver, as

mentioned, this investigation was only at its preliminary stages.

4.3 Experimental techniques

A brief review of the recent measurements techniques is peels@mtthis section.
Several key variables were identified which would be necessar}compare
experimental data with the numerical predictions and obtain aatetaihpping of the
flame structure:

- flame temperature which will determine the energy released by the flam

- droplet diameter, velocity and size distribution, which will helgdtermine the

initial conditions of the spray
- and gas velocity which will provide insight into the aerodynamicthe gas

related to the spray

Literature on temperature measurement techniques is quite broadss@ilbert and
Lobdell (1953) for the resistance thermometer and for thermocoupleiseke(1821)
first demonstrated that two different metals forming a closse¢ in the absence of

moisture, showed magnetic properties when subjected to a diffevetermperature at
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the point of contact. He made sure that the magnetic properties far different
metals and were greater for greater differences of tenuperaBecquerel (1827)
subsequently used Seebeck’s discovery as a means of measuritgnipghature and
deduced that the intensity of current developed was proportiondhetorise in
temperature using thermocouples. However, laser based diagnoBtigtes for the
temperature measurements have become increasingly popular. Thate andi in
principle, capable of the measurement of temperature and h@aree most attention
are Raman scattering, Coherent Anti-Stokes Raman SpectrosC#HRSY, laser
induced fluorescence Spectroscopy (LIFS) and degenerate four wang (DWFM).
These are reviewed by Ecbreth et al (1979), Greenhalgh (1983) anck [Riblall.
(1987).

PIV is another popular technique which has been particularly usedeondee the
velocity field of swirling flows, the aerodynamic strain rateto report the velocity
field in luminous flames. PIV is a non intrusive technique which deégisturb the
aerodynamics of the flow and the flame structure. The gasephascity can be
deduced by measuring the seed particles displacement betweémadges taken at a
known time interval. Seeding techniques is an extremely useful toolisg flow

streamlines and vastly improving experimental knowledge of flame structures

For a more complete understanding of this technique, the readeefearto Grant
(1994), a book on PIV written by Raffel et al. (1998) and to a bibliograpiBiV by

Adrian (1996). Articles on PIV (Kompenhans and Tropea, 1997; Adrian, 2000, 2002,
2005) contain very useful collection of recent work. Although the fedgpilif
applying the PIV method was demonstrated by 1977 (Fourney, 1977; rauduhel
Simpkins, 1977; Grousson and Mallick, 1977), Meynart (1979, 1980, 1982a, 1982b,
1983a, 1983b, 1983c) was the leading pioneer of this method, which he defined at the
time as laser speckle velocimetry (LSV) showing practnehsurements could be
made in laminar and turbulent flows of liquids and gases and Adrian (pe&49sed

the term PIV to distinguish this mode of operation from the laser speckle mode.

The Phase Doppler Particle Analyzer (PDPA) is one of the pugatlar techniques for
spray characterisation in combusting sprays. Mao et al. (1988), McDastnal.
(1988), Edwards and Rudoff (1991), McDonnell et al. (1992), McDonell and
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Samuelsen (1996) provided very detailed information on the different spray
characteristics, by being capable of directly measuringlsameously the droplet size

and velocity as well as calculating the particle number dersity volume flux
throughout the spray. All these gathered data help in deducing the spray traject®ry, con
angle and droplet size distribution from the measurements cawuieldy the PDPA.

The technique is thoroughly described by Bachalo (1980, 1984) while extéesing

of the method is carried out in Bachalo (1985). Bachalo provided suchicaghif
advancement to this method that it appeared a viable mean for spray diagnostics.

4.4 Measurement uncertainty

The measurements incertainties in this study arise maiahg the thermocouple as
well as PIV measurements and concerning the PDPA data, imptatzefiltering or
derived data can significantly affect the accuracy of @togize, velocity and volume

flux.

4.4.1 Thermocouples

Thermocouples have been proven to be particularly reliable and hence it is bélaved t
systematic errors resulting from voltage transformation to testyre data are
negligible. The main sources of error may come for radiative dosl soot deposition.
Indeed this would have the effect of isolating the probe from tireounding
environment, increasing the radiative heat loss from the flailme {0 increased size
and emissivity) and increase probe blockage effects (Young, 1993)toDRboe small
size of the thermocouple, aerodynamic disturbance resulting térision in the flame

are believed to have no effect on the accuracy of the flame temperatureameadar

4.4.2 Spray characterisation

The accuracy of droplet size techniques has been assessed olast 2@ years in
relation to the different source of errors encountered in spragurezaents. Problems
related to measurements techniques which are not adapted for dvapdsts size is
less than 10 um because of the limitation of dynamic rangkeoinstrument, have
been mentioned and are well reported in the literature (Lepoit efl@99). Also,
Hardalupas et al. (1994) found that the main source of error was tpdetdrejection

rate by around 25 %, due to the presence of several droplets in thespnole area in
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dense sprays, which resulted in systematic underestimation ofithker density and
volume flux for the reacting flow. Widmann and Presser (2002b) meadtithvee the
uncertainty in size and velocity distribution are generally higfireen the uncertainty in
measurements of individual droplets for numerous reasons, suchssedndgroplets,
and errors in the quantification of the probe area as a function obtsipd. Leport et
al. (1999) also mentioned that additional issues appear in combustiyg, sreh as

the presence of the flame altering the optical path of the laser beantatackd light.

The main problems are expected to occur with the number density andeviium
measurements. In fact, droplet size and velocity are directasored by the
instruments whereas the other parameters are calculated &éyuipenent because they
depend on more than one feature, such as volume probe area, itself depentie
probe diameter, which varies with the droplet size and this cah tleaadded
measurements uncertainties (Hardalupas et al. 1994) . Indeed, tineevibix and
number density depend on conflicting features, with the volume flussume@ents
being largely influenced by large particles, leading to ityesténation and number
density by the detection of smaller ones (Zhu et al. 1993a), makmdtaneous
measurements of both parameters difficult, due to the limitaticheoflynamic size
range of the instrument, and further raising doubts over the ré&jialof the
measurements. And it is known that larger droplets scatter hgbts than smaller
ones, making the volume flux very much affected by the larger leatiavhile the
probe diameter is usually underestimated. Both these factorsolemdaverestimation
of the volume flux. On the other hand, in non-burning sprays, McDonnell and
Samuelson (1989) found that the area integrated mass flux was itnty 30% of the
injected liquid flow, due to non-axisymmetry and steep gradients ameflux in the
radial direction. Bulzan (1995) performed the same integration and fouridabwnly
26% of the injected flow was measurable close to the exit oinjeetor, where the

spray is dense and is not burning.

As a whole, accurate droplet number density and volume flux measuselmuent
difficult to make (Widmann and Presser, 2002b) and are subject to lmtceftainty.
Fridman and Renksizbulut (1999) mentioned that in light of the aboveuidveeem
that volume flux and number density measurements should be used intigaalita

fashion rather than quantitatively.
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Another critical issue is that the fuel temperature willuafce the fuel density,
affecting the refractive index. This variation of refractiadax with fuel temperature
will in turn alter the measured drop size when using PDPA. Ind&kdeider and
Hirleman (1994) demonstrated that the presence of radial re&aailex gradients
may result in significant bias errors in sizing as wellf@svolume flux estimation
(Leport et al. 1999) especially in burning sprays, since the drigpigterature cannot
be estimated. However, if a thermo-optic coefficient for thengla in refractive index
with temperature can be measured, the droplet temperature needentonein order
to select the correct refractive index, otherwise it wilsuie in droplet size

overprediction by as much as 15 %.

4.4.3 PIV measurement

One of the main uncertainties linked with the PIV measuremesides in the failure
in the vicinity of the injector to distinguish between the small dtsphnd the particle
seed. Therefore, velocity measurements taken close to #ne rsmrzle should be read

with extreme caution, otherwise this can be subject to misinterpretation.

Moreover, particle image velocimetry methods will in generalb®oaible to measure
components along the z-axis (towards to/away from the cameraje Toenponents
may also introduce an interference in the data for the x/y-components.

Also, the size of the recordable flow field is limited hg size of the tracer particles. If
the recorded area is too large, this will result in the lossubfpixel resolution. The
typical maximum size of the recordable plane is in the regidibcm to 50cm square,

depending on the technology and complexity of the analysis algorithms used.
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4.5 Experimental Operating Conditions

The experiments were carried out using ethanol and biodiesel.

Ethanol Biodiesel Rapeseed
oil

Priig atm 1 1 2 3 1
Miuel (9/5) 0.36 0.75 0.75 0.75 0.75
M air sw(9/S) 1.6 3.0 6.0 9.0 3.0
M air.coflow 12.0 12.0 12.0 12.0 12.0
Tair, sw(°C) 20.6 150.6 187.4 189.6 165.0
Tair.co (°C) 15.7 13.4 14.4 15.4 14.4
Trel (°C) 20.5 141.4 155.8 156.3 157.1
Injection 116.8 147.6 231.0 281.5 313.6
pressure
(p.s.i)

Table 4. 1 Experimental operating conditions

The fuels considered in this study were ethanol and biodiesel. Xjperiraental
conditions are described in table 4.1. Although increasing the secomdegyudied in
no discernible difference in terms of the flame structure, isorgahe secondary air
from 12 g/s to 16 g/s resulted in a corresponding increase incrdateéd combustion
products entering between the heat shield and pressure casing.cdused
condensation problems on the optical windows (Pierce et al., 2007). Thketkéor

experiments were all carried out at the lower secondary air flow rategs 12

The boiling point of biodiesel is significantly higher than for ethanmspectively 623
K and 351 K under 1 atm — therefore biodiesel is much less vdlagifeethanol. For
this reason, these fuels need to be preheated in order to reduceistesity and
atomize into droplets within the size range of ethanol droplets, sositdpaficant
evaporation can occur in the pressure rig and avoid to a maximurwetahg which

would tend to reduce combustion efficiency.

4.6 Unconfined ethanol experimental data

Drop mean properties (size, number density, volume flux, velocitygasgroperties
(temperature, axial velocity) are presented to describe taldgieatures of the spray.
A traverse was made of the flame centreline and radial traversgsaatadilocations of

10, 20, 30, 40, 50 and 60 mm downstream of the nozzle as illustrated figure 4el wher
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all the necessary data required to determine the spray andhgeecteristics were
taken.

Axial distance from nozzle

Figure 4.1 Spray measurement locations

4.6.1 Droplet size measurements

Figure 4.2 shows the droplet Sauter Mean Diametey, for different downstream
distances. The Sauter Mean Diameter (SMD) is the diamegtedaplet whose volume
to surface area ratio is that of the entire spray and gsidrgly used to characterize a
polydisperse spray via a single representative droplet .The Sdatar Diameter is

defined as (Mugele and Evans, 1951):

> nd?
Dg, = lenidiz

Equation 4.1

Where nand ¢ are the number of count in and the droplet diameter corresponding to,
the f" class, respectively.

Based on the experimental data shown figure 4.2, the droplets erflantbdront as a
hollow cone spray since there are no droplets present inside the ¢anéistance of
up to 20 mm downstream of the spray nozzle, it is interesting totmatehe largest
droplets are located on the inner side of the spray, whose prasaesealed by the
local peaks, while the smallest droplets tend to be located ooutee edges of the
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spray. In fact, the small drops have a relatively high velocir reeir point of

formation and they initially have straight trajectories.

But as the spray moves further away from the nozzle exit, ibage Sauter Mean
diameter (D32) of the droplets at the inner side of the speginb to decrease, while
on the other hand the droplets size at the outer edge increaseantiyif As a result,
from a height of 20 mm, the biggest droplets are at the outes @ddke spray since
they possess sufficient inertia to penetrate deep into the sgiay while essentially
maintaining straight trajectories and the finest drops, whichttemelax more rapidly
than the larger drops and have little inertia, follow the flowcstre and will be shifted
to the inner edge of the spray and will be confined to fuel richomegi This is

attributed to the characteristic design of hollow cones.

Moreover, the flame sits on the spray centreline and therefodrapéets on the inner

edges, surrounded by hot gases, tend to evaporate much quicker than the droplets on the
outer edges, which manage to escape the main flame zone and eotigegre less

subject to evaporation. On the inner edge, the small droplets prem@an8® mm are

initially large droplets which have partially undertaken evapamas they go through

the flame, while on the outer edge, preferential vaporization afl siroplets, which

are more affected by the heat exchange than the largeasiies weight function is a
function of the cube of the diameter, leads to a shift of the dregletdistribution to

the larger droplets resulting in an increase in mean diameter of droplets.

The PDPA data show that the profiles of droplet diameter rélraithe main body of
the spray is composed of droplet ranging from 5 pm to 120 um but thieenwh
droplets beyond 5@m is marginal. However, accurately defining the size range of
droplets still represents a challenge for the attemptsv® an accurate representation
of the droplet size distribution, since it will significantlyeadt the flame structure, as it

will be demonstrated in the computational study.
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SMD profiles
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Figure4. 2 SMD PDPA measurements as a function of
distance from the nozzle exit

4.6.2 Droplet mean axial velocity distribution

The mean axial velocities of the droplets is presented fig@reT#e axial velocities of
the droplets progressively decays from a maximum value of 22 nttig imost dense
region at 5 mm downstream of the injector and become more uniforailyadia low
value of around 4 m/s at 60 mm from the nozzle exit where theedreplocities
continue to adjust to the rapidly changing gas phase until theyinakelocity
equilibrium with the gas phase as seen figures 4.5 and 4.6. Thealifenegative
axial velocity for the droplets implies that even the finest @tsplwhich possess less
inertia than the larger ones, are not sufficiently small todoeed away by the gas field

into the recirculation zone.

The outer edges of the spray display low axial velocities and Ved¢pcities on the
inner side of the spray, up to a distance of 20 mm downstream oieb®r due to the
fact that the largest droplets close to the fuel atomizerlauated nearer to the

centreline as illustrated on the SMD PDPA measurements.
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Velocity profile at different axial locations Spray azimuthal spread
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Figure 4. 3 Axial velocity profile at different

axial locations Figure4. 4 Spray azimuthal spread

The wide droplet radial distribution implies that the azimuthalaspd the cone angle
is significant, and the PDPA data seem to imply that the spragles ranges
approximately from around 40 ° to 70 ° as illustrated figure 4.4.
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Figure4. 5 Axial velocity droplet and gas Figure4. 6 Axial velocity droplet and gas
at 30 mm at 50 mm

4.6.3 Breakup phenomena

Figure 4.7 illustrates the visualization of the spray featuzalised with the help of

laser imaging data using higher imaging magnificatiomara optics. Although
described by the manufacturer as a solid spray, laser shagihg rather suggests the
hollow cone nature of the spray and the spray region even in the vioinitye
atomizer, appears to be dilute, setting aside the perspectivegroficsint droplet
collision and coalescence but dense enough to make proper observation and

measurements in the vicinity of the fuel nozzle difficult.

79



Chapter 4 Description of the experiments

The figure shows that at 5 mm downstream of the injector, the tsogtié# have a
ligament-like droplet structure and still breaking up so it ficdit to conclude on the
droplet size measurements at that particular location. In tlaetnear-field of the
injector presents a particularly challenging problem for CEDoplet primary break-
up becomes effective further downstream, likely from a distand@® aim. Therefore,
although the closest possible measurements were made at 5 mmreamnst the
nozzle the measurements were assumed to be reliable only fromm H@wnstream of
the spray nozzle.

-
o 1IZ " AmEn %

o i

oo -] ] ] ]

F_i"gu'fe4. 7 Planar sheet irﬁége of the épray
Since the Weber number is well below a critical value of 1Zeen figure 4.8,

secondary breakup is not believed to be occurring in the experinvéatser number
calculations with biodiesel also showed that the value obtained Iswoto consider
secondary breakup. At higher pressures the velocities remaiartiee snce the mass
flow rate is scaled with pressure therefore the Weber numdemaeti exceed the
critical value unless the initial injection velocity is draroally increased (at least 4 or
5 times the injection velocity encountered at 1 atm which is notdke in these

experiments).
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Figure 4. 8 Weber number calculation

4.6.4 Gas velocity

Direct comparison between the preliminary swirling cold flow sneaments (without
fuel) and those for the combusting ethanol spray is not possible siadevel of
swirler air flow had to be substantially reduced from inigstimates in order to

stabilize the flame (Pierce et al., 2007).

4.6.5 Temperature profiles

Thermocouples have been chosen to measure the temperature sineeethelyust,
relatively easy to use, take a relatively small volume angantecularly reliable. The
temperature accuracy is estimated at + 50 K. A thermocouplesisated in Appendix
B. The measured temperature field is described figure 4.9 lstrates the flame

structure around the spray and allows a direct comparison with the numerical model

The flame, once ignited, is anchored near the spray nozzle amdi€xtea distance of
around 10 cm. At 5 mm downstream of the fuel nozzle, the gas tempereaiched
1810 K and a sharp reduction in temperature at a radial distaradmof 4 mm are
caused either by the cooling effect of the spray or by the etrappingement on the
thermocouple, and a second peak is apparent further out radially bmcgpray
influence is no longer felt at this location. Consequently, the spamefappears as a
dense column of droplets burning with a flame surrounding the sprayreljiappears
that the presence of the thermocouple can affect the flow field immediatetystream
of the nozzle, and a non intrusive technique, would have been suitable, itahsee

measurement technique would have influenced the flame structure,afigpecihe
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vicinity of the fuel atomizer where the spray is generally dense. tfdbkregion is due
to the cooling effect of the spray, this makes a spray flamgilsly different from a gas

diffusion flame, as the spray will have a significant impact on the structtine flame.

At 10 mm downstream of the fuel nozzle, gas phase temperatutgbssamstially
elevated and has increased to a maximum temperature of cld89Q@ K. The steep
reduction in temperature due to droplet impingement are stilligrasd are found at a
radius of about 10 mm, corresponding to the spray trajectory. At 20 mmstieam,
the maximum corrected temperature is about 1860 K but the coolewj effthe spray
or eventual thermocouple interference is no longer present. Furthvastieam the
temperature gradually falls down to a temperature of 1427 K at Z=6®mta the
width of the higher temperature region becomes larger. Alptbiles are bell shaped
with the maximum temperature always located on the centrd@lireetemperature peak

corresponds to the region where the most intense combustion is taking place.
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Figure 4. 9 Unconfined ethanol temperature profile (distances measured from the
nozzle exit).

4.7 Confined Ethanol experiments

Drop size and axial velocity as well as the gas axial uglcand temperature are
presented are presented. The number density and volume flux are migedesmce
they are not believed to be reliable enough.
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4.7.1 Droplet size measurements

The droplet size in the confined rig remains largely unchangéid downstream
distance and displays similar values to those obtained in the opernmexqusrbut it
appears that there is more radial spread of the spray in thetlggeim the confined
experiments. Moreover, the droplet initially are of the same, &iat thereafter the
measurements in the confined rig show that the droplets have lasiaeeas they move
further downstream. The large radial spread encountered in the opemmexpeicf.
figure 4.10 and 4.11) has a larger cooling effect on the ambientirsge spray
evaporation acts as a heat sink on the gaseous phase. As a restdipl thegion
surrounding the spray is larger in the open experiment and consequentlypplhets
do not undergo as strong evaporation as in the confined rig, leadinghtr digplet
size especially at 20 and 30 mm as illustrated figure 4.12 and 4.13.
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4.7.2 Droplet velocity
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Figure 4. 16 Droplet axial velocity comparison Figure4. 17 Droplet axial velocity comparison
at 20 mm at 30 mm

The experimental conditions being the same as for the open flémedroplet
velocities initially show the same features with a graduabyef the droplet axial
velocity as they penetrate further into the flow field (cfufeg4.14 and 4.15) but as the
droplets move downstream they show a lower velocity than in the opernnespes as
illustrated figure 4.16 and 4.17. It is explained by the fact thatdtbelets in the
confined rig have a lower Sauter mean diameter, and as alossutheir momentum

more rapidly than the larger droplets encountered in the open experiment.

4.7.3 Temperature profiles

The temperature profiles between the open and the confined rigpfoakly similar,
except that at 10 mm (cf. figure 4.18), the flame is quenchedrctosthe spray
centreline due to the fact that the droplets expand more in that particulddnastigon
in the open flame experiments. Further downstream, up to a @&s@n80 mm

downstream (cf. figure 4.19 and 4.20), the larger spread of the ngieia the open
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experiments leads to lower flame width due to the cooling effetie spray. However,

from 40 mm, the flame temperature profiles appear to beasirmil the open and
confined rig as illustrated figure 4.21 and 4.22.
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4.8 Biodiesel experiments

4.8.1 Droplet size
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Figure4. 23 SMD PDPA measurements at 1 atfigure 4. 24 SMD PDPA measurements at 2 atm

SMD profiles

Radial position (mm)

50 4
45 A
40 A

E 35
3
= 30 |
® 25 -
[a)

g2 el
& 151 —A—15mm
10 4
5 .
0 T T T ]
0 5 10 15 20

Figure4. 25 Sl\zaga';ogg: nrzleasurements at 3atm

As for the ethanol experiments, the droplets enter the flame @it hollow cone
spray. The droplet SMD appears to be in the same range, betweend 3B aum,
regardless of the pressure as illustrated figure 4.23 to 4.2&\Cieis observed that
the penetration of the spray decreases when the ambient pressuneased. Indeed,
the PDPA measurements show that, although the initial droplet Saeder diameter is
initially similar at all pressures, from 40 mm at 1 atm, fimhest measurement at 2
atm is taken at a distance of 25 mm, and decreases down to 153watmatThis is the
result of an increased drag force and ambient gas density. tAto3heres, it appears
that the SMD has increased at 15 mm to a value of 45 um, agasisieaof around 35
pum at a height of 10 mm. Due to an increase of droplet collisiquédrey with
increasing ambient pressure, as a result of the reduced spmayrapen and an
increased number density of the droplets. In fact, Kim and Sung (200@®)ndeated

that collisions are more frequent as a result of an increase in pressure.
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Figure 4.26 to 4.29 represent the size histograms for biodiesel andar. They

illustrate that the spread of drop size is fairly narrow andeth&rno convincing

evidence of much larger droplets with the number of droplets beyond 7Being

marginal . The drop size distributiory Pat 40 mm height is perhaps due to errors in

the PDPA measurements since it coincides with a small vdlumeHowever, it could

be possible that the calibration of the instrument is such that targdr droplets are

not accounted for in the spray drop size distribution. As there can dignificant

amount of measurement uncertainty regarding the spray drop sraetehigation, the

reliability of the simulation comes into question, as the spraydls highly dependent

on the drop size distribution, and this will be discussed in section.
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4.8.2 Droplet mean axial velocity distribution
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The observations are the same as for the droplet SMD, with thevedtect of the
ambient pressure on the spray velocity, since an increase in pregfiulead to a
stronger deceleration of the droplet velocity as illustrated fiigore 4.31 and 4.32

compared to figure 4.30.

4.8.3 Gas velocity

The axial gas velocity profile of reacting biodiesel spraysresented figure 4.33. The
velocity profiles at 2 and 3 atm are presented in Appendix B g they are similar
to 1 atm, as the velocities are scaled with pressure. In thetyiof the spray nozzle,
the flow field displays a positive axial velocity on the spragtreline. This behaviour
results from the spray momentum and heat release from the fldunich causes an
acceleration of the gas through their effect on gas density. Héysm to the burner
exit, where the liquid loading is at its highest, spray momentuna Isggnificant impact
on the gas flow field. Indeed, in this region there is a strmogwtay coupling between

the gas and the spray phase, since the positive axial veloatyesult of the added
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momentum created by the spray. Therefore, the spray has a doefiiezt on the gas

phase in the vicinity of the fuel atomizer.

However, the PDPA measurements did not show any droplets on theceptssline,

rather showing features of a hollow cone spray. In fact itlisvsal that, although the
PDPA does not appear to pick up the droplets, small droplets aretpoesthe spray
centreline. The absence of PDPA data on the centreline is probably due naittteh

of dynamic range of the PDPA measurements, calibrated schthédwest drop size
resolution is set at 5 um. Consequently, it can be concluded that dipetsr
responsible for the positive axial velocity in the vicinity of then@izer have a SMD of

less than 5 um, up to 10 mm downstream.

Further downstream, the axial velocity shows a decrease wisth @distance on the
spray centreline, as the momentum of the small droplets whiamaaptured by the
PDPA in the central region of the spray close to the nozzle dhadudside. In fact
the heat release is progressively less pronounced in that regiomeasgray is no
longer the dominant factor on the flow field. Consequently, a strecigculation zone
due to the swirling air flow is visible from a height of 20 mmthwa maximum
negative value of close to 7 m/s at 30 mm and peak positive axaaitied of 27 m/s

from the air exiting at 5 mm downstream of the swirler.

The axial velocities display the same trend and values regardf the pressure since
they have been scaled accordingly with an increase in pressuiastaorce, from 1 to
2 atm, the mass flow rate has been doubled and tripled from 1 to, heatece the

velocites are conserved.

Figure 4.34 to 4.37 presents a comparison of the axial velocity priofiles alone and

the reacting spray at 1 atm, with the same air flow conditwdr& g/s for the primary

air flow and 12 g/s for the secondary air flow. These diatstrate the potential of the

PIV measurements in discriminating fuel effects rather fbadetailed analysis at this
stage. The burning air field displays a stronger positival &elocity than for the cold

air alone due to the presence of the burning spray. The expandiragigasignificant
momentum to the gas phase and the momentum of the spray has broaden the
recirculation zone by pushing further out radially the air jets coming out oiillers
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Figure 4.38 shows the velocity magnitude for a burning biodiesel ,sptay atm.
Velocity vectors at 2 and 3 atm are presented in Appendix B.rijp&ct created by the

45° angle from the spray is clearly seen with the green astrasgly influencing the

flow field. The swirlers air jets, located further out &dlyi on either side of the spray

and highlighted with the red arrows in the vicinity of the horizontahe] collide with
the spray and are pushed by its momentum along its trajectotyoM/the spray, the
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air jet would have had a more upward trajectory and the recimulatne would be
much narrower. The effect of the spray on the air jets dinlisaclearly seen figure
4.39.
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Figure4. 38 PIV image of the velocity Figure4. 39 PIV image of the velocity
magnitude at 1 atm (velocity vectors) magnitude at 1 atm (contours)

4.8.4 Temperature profiles

Difficulties have been encountered to measure the temperature domnstream of
the spray nozzle, therefore, thermocouple measurements will beinéka@acount only
from a distance of 10 mm. The temperature profile looks similar to the confimeabét
simulation, since a peak flame temperature of 1850 K is locatéd=gt0 mm before
progressively decreasing down to a temperature of 1400 K as gaen4i40. The dip
in temperature at 10 mm is also predicted due to the cooling effélté spray or the
droplet impinging on the thermocouple. As the gas temperature dexrghsn moving
further downstream, the higher temperature region tends to widen. [@otarghe

ethanol experiments, the peak temperature at each axial loapasitioned further
out radially from the centreline. No temperature measuremevaitable at 2 and 3

atm.
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Figure 4. 40 Confined biodiesel temperature profile at 1 atm

4.9 Summary

This chapter has attempted to provide experimental data obtained wmteslled
operating conditions which give a quantitative as well as queaétaescription of the
spray structure, which could possibly lead to a better understanding of the spiag phys
and its interaction with the swirling air. These experimenttd dae obtained for the
purpose of providing an input for the initial conditions for the dropletamkvelocity
conditions as well as a set of boundary conditions, and ultimately tiieada obtained

is used for validation purpose and assessing the performance of the CFD simulations.

In the present study, the spray structure is transformed faodich is an isothermal

chamber to hollow cone in a swirl-stabilized combustor. Measureroedtsplet size

and velocity as well as gas velocity and temperature have beemeckon ethanol and
biodiesel spray flames using respectively PDPA, PIV and thermt&aeghniques.

The strongly coupled processes involved in a reacting spray makenfulsory to

possess several measurement techniques in order to obtain meamogfih data to

fully capture the spray structure. The results show the stréeciebf the spray on the
gas flow field, due to the momentum imparted by the droplets. The beatures of

the confined rig look quite similar to the experiments in an openguaation in terms

of temperature profile, droplet size and axial velocity, exceptttieaie is more radial
spread for the open configuration, which affects the flame steuctine biodiesel data
have been analysed and the effect of increase in pressure on thehapeabeen

commented.

92



Chapter 5 Computational Study

CHAPTER 5 - COMPUTATIONAL STUDY

Modelling turbulent spray flames is a complex task that needs ®plwed with
sufficient accuracy in order to allow validation of the modedl ermits enough
flexibility to conduct numerical experimentations to determineetfiect of different

parameters on the structure of the spray flame.

This section provides an overview of the different submodels chosée iprésent
study, which account for the mesh, numerical methods, models deschibirdfect
of turbulence, multiphase interactions, evaporation, combustion and breakup. Spray
wall interaction is not considered to be significant in the prestedty and hence will

not be treated here.

5.1 Mesh

Any desired level of numerical accuracy can be obtained in prinisiptbe use of a
sufficiently fine grid. However, care must be taken as to avaab dine grid, which
for the same results will increase significantly the contprtal time. The method
employed to solve the equations is a computer based numerical moded, tiae
domain is divided into a number of finite volumes called cells, at lwhit the

variables are calculated.

The FLUENT software operates on a wide variety of hardwardopias and

operating systems in an efficient and economical manner. Usen@ranfield HPC
facilities, domains with a number of cells approaching one millante completed
within one week, using parallel processing. In fact, to incregselation turn-around
time, the computational domain is evenly distributed using paralleégsory which

is a viable substitution for classic serial processing dubedigh number of cells,
too demanding for a single computer. The parallel implementationeo$dlver is

based on MPI, allowing it to be used across networks of clusterectatoks and
also on symmetric multiprocessor machines such as the SGI.
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The machine used was a SunFire v880 server. It has 8 processors anshh6€sl
memory and is running on Solaris 9, equipped with 72 processors, with 4gomsces
per board and a fast interconnect between them. All of the machves$ba's MPI
libraries installed and FLUENT use the MPI version of the code. GighEngine is

used for the queue management of the machines.

The full three-dimensional flow of air through the swirler and thergdngam domain
up to a distance of 20 cm away from the swirler has been reprdséiie grid used
was a high quality, semi-structured multiblock cylindrical grid sysjemerated using
GAMBIT, the mesh generating software normally associatiél FLUENT. As the
flow is strongly swirling, a 3-dimensional model is required this geometry;
however exploiting a cyclic symmetry it is only necessargitmulate a 36° portion of
the vane-cascade as seen figure 5.1. A full geometry would remgaraentich
computing power and modelling 1/10f the full geometry brings significant relief in
the computational effort. The grid system contained 814 380 cells andesay
orthogonal to the flow everywhere. Use of this mesh resolves ltve Very
efficiently, and in particular, results in high resolution and acyursear the fuel
nozzle, where the pressure and velocity gradients are the hifyreéshass fraction
gradients are the most important and evaporation rates need to lredauicurately.
Also, the overall system performance depends heavily on the desgn swirlers
and their characteristics. Therefore, the flow through thel sslits must be

accurately represented. The CFD simulations reported were made usinmigoi2ue

The same simulations with different levels of grid resolutioaseveompleted for the
same geometry and boundary conditions. In addition to the previously mentioned
grids, a coarser grid was also completed to investigate theitiesabf the results and
assess overall performance as reflected in the ratio of yjadlitesults/time of the
solution. The results have been demonstrated to be grid independentheith
computational grid whichcontained 5400 horizontal cells x 150 vertical cells = 814
380 cells when the computational domain representing the swirlesligled and the
same mesh has been used for the confined rig simulations. The dpeivuegn the

cells in the vicinity of the spray nozzle has been reduced, ir dodaccurately
represent the high pressure, momentum and mass fraction gradiemisitered in

this area and as the flow move downstream the cells sizédeas progressively
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increased. The height of the domain was limited to 20 cm from thg spezle, since
the experiments showed that the flame height in all the experiments did reayalb
a height of 10 cm. A typical cell size in the vicinity of theettpr was around 0.2mm,

which corresponds to the fuel orifice diameter.

swirl slots full geometry

36° sector

A .

.,-fs

=

&‘\ swirl slot
B

Figure 5. 1 Meshing of the geometry

5.2 Turbulence model

Unfortunately there is no single turbulence model which can be adoptatl fygpes
of flows. In fact, there are turbulence models which are superior to others agdordin
the type of application. Reitz and Rutland (1995) have demonstratedthinat

turbulence model can have a significant effect on the peak tempgepagatiction for
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example, and as a consequence, great care must be taken in the aththe

turbulence model.

The present modelling approach is based on the RSM turbulence modelisvividh
adapted to compute strongly swirling flows. The RSM turbulenceeimioals been
proven to be giving accurate results in the prediction of flow viiting swirl, as it is
the case in this study as proved in the section 6.3.2.

Since the RSM accounts for the effects of swirl, rotation, and @mnges in strain
rate in a more rigorous manner tham kaodels, it is of greater potential to give
accurate predictions for complex flows. In spite of the 30 % additmomaputational
time generated by the use of the Reynolds Stress Modelghit mot always yield
results that are clearly superior to the simpler models itladkes of flows. However,
use of the RSM must be considered when the flow features odshi@re the results
of anisotropy in the Reynolds stresses, such as highly switbag fencountered in

this study. Equations describing the RSM model are written in Appendix C.

5.3 Evaporation model

Due to the complexity of the evaporation process, CFD tools gmenoé importance
for the design of low emission combustors involving liquid fuels. Thesethe
choice of a particular evaporation model over another is crucialg sincan
significantly influence the evaporation rate and determieefull mass fraction in a
fuel/air mixture and as a consequence the combustor performamtsedbently, a
proper evaporation model with the most accurate gas film model whiclapply for
a wide range of operating conditions should be used. Moreover, CFD cadés m
strive to achieve a proper balance between results accuratycanputational
efficiency and stability rather than the accuracy of the nsoaleine. Consequently, a
major compromise for the treatment of the liquid within the drogleteeded. The
default FLUENT model is quite a simple model based on the infoateluctivity
model and will be described in this section. User defined alternatodels do not
appear to possess any major demonstrated advantage over the defdalt
Drawbacks and advantages of those alternative options will bentgdsa the

Discussion section.
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In the present simulations the liquid conductivity is assumed to tefsuich that the
droplet internal temperature is uniform. Heat transfer opeedtése droplet surface
and the heat is transferred by convection and conduction from the liquié phas
towards the gas phase. The droplet surface is assumed to beimggasssroplet
evaporation occurs and the onset of vaporization is initiated whetteatroplet

temperature exceeds the vaporization temperature.

In common with most CFD codes, the models in FLUENT assume thigat
temperature gradients inside the droplets can be ignored , edgeht@lto the fact
that droplet evaporation has to be modelled alongside turbulence, canbast
other related phenomena. This simplifying assumption also repreaemsjor
constraint to the use of user defined alternative droplet heatwdgls. However, it is
expected to be a good approximation in the case of stationary ofastrgnoving
droplets, when the isotherms almost coincide with the stream(lktsamzon and
Sirignano, 1989b). Even in intermediate situations, errors introducedhiby t
assumptions are assumed to be acceptable (Sazhin, 2006b). Moreover(ZR@faih
investigated the effect of temperature gradients on droplet eviaporaing the
infinite and effective conductivity models and he concluded that iratisence of
break-up, the temperature gradients do not have a significiant effedroplet
evaporation, but if secondary breakup occurs, this will lead to a significanagedne
the droplet evaporation time. However, as demonstrated in Section 5.1® of
Experimental Study, no secondary breakup occurs in the currentdsiady the low
Weber number, therefore description of the droplet temperature mpsadge not

needed in the present study.

5.4.3 Heat transfer to the droplet

For groups of models that do not offer representations of temperaadgiergs inside
the droplets, the following relationship is commonly used to calculegedroplet
temperature from the following energy balance equation:

dTp
m C_—— =flux

p~p dt conv

+flux,, Equation 5. 1

97



Chapter 5 Computational Study

The droplet evaporation is defined by a heat balance between the oanaact the
latent heat transfer between the continuous and the droplet phaseeqUiaitson
implies that the heat transferred from the gas to the draplgpent on raising the
droplet temperature and supplying the heat for vaporization withotineective heat

flux widely used for practical applications in CFD defined as:

fluX o, = DA, (Tw —Tp) Equation 5. 2

conv

And the vaporization heat flux:

dm

iy Equation 5. 3

flux,,, =h

The Ranz-Marshall (1952)correlation is used to account for convection and to
calculate the heat transfer coefficient h:

hd
Nu = 2+ 06Re’? Pr’s = Equation 5. 4

00

According to Aggarwal et al. (1984), although this type of coiigaiat very simple,

there is very little theoretical justification for it (Aggaalwet al. 1984). Indeed, this
correlation is based on experiments conducted under quasisteady conditions,
atmospheric pressure, relatively low air temperature antrahsient droplet heating
stage as well as internal circulation are not taken into accdbet.Ranz-Marshall
correlation overpredicts the vaporization rate and can yield toccunate results,
especially for low Reynolds number, as noticed by Abramzon and Siogi&89a).
However, this correlation is commonly used for tHeasv, conduction limit and
infinite conductivity models and as mentioned in the literature wevéen though

this correlation has some flaws, Sirignano (1999a) used it toatbasa the droplet

lifetime in a convective environment.

The extension of the empirical 1/3 averaging rule for the Pramdklthe Reynolds
number in the Ranz and Marshall correlation is necessary whgm temperature
differences exists across the gas film surrounding the droptetdijtions which have

not been tested in the original experiments by Ranz and Mar@&8R). The
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Reynolds number based on averaged conditions can be five times theldRey

number based on ambient properties (Sirignano, 1999).

Renksizbulut-Yuen (1983) and Abramzon and Sirignano (1989a) developed some
other correlations but the CFD code Fluent incorporates thelation of Ranz and
Marshall (1952) by default in their equation for the calculationhef heat transfer
coefficient. Indeed, despite the fact that the Renksizbulut and Yuerrslation
seems to be offering some advantages, it has been tested aimhoapheric pressure

and testing was limited to water, methanol and heptane dropletsfottee this
correlation cannot be generalised to be adopted in a CFD code. thedations are
again based on experimental results under atmospheric pressurtatwnelydow air
temperature. The correlation developed by Abramzon and Sirignano (1B389a)
described in the Discussion section.

5.4.4 Mass transfer to the droplet

The droplet mass is calculated in the following manner:
m (t +At) = m, (t) - N, A, MWAL Equation 5. 5

The molar flux of droplet vapour into the gas phase is related to the gradient of

diffusion between the gas phase and the droplet surface:

—Ci‘m) Equation 5. 6

law:

Co=—2 Equation 5. 7

In order to calculate the concentration of vapour at the droplet surface in arteaccura

manner, it is important to know the relationship between the vapour pressure and the
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temperature. These relationships are defined in the Fuel Properties cbegiien
3.1.2 for Rix biodiesel and 3.2.1 for ethanol.

The concentration of vapour in the bulk gas used in equation 6.5 is calculated based

on the mole fraction of the specigs x

C=X— Equation 5. 8

Fluent uses the Ranz-Marshall (1952)correlation which allows to calculateatse

transfer coefficient.

Nu =2+ 06Re’? &/ =k d /3 Equation 5. 9

5.4.5 Evaporation at elevated pressures

Section 2.3.4 in the Literature Review showed that once the cti¢éicglerature is
reached, the ambient gas is soluble into the liquid phase and as guentse
solubility effects should be taken into account under high pressureoworeghe
ideal gas assumption is no longer valid beyond the critical preddaveever, since
the operating pressure in the simulations for both Rix biodasglethanol will not
exceed 10 atm and the fuel temperature will not go beyond 767 K and 428 K
respectively for biodiesel and ethanol, these operating conditionsedirbelow the
critical pressure and temperature of both fuels, determinedctesbe at 12 and 64
atmospheres and 788 and 514 K as demonstrated in Fuel Propertms 34c8 and
3.2. Consequently, assumptions based on the ideal gas law and gas insalutbidt
liquid phase still prevail under the operating conditions encountered in this study.

5.5 Combustion model turbulent non-premixed flames

The non premixed model is used since the fuel and the air are icebdn two
separate locations. The combustion model used in this study is tmaiddamelet
model introduced by Liew et al. (1981). The flamelet model witlsipreed PDF
shape approach was adopted for its ease of use and also beaning ithe number
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of simulations to be undertaken turnaround time is an important isstie@satudy.
The local structure of these flamelets may show significaviatiens from a typical
open laminar flame due to local turbulence flame stretch eféfectghis is where the
advantage of the laminar flamelet model lies since the laminar Bacercept has its
origin in the idea that a turbulent flame can be viewed localpnasnsemble of thin,
laminar flame structures, called flamelets. Bilger (19T®wsed that diffusion flame
structure may be expressed as functions of a single conserakat soader the
constraints of infinite reaction rate, equal species diffusivityty Lewis number and
zero heat loss. In the laminar flamelet model, when flamecktretincorporated, the
governing equations are expressed not only as a function of the maarerfriaction

Z but also of the scalar dissipatigR, This may be further extended to include the
effects of radiation heat loss. The laminar flamelet modebkiyg into account the
stretch effect on the flame presents itself as a natutehgwn of the chemical
equilibrium model. The laminar flamelet model treats the coupleétgyeen chemistry
and turbulence in an elegant and simple manner. The advantage of tharlami
flamelet approach is that realistic chemical kinetic e¢ffexan be incorporated into
turbulent flames. Advantages and inconvenients of the FLUENT lanfieraelet

model advantages and drawbacks are further commented in the Discussion section.
The mixture fraction Z can be defined as:

_ Y Y,
_Yi,f =Y,

1,0

Z Equation 5. 10

and is normalized to lie between zero and one. The mixture fractisrd&fined in
such a manner that its value is zero in the air stream and ianitye fuel stream.
Applying the flamelet assumption, it has been shown that the goverquadions for
species and temperature may be written as a function of miftaction instead of

the spatial coordinates(Liew et al. 1984a; Liew et al. 1981).

The scalar dissipation rate has been introduced into the flangeiatiens to define

the effect of strain on the flame and is defined in the following manner:
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2
X = 25(3—2J Equation 5. 11
Xy

The scalar dissipation rate is at the centrepiece of thelamssumption, since itis a
parameter which defined the amount of stretch on the lamaraefet. In FLUENT,
the scalar dissipation rate is derived from the strain raigsiag the equation
developed by Peters (1984a):

= (a/m)exg- 2erfc (22, )|
X =(&/n) F{ [ , ( S‘)] Equation 5. 12
~ 4az2 [erfc (22, )|
and the strain rate is calculated according to the formula propgsechy and Peters
(1994):

Equation 5. 13

Equation 5. 14

And the following equation defines the temperature:

— Equation 5. 15

oT 1 9T 1 1 oC
— == -—>» HS +— P+ C
p PX CpZij St p)({ > >

aY, | 0T
o 27 az? oz 4V a_z}

As mentioned earlier in this section, a turbulent flamelet ieresemble of laminar
flamelets. Therefore, it is possible to take into account theteffiestretch in the
turbulent ensemble. Since for adiabatic systems, species masisorf and
temperature in the laminar flamelets are closely linked tartean mixture fraction
and the scalar dissipation rate, mean values of the thermochestatalvariables,

such as gas density, species mass fraction and temperaturdurbtiient flame can
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be determined from the PDF of the mixture fraction and the sdeslsipation rate in

the following manner:

9= [|AZ, x4 )p(Z, x)dzdx, Equation 5. 16

The probability density function of a conserved scalar determinesstidte of
mixedness of the fluid (Bilger, 1989). The values obtained in equation &el5
preprocessed and stored in look up tables, saving computational tim&okhep

table will be used in Fluent to determine mean species mas#frs, density, and
temperature from the values of mixture fracti@, mixture fraction varianc<£f '2)

and possibly enthalp‘ﬁ) and scalar dissipatio()_() as they are computed during the

FLUENT calculation of the reacting flow. In the flameteincept, only the PDF of
the conserved scalar, as such the mixture fraction Z, is s@gesindeed, in
FLUENT, Z andys; are assumed to be statistically independent and as a result the joint

PDF can be written p(Z)p{). Transport equations for Z’ and ? are solved in
FLUENT in order to determine p(Z) and3&DF function is assumed for p(Z). Two
popular forms of the assumed PDF are the normalized beta funcign 1983) and

the clipped Gaussian (Lockwood and Naguib, 1975). The beta function is more
attractive since it is naturally bounded between 0 and 1 and dystiefined by its
mean mixture fraction and mixture fraction variance. Since Bi{§@88) found that

both forms of the PDF gave good agreement with the experimestdisteit seems
more appropriate to use the beta function. Girimaji (1991) haslalsonstrated that

the B- PDF is appropriate in capturing the nature of the relevanhgprocesses in

non-premixed combustion.

Thep-PDF is defined as a function of the mean mixture fraction and mixture fraction

variance and written in the following manner:

p(z) ~ Za-l(l_ Z)/?-l

= Equation 5. 17
[z7(-2)"dz e

where the exponentsandp are:
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a:Z{Z;ZZ —1} Equation 5. 18
13:(1—2{21__22 —1} Equation 5. 19
Zl

Fluctuations inys; are ignored and the PDF of the scalar dissipation rate isa delt
function such thap(y,,) :5(%—}). According to Liew et al. (1984ays:is defined

as a function of the turbulent field and the mixture fraction variance:

_ stﬁ
N K

Equation 5. 20

Where G has a default value of 2.0 and expresses the time scaldaratissipation
of scalar and velocity fluctuations. This value is cemented inENLUand therefore
will remain unchanged throughout this investigation.

The flamelets generated with CHEMKIN are adiabatic, sindeatiae heat transfer
and soot modelling was not included in the simulations, and the introduction of
enthalpy loss is not coupled to the composition. However, the mean &urpeand
density PDF tables have an additional dimension of mean enthatpyavoid
complications due to the prohibitive cost of modelling flamelet$ witrange of
enthalpies, FLUENT have made some simplifications. Heat lossgyassumed to be
negligible for species mass fraction, except for the gas@ where the species mass
fractionis computed as a function of the mixture fraction, mixture ifvactariance

and enthalpy and the temperatures are calculated from equation 52 afoge of

mean enthalpy gain/losd .

H=>YH, Equation 5. 21
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5.6 Flamelet generation using CHEMKIN

The flamelet libraries can be generated in two different manegher by carrying
out experimental measurements or through the use of a computeHowd®ver, it is
generally impractical to make sufficient detailed measergmto satisfactorily define
the flamelet though this may be appropriate in relation to validaionsequently,
the flamelet libraries have been generated with CHEMKIN, whegespecies mass
fraction and temperature are to be defined as a function of the mixturerfracd the

strain rate.

In order to represent the full range of strain encountered inutthelént flow, a
certain number of flamelet are generated which account for tlygngastrain, and
these flamelets are labelled flamelet libraries. In thky ei@velopment of the flamelet
methodology, flamelet libraries were constructed using experineata or an
opposed laminar diffusion flame calculation (Peters, 1984b; Lieall €1984b). As
explained in section 2.6 in the Literature Review, a common larflarae used to
represent a flamelet in a turbulent flow is the counterflowusditin flame as
illustrated figure 2.14. This geometry consists of opposed, axisymsnieel and
oxidiser jets and has been demonstrated to be suitable for the fmtdhstudy of
diffusion flames since it offers great flexibility in vang the experimental boundary
conditions with a well defined flow field using a simple configarat Indeed, using
this kind of configuration, the flames are flat, allowing for a itedastudy of the
flame structure and its chemistry. As the distance betweeets is decreased and/or
the velocity of the jets increased, the flame is strained raaréasingly departs from
chemical equilibrium until it is eventually extinguished. CHEMKIN use®aposed-
flow Diffusion Flames model, or OPPDIF, which uses the conservatjaations and
assumption that govern the behaviour of opposed flow flames, reducing tae thre
dimensional nature of the flow to a one-dimensional (axial) dependantie
governing equations. For the Opposed-flow flame model, a steadysstiattion is
computered for either axisymmetric or planar diffusion flatretsveen two opposing

nozzles.

The OPPDIF model predicts the species mole and mass fractiorthanflame

temperature as a function of mixture fraction. More data sueklasity profiles are
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generated with OPPDIF but these information are sufficiegeteerate the flamelet
libraries. The OPPDIF flame model used in CHEMKIN isidifrom a model that
was originally developed by Kee et al. (1988) for premixed opposedffhmes. In
order to run a CHEMKIN simulation, data are required in the forrchemistry sets
such as:

- a file containing a description of the reactions occurring in the gas phase

- a file containing thermodynamic data for the different chahspecies which take
part in the reaction mechanism

- a file containing the gas phase transport data

Thermodynamic data are needed for all chemical species incindadreaction
mechanism. The thermodynamic data are needed to calculate reacidoratgerse
reactions and heats of reaction, used to solve the energy equatiGRHEMKIN,
thermodynamic data are generally provided in the form of a tdatrfile, which can
be found from various sources (Kee et al. 1987b; Chase and Lide, 1985;2005;
Burcat, ; NASA, 2005). If the desired thermochemical datanateavailable in the
literature, such data can be calculated through various meansx&maple, Benson
proposed group additivity methods which are a systematic way ofpebdtiag
known species to chemically related species that have not beeredstudi
experimentally. Eventually the user can refer to known specieestonate
thermodynamic parameters, but this will lead to large uncddai(Reaction Design,
2005).

The reaction mechanism lists the chemical reaction and ratanptars for the
molecule of interest. Detailed reaction mechanisms are wigsdy to describe the
fragment of a reacting molecule into products, through a large nuhleé&mentary
steps. Quite often, reaction mechanisms are built from a previosigloped
mechanism. Reaction mechanisms are generally found in the lieekatuthere are a
number of standard sources of chemical kinetics data for individaetions such as
the well known NIST chemical database (2000) or a chemical ésn@#ta written by
Kondratiev (1972). Each reaction has to be validated against exp¢ainmesults but
reaction mechanisms are known to be valid only for a set rahgaperating

conditions.
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In certain cases, where the transport is assumed to be infilaigelywithin the section
of the gas considered, such as for perfectly stirred reactoreffda of transport
properties can be neglected whereas in many other cases, tralatpate of critical
importance such as for diffusion flames and hence play a keynrdhe burning of
fuel droplets (Lifian and Williams, 1993). When transport data are invohadased
computational time is to be expected due to the increased diffiofilresolving
spatial transport (Westbrook and Dryer, 1984). In addition to the increase
computational cost, additional physical data are required. In factetme"diffusive
transport processes” refers to molecular diffusion, thermal condyctiiscosity and
thermal diffusion. Transport processes are crucial to the desarigtiflame ignition
since they are the mechanism by which heat and reactiveespa@ transported

ahead to the unburned gas (Oran and Boris, 1981).

CHEMKIN provides a transport database of over 200 species providbe iform
tran.dat, but the list of species is not exhaustive and some odueesfransport data
are needed for this study. Some data can be found in standard regeseict as
Hirschfelder et al. (1964) and Svehla (1962b). Some of the numbers dattizmse
have been determined by computing “best fits” to experimentabunements of
macroscopic transport properties (e.g. viscosity) while in othsesthe Lennard-
Jones parameters were estimated and all ethanol transpoatrelditied in Appendix
F.

5.6.3 Ethanol flamelets

Methanol has been the most extensively studied of all alcoholsWwet studies of
ethanol are available (Norton and Dryer, 1992; Norton, 1990; Norton, 1990). This
investigation concerns turbulent ethanol/air diffusion flames. Marid®®99b) has
developed a detailed kinetic model for ethanol oxidation with new i@etant
expressions for ethanol decomposition and validated it against a eghefmental
data sets obtained under a variety of operating conditions. The modsilidy
presented by Marinov (1999b) examined ignition delay from shock tubras)aa
flame speeds data from a combustion bomb and a counterflow twin flame, and specie

profiles from ethanol oxidation in jet-stirred and turbulent flowctiems and good
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agreement was found in modelling of those data sets obtained frometltiffierent
experimental systems. The data sets considered span the temepeaage of 1000-

1700 K, a pressure range of 1.0-4.5 atm and an equivalence ratio range of 0.5-2.0.

The present modelling computations were performed using OPPDRIZ @t al.
1997) in CHEMKIN 4.0.2, that is capable of modelling combustion between t
opposed jets and widely used in the analysis of a steady 1 D dtmwntiéame. The
detailed chemical kinetic model was assembled using reactionm&dhanisms
developed previously for hydrogen (Marinov et al. 1995), methane (Marinalv et
1996), ethylene (Marinov and Malte, 1995) , ethane (Marinov et al. 1996), and
propane (Marinov et al. 1997) oxidation mechanisms .The compiled ethanol

oxidation mechanism consists of 56 species and 351 reversible reactions.

Transport properties were obtained from the Sandia CHEMKIN goxhslatabase
(Kee et al. 1986). Transport properties for species not found in thbada were
estimated using the method of Norton and Dryer (1992) or followingniéthod
outlined by Svehla (1962a) and listed in Appendix F.

The thermodynamic properties for the species used in this stedy primarily
obtained from the CHEMKIN thermodynamic database developed byeKesd.
(1987a) and Burcat and McBride (1993). Thermodynamic propertiesdee gpecies

not found in the database were estimated by group additivity (RuttgérBozzelli,
1991) . These estimated specific heats, standard state ezghapd standard state
entropies data were fitted for the 300-1500 K range and extrapolab@@@K using

the Harmonic Oscillator Equation and Exponential Function methods of
THERM(RIitter and Bozzelli, 1991). The THERM program generatesfahgeen

polynomial coefficients as used in the NASA Chemical Equilibrium program.

The configuration used for this study is the diffusion flame sraoil between
counterflowing streams of prevaporized ethanol and air. Numerilcail@@ons were
performed for different values of strain rate to determine tituetsire and determine
the extinction strain rate of ethanol-air diffusion flames usiheg detailed reaction
mechanism presented by Marinov (1999a). The calculations were pedfatna

value of the thermodynamic pressure equal to 1, 2, 3, 5 and 10 atmospheres
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emphasis was placed on the diffusion flames response to strainvaaations.

Temperature and concentration profiles of the main species vegtredpas a function
of the mixture fraction. Extinction limits were also predictetie Tpresent study is
motivated by a need to use this detailed chemical kinetic meah&mst can be used
to generate a flamelet library, which will be then exported pnépdf, where the PDF
function of the flamelet will be generated and incorportated imocomputational

fluid dynamics code.

Gutheil (2001) carried out a numerical study of structure of langtiemnol-air spray
flames in a counterflow configuration and the results show thahet-air flames are
more stable than methanol-air spray flames, up to extinction. The extistt#in rate
is 1375 & with a maximum flame temperature of 1983 K compared with 122fhd
1962 K for methanol. Gutheil (2001)mentioned that the principal diffeseirce
properties between the fuels is the higher boiling point for ethanol (351.4
compared with methanol (337.7 K), the latent heat of vaporization (I&w& for
ethanol), the heat of combustion (15 % higher for ethanol) and the stoittyidha
requires almost 40% more liquid mass to be vaporized for methangdaced with
ethanol for stoichiometric mixture since the stoichiometric AR = 6.46 and
stoichiometric AFRhanoi= 9. A survey of differences in fuel properties is given by
Gutheil (2001). The higher liquid mass of methanol causes the redized
temperature of methanol flames compared with ethanol flames. Howkigestudy
relates to spray flames and not prevaporized fuel like the amesidered in the

current study.

5.6.3.1 Flamelet data

In the present configuration, a fuel stream made up of prevap@tizadol at boiling
point is injected from one end and an oxidizer stream made up of uddiiutenole
fraction Xy2 = 0.79 and X%, = 0.21) is injected from the other end. These jets flow
into the mixing layer. The value of the strain rate, on the osidsde of the

stagnation plane is presumed to be given by Seshadri and Williams (1978):
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a=

Molqs AN Equation 5. 22

L ’\/2\/72

The temperature of the ambient oxidizing gas stream,is 3J00K. The mass flux,
temperature and species mass fraction at the fuel jefi\age as are the temperature
and species mass fraction on the air side. The fuel tempeaussponds to the
boiling point of ethanol at different pressures and is shown in thewioly table
based on the values obtained in the Fuel Properties chapter, in 82tlonsing the
Antoine equation. All these information, fuel and oxidiser tempezattomposition,

as well as the fuel and oxidizer velocities have been usetpasinto CHEMKIN.

The output of the code gives the species mole fraction as a function of distante, whic

are converted into mixture fraction.

1 bar 2 bar 3 bar 5 bar 10 bar

Boiling point (K) 351 371 384 399 427

Table 5.1 Boiling point of ethanol at different pressures

It is convenient to express the flame position in terms of theunei fraction Z, a
conserved scalar quantity which is defined as Z= (¥;o)/(Yi - Yis) (Peters, 1991),
where ¥ represents the mass fraction of the element | at any location in thedldw fi
The subscript o denotes the value at the oxidizer stream inlethansubscript f
denotes the value at the fuel stream inlet. From this definition04n the oxidiser

stream and Z = 1 in the fuel stream.

The comparison for different strain rates are conducted in both &dsHiame
coordinate and the mixture fraction coordinate. Figure 5.2 shows thectpredi
temperature as a function of mixture fraction in an opposed-fldwstbh flame with

a strain rate varying from 50 to 492.s The flamelet library consists of laminar
diffusion flames for the following values of strain rate: a = 50193 &', 192 §', 242

st 342 § and 492 3. The local instantaneous value of the scalar dissipation in the
turbulent flow selects each one flamelet from the ensembld pbssible flamelets.
The local values of temperature and species mass fractionoanel by linear

interpolation between the strain rate values. The results ofumerical simulation
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show that as the strain rate is increased, the flame ntowesd extinction. To
determine the extinction strain rate of the ethanol-air diffuiames, calculations
were performed at a number of values of the strain rate mgtieasing values of the
oxidiser and fuel velocity, until no numerical solution was obtainedlferset of
equations. No solution was obtained for values of a greater than'4@adsas a
consequence it is estimated that extinction occurs at 5@6r ghis system at 1 atm.
Unfortunately there is no experimental data or numerical resuéiitable for ethanol
in the literature to compare with the results obtained. Howeveha8é et al. (1989)
performed numerical calculations to determine the extincti@instate of diffusion
flames stabilised between counterflowing streams of methanolaanend they
obtained an extinction strain rate of 524 But there is considerable uncertainty in
the result since an extinction strain rate of 168n@s obtained when a slightly
modified methanol mechanism is used. Puri and Seshadri (1986)obtained aal
extinction for propane £, which has a close molecular weight compared to ethanol

(MW, o =46g/molandMW,, =44g/moljof 305s". Based on the values

obtained for different fuels and in the absence of any expenédata for ethanol

diffusion flames, the extinction strain rate obtained for ethanol looks quite plausible

For each of the ethanol flames, the temperature tends to sie@edhe strain rate is
increased. The peak temperature falls off nearly linearly fi®@#0 K to 1793K
respectively at 50sand 492 3 before the flame is suddenly extinguished. However,
it would have been expected that the temperature falls off to er lealue before
being extinguished. It may be linked to CHEMKIN numerical failirgoredict high
temperature gradients close to extinction. The peak value dértipetature profiles
progressively decreases with increasing value of strain rateaeaxthing the critical
value of extinction strain rate. Critical conditions of extinciaoa therefore predicted
to be at around 500's

Low strain rates correspond to conditions where the flame is tdosquilibrium. The

stoichiometric mixture fraction is estimated at around 0.11. Beyosdvdiue, the

mixture is estimated to be fuel rich, and fuel lean below.
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Figure 5.3 compares the temperature profiles for the diffenenh sates as a function
of the distance from the oxidizer nozzle. As illustrated figuretBe3flame is shifting
towards the oxidiser side as the strain rate is increased. F08ms" to 146 &, the
flame is strongly shifting by 27 mm towards the oxidiser side tnen there is a
regular 13 mm shift as the strain rate is increased by'5éom 192 §.The figure
clearly shows that the temperature profile becomes thinneriniteasing strain rate

and they overlap with each other and the flame shifts towards the oxidizer side.

1900 -
— strain rate 50 s-1
1700 - —— strain rate 103 s-1
—-—-strain rate 192 s-1
Q 1500 - — strain rate 242 s-1
< NN strain rate 342 s-1
g 1300 —— strain rate 492 s-1
=
5 1100 -
3
S 900 -
|_
700 -
500 -
300 I I I I |
0 0.2 0.4 0.6 0.8 1

Mixture fraction
Figure 5. 2 Ethanol temperature as a function of mixture fraction at different sttai ra
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Figure5. 3 Ethanol flame position as a function of strain rate

Figure 5.4 and 5.5 show plots of major species mole fraction vengugenfraction.
Figure 5.4 shows that the nitrogen concentration decreases mtndteards the
fuel side. Figure 5.5 shows that €@nd HO, which are the final combustion
products, as well as CO, which has considerable concentration among the
intermediate products, have their maximum concentration in the tleebSthe flame
zone. The concentration of carbon dioxide decreases rapidly on botmduair side

of the flame. CO tends to peak slightly further to the fuel Hid@ CQ. Carbon
monoxide exist on the fuel side as well as on the air side ancbitsentration
decreases rapidly on both sides.,@&@d CO concentration decrease toward both fuel
and air sides of the flame, but these species exist over aagida of the fuel and air
sides. Hydrogen concentration is maximum on the fuel side. He@¢cd+LO and H

peak mass fraction occur on the rich side of stoichiometry.

Figure 5.6 to 5.8 show that the concentration of, G and OH decrease with
increasing value of the strain rate but there is an increa€®imass fraction seen

figure 5.9. In fact, as the strain rate is increased the flame is furdin@etjuilibrium.
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5.6.3.2

At higher pressures

One method to improve overall thermal efficiency in gas turbineo isndrease
operating pressures, hence many practical combustion procelsssesplace under

such pressures and the current investigation must account forféutsaf the flame

behaviour.
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Increase in pressure results in a continuous increase in tbieictoetric temperature
from a value of 1940 K at 1 atm to 2115 K at 10 atm as illustragedlef 5.10.
Temperature profiles versus mixture fraction at 2,3, 5 and 10 atpresented from
figure 5.11 to figure 5.14. Effects of pressure and strain rate amneflstructure,
extinction are presented in this section. Extinction charattsriat high pressure are
different from that at low pressures. In the literature, thenetn strain rate
increases linearly with pressure for methane and hydrogam (& al. 2002; Sohn
and Chung, 2000). With hydrogen flames Sohn et al. (Sohn and Chung, 2000; Sohn
and Chung, 1998) showed that the extinction strain rate increasas gressure
(below 1.5 atm) , decreases at moderate pressures and ingaiasat &igh pressures
(above 10 atm). However, the current results demonstrate thaktthetien limits
have not increased as the oxidiser temperature is raisetysasied in figure 5.15,

for the range 1 to 10 atm but have rather remained in the same range as seen table 5.1.

Pressure 1 atm 2 atn 3atm 5atm 10 atm

Extinction strain rate § 492 516 510 475 493

Table5. 1 Extinction strain rate as a function of pressure

The structure of counterflow diffusion flames burning ethanol has beeaathrised
using CHEMKIN, and the calculated profiles of temperature andiepenixture
fraction were determined with the help of detailed chemical kimethd transport.
This configuration provides a convenient and well-characterised comusti
environment because of its one dimensionality. All the flamelet diedééined to be
exported into FLUENT are written in Appendix H.

5.6.4 Methylbutanoate flamelet

As mentioned in the literature review in Section 2.7, the methafimatte reaction
mechanism developed by Fisher et al. (2000) has been chosen as atsuisog

biodiesel fuel.
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Thermodynamic properties and detailed chemical kinetic models have hetopeel
for the combustion of methyl butanoate, a model compound for biodiesel Boeid
additivity methods and rules for estimating kinetic parametense vadopted from

hydrocarbon combustion and extended.

Methyl butanoate was chosen as a surrogate molecule farge¥ Imethyl esters, in
order to obtain a reaction of manageable size. However, some diattieosnings of
the methylbutanoate reaction mechanism are that the operatingiamndinder
which the simulations are run range from 520 to 740 K and 13 to 54 kfzat,lthe
resulting mechanisms have been tested against the limited doonbdesta available
in the literature, which was obtained at low temperature and rsobpheric

conditions.

5.6.4.1 Flamelet data

The temperature of the ambient oxidizing gas stream.iss 420K. The fuel
temperature corresponds to the boiling point of methylbutanoatdexedif pressures

and is shown in table 5.2.

1 bar 2 bar 3 bar 5 bar 10 bar

Boiling point| 375.9 401 417 440 475
(K)

Table5. 2 Boiling point of methylbutanoate at different pressures

The comparison for different strain rates are conducted in both tdshifame
coordinate and the mixture fraction coordinate. The following figurews the
predicted temperature as a function of mixture fraction in an opptmediffusion

flame with a strain rate varying from 15 to 558 sThe flamelet library consists of
laminar diffusion flames for the following values of strain rates 15 &, 100 &', 200

s1330 &', 450 §' and 550 $. No solution was obtained for values of a greater than
550 $'and as a consequence it is estimated that extinction occurs immediately beyond
this value at 1 atmosphere. For each of these flames, the temperatute tlewease

as the strain rate is increased. The peak temperature falls off mesaiyyl from 1940

K to 1793K respectively at 50*sand 550 3§ before the flame is suddenly
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extinguished. The peak value of the temperature profiles progresdamiyases with
increasing value of strain rate until reaching the @iliti@lue of extinction strain rate.
The variation of the flame temperature with strain rate is showiigure 5.16. The
stoichiometric mixture fraction is estimated at around 0.12. Unfaetlynano data has
been found in the literature that can be a basis for comparison hgithumerical

results found with CHEMKIN.
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Figureb5. 16 Temperature versus mixture fraction for methylbutanoate

5.7 Spray Modelling

5.7.1 Eulerian/Lagrangian representation
In this study, the gas phase properties are computed by amaBkudeproach, while
the liquid phase properties are obtained by a Lagrangian approadheaddcrete

phase modelling (DPM) approach is used to model the vaporization anufy bafili
liquid droplets.
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FLUENT offers two types of two-phase flow approach, based on theri&uH
Eulerian and the Eulerian-Lagrangian approaches. In an Eulsaagmangian
formulation also called Lagrangian, the particles are treasediscrete entities. A
large number of physical droplets are grouped in FLUENT as cotignahdroplet
or parcels, where a certain number of droplets share the dwaracteristics such as
size, mass, and temperature. The physical droplets are soromsmihat the
simulation would be too expensive to run as it involves determininghehkquid or
gas is present at every point and changing the governing equatcurdiag to the
phase. The time dependent, mass, momentum, energy and specigvationse
equation, in principle can be applied to describe the flow and spray caombust
Individual trajectories are predicted as a result of the favoethe droplet from the
existing solution of the gaseous phase equations. Lagrangian technegjapgplad to
dilute flows and are characterised by a well defined dispersade (e.g. spherical)
and relatively small locally dispersed phase volume fraction (£106). For the
current study, the maximum dispersed volume fraction reached isnomaxof 3.2%
for biodiesel at 1 atm, based on a total air flow rate of 1§3yfgs primary air flow
and 12g/s secondary air flow) and a fuel flow rate of 0.75 g/s. fesudt, droplet
interactions are assumed to be negligible with the DPM appraad collisions are
infrequent and heat transfer, mass transfer and drag coeffi@emtsiot directly
influenced by adjacent droplets. However, the mass loading maydek2éé and the

dispersed phase flow rate might be greater than that of the continuous phase.

On the other hand, Eulerian formulations treat the particles aamtsnuous phase,
intermixed with the fluid phase. Such an approach is usually appliddrise flows,
ie. flows in which the particle motion is controlled principally dollisions between
particles and where dispersed-phase volume fractions exceed 1éh,isvnot the
case in this study. Moreover the Eulerian needs an extremelyrfesh — unlike for
the Lagrangian method- at the interface between both phases whedrofet is

small. Handling of the droplet evaporation using an Eulerian methodasnabre

complex than with the Lagrangian approach. Consequently the modéhis

investigation describes a spray where the gas phase is forthutat&ulerian

coordinates and the spray is described through Lagrangian equattbnsvesway

coupling between phases.

119



Chapter 5 Computational Study

5.7.2 Turbulent dispersion of particles

In FLUENT, droplet dispersion due to turbulence can be treated eftfuergh the
stochastic model or with the cloud model. The particle cloud modetstrie
statistical evolution of a cloud of particles about a mean tajcHowever, the
cloud model is not available for parallel processing, therdfisemodel cannot be
used in this study. Hence the stochastic approach has been chosdns for t
investigation. In the stochastic tracking approach, the turbulentrsispef particles

is predicted using the instantaneous fluid velocity for the draggictory equation
integration. The instantaneous fluid velocity is defined by:

u=u+u'(t) Equation 5. 23

By computing the trajectory in this manner for a sufficient nunadbeepresentative
particles, the random effects of turbulence on the particle rdispe may be

accounted for. Generally a number of tries equal to 5 wasifiggeso that the
trajectories can be computed five times in order to get a gavstisal representation
of the spread of droplet due to turbulence. Each trajectory calculationles a new
stochastic representation of the turbulent contributions to the ttajeequation.

Increasing the number of tries would lead to an increase imuhdber of droplet
which would improve the statistical accuracy of the spray comepoidiut it would

require a significant increase in the computational time, whicbne of the main
drawbacks highlighted using a Lagrangian method in the Literatwiew. Hence
the maximum number of parcels and tries had to be limited. Theromber of

injection streams tracked for the surface injection will be etwuahe number of
diameters in each multiplied by the number of tries and the total number ofoingcti
To see the sensitivity of the solution to the number of triegnalation was carried
out with 10 tries but this resulted in more than double computationathiie the

numerical predictions remained largely unchanged, therefore st deaided that
setting to 4 the number of tries was sufficient. Typically a lmemof tries comprised

between 3 and 5 is judged acceptable.
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In FLUENT, the Discrete Random Walk (DRW) model is used. The DidNuws
Gosman and loannides (1983) and assumes that the droplet interacteewiths

phase over a succession of turbulent eddies.

5.7.3 Particle force balance

The force balance is written in the Lagrangian refereramedr The force balance is
represented by the particle inertia and the forces actingeopadtiicle. As a result,

FLUENT predicts the trajectory of a discrete phase paritictee following manner:

%: D(U—Up)+w+ F, Equation 5. 24

dt Py

where k is an additional acceleration (force/unit particle massh,tédp (U — )

represent the drag force per unit particle mass and

_18u C,Re
° pd2 24

Where p is the molecular fluid viscosity, is the gas density,,ds the particle

Equation 5. 25

diameterp, the particle density, u the gas velocity apthe particle viscosity. Re is

the relative Reynolds number defined as follow:

Re=———— Equation 5. 26

The Weber number defined as

_ lu-uy|*

g

We Equation 5. 27

will remain small as shown figure 4.19 therefore the dropldt neihain spherical

throughout the domain hence, the drag coefficient is described as:
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0.424 Re > 1000
C,=:24 1,2 Equation 5. 28
@(1”‘ Reﬂ Re< 1000

5.7.4 Coupling between the gas and the discrete pha se

In order to solve the discrete phase model, the following steps have to be followed:

- solve the continuous phase prior to introduction of the discrete phase

- set up the discrete phase properties

- introduce the discrete phase by calculating the particlectaajes for each
discrete phase injection

- recalculate the continuous phase flow, using the interphase exchange of
momentum, heat, and mass determined during the previous particle calculation

- recalculate the discrete phase trajectories in the modifiednaoos phase

flow field

continuous phase flow field calculation f#—

particle trajectory calculation

update continuous phase source terms

Figure5. 17 Coupled discrete phase calculation (FLUENT, 2004)

A typical coupled calculation procedure is illustrated figure 5.17.1&\thie particle
travels throughout the domain, FLUENT keeps track of the heat, mass and momentum
lost by the particles and which are in turn incorporated int@#sephase calculation.

The interaction between the continuous and the dispersed phase istakarcount

by coupling both phases. Indeed, the dispersed phase can exclangatom, heat

and mass with the gaseous phase and for each discrete-phasen jt€élaUENT

computes the particle/droplet trajectories and updates the intergixabange of
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momentum, heat, and mass in each control volume. Hence the impacudobhets
(discrete phase) on the gas (continuous) phase is monitored as tinaliagpact of
the gas phase on the droplets. The discrete phase is solved eveag-gbage
iterations and again the gas phase run for 20 iterations beforeewheaiculated
particle sources are introduced in the domain, until convergeonbttaimed. This way
the spray solution is updated, and the effect of heat transfer epthg towards the
gas phase is regularly monitored until reaching a stable @olwthich at this stage is
supposed to remain unchanged with each additional calculation. Reducmgrther
of continuous phase iteration per DPM iteration would make the solessnstable.
In general, 400 external iterations were performed, hence carggdati at least 8000
iterations. Convergence is reached when changes in solution varfediesone
iteration to the next is negligible and residuals are quit@filein monitoring
convergence. Generally, a decrease in residuals by athHeastarders of magnitude
indicates convergence. A relative error of 18 used as the criterion for convergence
for the continuity, velocity and turbulence terms and residuals d&ai® required for
the energy equation. Rather than only relying on residuals, it Eb®do get a
complementary indication of convergence by checking the mass anglydralance,
the energy balance being available only for cases with combdstionthe particles
to the gas phase, like encountered in this study. To ensure converien&fM
mass and enthalpy source should be algebraically equal respetditeeé mass and
energy imbalance in the Report-> Flux panel. The numerical modgbpked to

predict the flow properties of the pressure rig.

/ /

typical
particle
trajectory

mass-exchange
heat-exchange
momentum-exchange

typical continuous
phase control volume
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Figure5. 18 Heat, momentum and mass transfer between the discrete phase and the
continuous phase throughout the domain.(FLUENT, 2004)
The momentum transfer in FLUENT from the continuous phase to thetdigthase
is calculated as the particle passes through the control volantieei following

manner:
R - .
F=> _18;21 CD—e(U ‘Up)+ Fotner |MAL Equation 5. 29
pds 24
The heat transfer from the continuous phase to the discrete phesmpsted by

analyzing the energy change of the particle as it passes through tlod voloime:

mP:O mp|0

m_p Am, T, - .
Q= C,AT, + —hy +_[T C,idT | |Mpo Equation 5. 30
The mass exchange from the continuous phase to the discrete pbasgiged by
examining the mass loss as the particle passes through the control volume:

:Amp :

M Mp.o Equation 5. 31

p.0

5.7.5 Under-relaxation of the interphase exchanget erms

The interphase exchange of momentum, heat and mass is unded rilaixe the

discrete phase calculation as follows:

I:new = l:old + a(FcaIculated - I:old) Equation 5.32
Qnew = old + a(QcalcuIated - Qold) Equation 5.33
M new = I:old + a(FcaIculated - I:old ) Equation 5 34

Where o is the under relaxation factor for particles/droplets. Thisevatuset by
default at 0.5 but was set at 0.05 in this study to allow a smoothtievohf the

solution towards a converged value and hence improve the stability of the solution.
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5.7.6 Discrete phase model set up

In order to use the discrete phase model it is necessary itee db€é injection
location, the droplet size (minimum, maximum and mean diametenehsas the
spread parameter, the droplet velocity components and the dropbetrédune. These
initial conditions are used to initiate the heat and mass &ansth the input of the
physical properties. Some alternative options are availablehwiive a choice
between different atomizer models, corresponding to a particy&tion type. The
flow characteristics are predetermined in the literaturecbasethe nozzle type and

fuel flow rate. The different atomizer types are:

- plain orifice atomizer

- pressure swirl atomizer
- effervescent atomizer

- airblast atomizer

- flat fan atomizer

Although the pressure swirl atomizer type corresponds to the typgdfion used in
this study, the Linearized Instability Sheet Atomization (LIS#9del of Shmidt et al.
(1999) was not used in this study. Indeed, the approach in this weikelea to use
experimental measurements to set the initial drop size andctdrestacs in the CFD
model. Consequently detailed droplet data is required as a stpding for the
numerical simulation. Since the spray depends not only on the flowgooation but
also on a variety of operating parameters such as fuel andwirdtes, pressure or
temperatures, droplet size and velocity correlations of afgpatomizer often can
not be applied in complex combustor designs. In many cases, sprayeneasts on
large scale combustors test rigs are the only mean to providd sptay data of

sufficient quality for the numerical simulation (Schmehl et al. 2000).
The trajectory and heat/mass transfer calculations are bastdtk force balance on

the particle and on the convective/radiative heat and mass trémsfiethe particle,

using the local continuous phase conditions as the particle moves through the flow.
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A maximum number of steps was increased from a default vala@Mfo 3 000 to
compute a single particle trajectory via equation 5.23. Inergdbkis number gives a
better chance to converge the DPM equations. If the maximum numisézpsf is
exceeded, FLUENT abandons the trajectory calculation for the ntuparticle

injection and reports the trajectory fate as "incomplete"”.

It is necessary to specify the type of particles thahasessary for the spray
calculations. The choice exists between three types of particiert, droplet or

combusting particle. The droplet particle type is required farghidy as it is the one
designed when heat transfer to and from the particle is prasdntvhen the non-

premixed combustion model is used, which is the case here.

There are several ways of setting up the spray injection methogl nen atomizer

injection type:

- surface injection
- group injection

- cone injection

For the surface injection, an injection point has been created idotima@in, and
defined as a surface. With this type of injection, there is no toegefine the location
of the injection since the surface represents the position viiertiel is atomized
from. Each injection is assigned a name so that it is easily possibleinguisht them
when a large number of injections is defined. In this study, thetimjename was
defined in such a manner that the cone angle was quoted as wed agection
number for this angle, for instance “injection-45deg-1" “injection-4p&e or
“injection-50deg-1" and generally, 20 injections points were asdifpreeach spray
angle. Indeed, for this study the number of droplet particle s&résmaset at 20 for one

sector of 36°, hence the particle streams were injected each 1.8°.

Besides the injection location, the injection parameters defatehe beginning of
this section have to be described, starting by the injection teloemponents. In
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order to compute the injection velocity, the pressure on the idjéaid in the nozzle
is required. The resulting injection velocity was computed from fibllowing

equation:

2 I:>inj - I:>atm
P

It was assumed that the discharge coefficiept,r€mained fixed at 0.7. For instance,

Vi, =C4 Equation 5. 35

the injection pressure for ethanol fuel under atmospheric prelssumg around 117

psi (0.80 MPa), the injection velocity magnitude obtained was around 30 m/s
Assuming that the velocity magnitude remains constant and baskd spray angle,

the velocity components,,VVy and \;, were determined. Once;\WWas determined,
corresponding to the axial velocity, this value remained constardanfprinjection
corresponding to this cone angle,and \ varied so that the particle streams were
injected uniformly from 0 to 36° corresponding to 1716f the full geometry

represented in this study.

Vaxia = Viot* SIN O Equation 5. 36
Viadia = Viot * COS0 Equation 5. 37

The axial and radial velocities are determined according tepheey half-angle, in
this case 45° and according to the spray dispersion angle varyimg éarrent study
generally from 40 to 65°. The droplet velocity is defined by the éxpetal
measurements and since only the /10 the real geometry is represented, only
1/10" of the experimentally measured mass flow rate was condideréhe total fuel
flow rate for all the injectors. Then this total fuel flow ratas divided by the number
of injectors to obtain the fuel flow rate per injector. For instaribe ethanol mass
flow rate in the experiments was determined to be 0.36 g/s.eH#érefuel flow rate
in the simulation for all the injectors was based on "/@Dthis value, 0.036 g/s,
value which was uniformly divided by the number of injectors. FEdgul19 shows the
trajectories of the fuel droplets. These trajectories athree-dimensional space but

this figure shows a projection of the paths in a vertical midplane.
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Figure5. 19 Schematic of the spray boundary position (Presser et al. 1988)

The surface injection is quite convenient since it allows flakybfbr the user to
directly set the injection properties for each particleasirethereby allowing to
change the drop size and velocity distribution for each injection.eMerythis task is
particularly cumbersome, since for instance in the current studly 7 different
angles and a value of 20 particle streams used per angle, 14bmjsamints had to

be created defining the different velocity components and droplet size distribution.

Group injection represents a good compromise since while losingllyathe
accuracy required with the surface injection method, it allowgaioe a considerable
amount of time in the injection method definition. Indeed, for grougtige, only
the first and last point of a particular angle are needed.“ddiat” represented one
particle stream. Consequently, while the first and last injectelocity components
are defined for a particular injection angle, FLUENT willeiqolate for the values

comprised in between depending on the number of particle streamsdiéfy the

128



Chapter 5 Computational Study

user. However, the droplet size distribution defined for the firsttpeiautomatically
assigned for the last one, therefore offering a little fessbility for that aspect
compared to the surface injection method. This deficit can be coneénsasetting
another group or if needed only a point injection with a changed drogket s

distribution.
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Figure5. 20 Group injection method illustration

Finally the cone angle injection method is specifically defifte spray streams since
it allows for the hollow or solid cone definition. For both types ofangms, the

following inputs are required:

injection point coordinates

- temperature

- cone axis components

- velocity magnitude

- cone angle

- radius: a non-zero inner radius can be specified to model injeb&drdd not

emanate from a single point.
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- swirl fraction (hollow cone only): set the fraction of the vepenagnitude to
go into the swirling component of the flow.

- mass flow rate

- mean diameter

- maximum diameter

- minimum diameter

- spread parameter

- number of diameters

The last four parameters for cone specification have been addbeé FLUENT
capabilities from version 6.2. FLUENT 6.1 only required the definitiom ahean
diameter. The cone specification method does not require the usalctdate the
injection velocity components, since only the velocity magnitudedsired, while
the swirl fraction will define the fraction of the velocity nmtgde that goes into the
swirling component. It is possible to define multiple spray conesatimg from the
same initial location in order to specify a known size distributibthe spray or to
include a known range of cone angles; therefore this method giveRilitig in
changing the droplet size distribution within the same sprgleand the cone angle
specification can easily be changed without having to do some csonber
calculations to define each velocity components as required witlutfaee or group
injection therefore a considerable amount of time can be gainedtfiisnmethod.
Since the cone specification method seems to be offering ntvantages, it has

been considered the method of choice for the current study.

5.8 Droplet interactions

Collisions among droplets seem to have a very low probability to at@ispray in
which the droplets are moving in a parallel direction or along davergath like
encountered in this study. Moreover, droplet coalescence is lesgantpgarhollow
cone sprays (Reitz and Diwakar, 1987) due to the low spray deositge€tion
5.6.1). Consequently as there is a single injector in this study and the dropfeiare
into divergent directions, droplet collisions and coalescence is coritteteave a
negligible effect on the spray combustion process. The absedoeptét coalescence

is to the benefit of droplet vaporization, since droplet coalescence would havedresult
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in a decrease in surface area as larger droplets would bedaffambour et al.
1985).

Spray breakup can have a dominant effect on the spray drop size aw lvolhe
sprays since droplet coalescence is minimised in such coatiigus (Reitz and
Diwakar, 1987). However, following Reitz and Diwakar (Reitz and Rawal987),
the criteria for breakup is We> 12. This criteria has never been met in any of the
experiments (cf. figure 4.9) due to the low relative velocitigs/éden the air and the
droplet phase, hence breakup has not been included in the simulations aexdigipt

pressures.

The particle wall interaction are taken into account and definedation 6.5.2 of the

Results and Discussion chapter.

5.9 Numerical method

The numerical method employs a second order accurate interpoledicedpre for
evaluating gas-phase properties at the characteristicdodadm fixed Eulerian grid
nodes. Sirignano (1983) indicated that unless a second or higher cmigate
interpolation scheme is used then the advantage of elimination of nahugffigsion

with a Lagrangian formulation for liquid phase is lost to some extent .

5.10 Summary

The RSM turbulence model has been selected since it is pallicsu@able for the
strongly swirling flows encountered in this study. The uniform luie tvarying
temperature assumption in the FLUENT model means that the infméuctivity
approach is currently used for this study. The model neglestmti#rnal vortex and
liquid circulation and assumes spherically symmetric conductiolierrfative
evaporation models are commented in the Discussion section. Théeflamgroach
has been used as a combustion model since it represents a good cempeimeen

computational time and accuracy.

131



Chapter 5 Computational Study

For the spray definition, the spray computations are treated witlgaangian
approach in which the droplets are treated as a discrete gihsesated in space and
time, while the gas phase is treated using an Eulerian approagietcollision and
secondary breakup has not been included in the simulations due to thepgrating

conditions and configuration.
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CHAPTER 6 — RESULTS AND DISCUSSION

This chapter describes the computational simulations of spray féperiments
carried out using carbon neutral. Although aspects of spray combbst@nbeen
simulated for several decades, very few attempts to valitietenumerical results
have been carried out for reacting liquid fuels in swirling flomgolving biomass
derived fuels, reflecting both the difficulty in getting accarabteasurements and
modelling challenges arising from uncertainties linked to each physiaalosigb.

The aim of this chapter is to describe and, where appropriatessasee principal
model elements to be incorporated in numerical spray combustion sonsldData
obtained experimentally at Cranfield such as the size distribaticihe droplets
within the spray, the gas temperature and gas velocity mdfile used to guide the
model selection and subsequently the validation of the computationats reEu
simulations have been performed using two different fuels, which are consioléed t
of growing importance in carbon neutral applications, namely ethandbiadksel
(FAME).

From a combustion perspective, a number of important considerations when
evaluating prospective liquid fuels centre on spray atomization ydégraded by
high viscosity, density, and surface tension; often controlled by theatiag of the
fuel) are determined by the droplet diameter and ensuring a logletivaporization
rate (affecting flame length and shape) and directly inflagngoth combustion
efficiency and pollutant formation. As a consequence, it is drtimvestigate the
effects of drop size distribution and cone angle, overall equivatatioeand pressure

on field properties such as gas temperature.

The main objective of this work is to assess and optimise grabitidy of the CFD to
predict accurately the results obtained experimentally withpinase liquid spray
combustion flow using vegetable oils, under atmospheric pressure and @sder g
turbine operating conditions. Though physical experiments are theatdtitast to
study the performance of combustion systems, they are often too iexpans
complicated, and even at times impossible to achieve. Indeed, cdexblica
interactions are involved between the air and the evaporating syt is difficult
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to separate one parameter at one time to analyse its @ffélce combustion process.
For instance, in this study, the experiments have been linait8dbars, while on the
other hand, numerical experiments open an avenue for isolating and umdlagsthe
influence of different parameters on complex combustion situatiofugther extend
the range of operating conditions. Calculations are compared wébumments for
the reacting flow field of a fuel injected spray flame whimight be considered to
model a typical injector element in a gas turbine combustor. Tégictions were
performed with the CFD code FLUENT embodying a finely resbluastructured

mesh, especially in regions of high spatial gradients.

This chapter begins with a preliminary investigation on cold swiflog, followed
by a parametric study on different flow and spray charatiesj such as the droplet
size distribution, cone angle, primary air flow rate, number dfigiarstreams and
ambient pressure on the gas temperature field. Indeed, thedackeng have been
identified to have a substantial effect on the spray flame stgjoivhose influence
needs to be determined separately in the unfolding investigation.

6.1 Introduction on swirling flows

As a preliminary stage to burning sprays simulations, it isssecg to validate the
numerical results obtained for cold swirling flows. In fact, sngrlflow has a
significant effect on the flow field and can affect the combussi@aility in spray

flame configurations.

The primary zone, also called recirculation zone, is the regiomewtine fuel is
injected and ignition occurs. The word recirculation defines the fewersal in the
combustor. In addition to its role in delivering the major heaaselén the chamber,
the other important function of the primary zone is to anchor theefldy
recirculating burned gases through the generated flow revetsalgdses are then
mixed with the incoming air and fuel in order to provide sufficiamietitemperature,
and turbulence to achieve complete combustion by increasing thed$ig#nce time

and promoting chemical reaction.

134



Chapter 6 Results and discussion

One of the most efficient ways of inducing a recirculation zartee primary zone is
through the use of a swirler, located around the fuel injector and yaalpio a wide
range of industrial applications. The overall combustion systerorpeahce depends
heavily on the design of air swirlers and their flow dynamics must beiagerstood,
explaining why swirling flows generation methods and their aerodigsa
characteristics have been thoroughly investigated by margardeers. Special

features of strongly swirling flows include:

1. Reduction of combustion length because of higher rates of entrainment of
ambient fluid, fast moving close to the nozzle and near recirculation zone
boundaries.

2. Improved flame stability because of the presence of a central toroidal
recirculation zone CTRZ which recirculates hot combustion products

3. Minimised maintenance and extended life of equipment, since the blockage is
aerodynamic and flame impingement on solid surfaces (with heat and deposit

problems) is minimised.

This section describes the computational simulations of cold swirling flavedar

out such as the strength and size of the recirculation zone and axial peak velocity.
Swirl number is defined, followed by a comparison between results obtained with
the k-¢ and the RSM turbulence models, and finally the numerical results are

compared with the experimental data.

6.2 Swirl flow characterisation

6.2.1 Swirl number

The degree of swirl is usually characterized by the swirhber S, which is a non
dimensional number, representing axial flux of swirl momentum divieaxial flux
of axial momentum. Beér and Chigier (1972) have demonstrated thawihe

number of an annular swirler with constant vane aaglen be written as:

_ 3
S:g{l (Dh”b/Ds”)z}tana Equation 6. 1
3 1_(Dhub/DSN)
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Swirling flow results from the application of a spiralling moti@nswirl velocity
component (also known as a tangential or azimutal velocity componemg bei
imparted to the flow by the use of swirl vanes, in addition to #ia and radial
components of velocity encountered in the non-swirling cases. Experirsturdeaes
show that swirl has large-scale effects on flow fields. Iddewirling flows provoke
strong centrifugal effects on entry to the combustor and very logsye in the
primary zone, especially at high degree of swirl (strong swil0%), resulting in the
formation of a central toroidal recirculation zone (CTRZ). The lusoiat of onset of
reversed flow is taken to occur approximately with swirl number(6 (Beér and
Chigier, 1972). With sufficiently high Reynolds and swirl numbers (apprately
greater than 18000 and 0.6), strong radial and axial pressure ggatierset up near
the nozzle exit, resulting in flow reversal and axial recatah in the form of a large
central toroidal recirculation zone, CTRZ, which is not observegeaker degrees of
swirl.  Chigier and Chervinsky (1967) observed no recirculation zonesvian
numbers below 0.64. It is essential to maintain low enough pressure lantyvie
order to prevent flame blow-off or blow out. For values of swirl nuniéss than

around 0.4, the swirl is described as weak.

The swirler or swirl vane consist of a set of curved vaneanaanglea to the
mainstream direction, which deflect the stream into rotation (Getpséh, 1984).The
vanes are mounted on a central hub around the fuel spray nozzle. Thigueakni

common in gas turbine combustors.

The central hub of the swirler includes a fuel spray nozzldjussrated figure 6.1
and a conical swirling spray of liquid kerosene droplets, seerefi@2, is projected
to the CTRZ, resulting in high intensity burning. Stability isamted by the strength
of the recirculation of hot and chemically active partially bawornbustion products,
and additional primary zone air entering via lateral injectionshdleat and mass are
transported effectively by the high intensity turbulence that pgseva the vortex
region.

For the current study, the vane angle is maintained constamt anhgle of 45°,

inducing a strong swirl number of around 0.91, according to equation 6.1. This swirler
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array consists of 10 swirlers as illustrated figure 6.1. Typssairl burners in

industrial burners for gaseous and liquid fuels lie in the range 0.8 <S < 1.5.

Figure 6. 2 Dimensions of swirler used in this study '

6.3 Cold flow results

This section discusses the results of simulations carried algtéomine the effect of
change of mass flow rate on the size of the recirculationhenexial velocity profile

at different heights.
Velocity profiles have been determined for swirling cold flomgiations and will be

compared with the experimental data. The cold flow data presdre are only

preliminary calculations. Indeed, the cold flow simulation is edrout without the
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fuel spray, and it is known that the spray will have a substantial impact on theywelocit
flow field. Non reacting flow fields experimentations have beeniemhiout using a
curved vane type swirler. Kilik (1976) demonstrated that theieffcy of curved
vanes is higher than using flat vanes, since more angular momeatube imparted
to the axial flow using the curved vanes. This means that f@ame vane angle as
that of a corresponding flat vane type swirler, a larger swinhber is created with
curved vane typed swirler. Therefore a larger recirculation zatiebe obtained
using a curved vane type swirler. Measurements have been taldfer@nt axial
distances downstream of the burner from 5 mm to 6 cm and compéfredhes
numerical results. PIV measurements were performed in tthespheric rig to
determine the flow properties of the open, isothermal, swirling fleld created in
the rig.

The experimental data will help to validate modelling and jushfy assumptions
used for the numerical simulation employed within the CFD model cndd
eventually further enhance model development of these complex turHoles but
this is beyond the scope of this study. In fact a better undenstpotithe swirling
flow behaviour will help in defining the characteristics of therler. Therefore, the
flow through the swirler vanes must be thoroughly understood and coropatati
fluid dynamics offers a great advantage in helping to deterntivee flow

characteristics.

6.3.1 Boundary conditions

The different simulations are presented table 6.1. To familiaittethe experimental
techniques and to facilitate measurements, a preliminary stadycarried out in an
open laboratory configuration and later on the casing was imstadleobtain a
confined rig environment. Table 6.1 gives the value of the swirlenags flow rate
and secondary air flow rate investigated in this study asasdhe Reynolds number,
axial exit velocity from the swirler and the swirl number. Bx&al exit velocity was
calculated based on the swirler area while the swirl numbethan@eynolds number
were calculated respectively according to equation 6.1 and 6.2. linfacldlition to
swirl strength, flow field are also characterised by tReiynolds number evaluated at

nozzle exit conditions and based on the nozzle diameter:
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The Reynolds number is defined as follows:

Re=

U (DSN B Dhub)

Equation 6. 2

where U is the average exit axial velocity,[and Dy, respectively the swirler and

the hub diameter.

Swirler air | Secondary | Axial exit Reynolds | Swirl
mass flow | air mass velocity number number
rate (g/s) flow rate (m/s)
(9/s)
Case A 3.5 (open) 12 27 6328 0.91
Case B 1.6 (open 12 12.43 2892 0.91
Case C 1.6 12 12.43 2892 0.91
(confined)
Case D 3.5 12 27 6328 0.91
(confined)
Case E 3 12 23.32 5424 0.91
(confined)

Table 6. 1 Experimental boundary conditions for the cold flow in open and confined
rig

The air mass flow rate in the CFD simulation was varied letvile6 g/s and 3.5 g/s.
3.5 g/s corresponds to the air mass flow rate used for a heptpegment while
1.6g/s was the swirling air flow rate used throughout the etharp@riexents. A
uniform mass flow rate distribution was considered at the airleswinlet. The
temperature of the air was estimated at around 298 K for lthe@texperiments and

423 K for the experiments carried out with biodiesel.

The preliminary experiment carried out in an open laboratory envinunwere made
in order to obtain a comprehensive set of data in a relatively esirfipv
configuration, while at the same time allowing full opticalessxcto the flow field

which would not be possible in a confined pressure rig.

The degree of swirl remain constant despite the change in ymol@s number, and
the value of swirl of 0.91 based on equation 6.1 represents a high vasueérlof
constant in all the cases and as a consequence a recircudgimm will be present in
every flow field for this study. Since the primary concernth&® immediate
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downstream region the measurements were extended up to a maxistanceliof

3D.y in the axial direction.

6.3.2 Comparison of turbulence models for swirling flows

Swirling flows are generally difficult to simulate due mairtly the non-isotropic
turbulence field.The k-¢ and the RSM model were used in this study for the
prediction of the swirling flow and their performance was contpafidhe k< is
widely used for engineering application because of its simpliand reduced
computational time as well as facility of convergence comparetbte sophisticated
turbulence models. In this study, a converged solution is first obtainag ths
standard ke turbulence model, which offers the advantage of fairly rapid

convergence.

The axial velocity profiles predicted by theskand RSM are presented figure 6.3 to
figure 6.5 and illustrates typical comparisons between the PAsunements and the
numerical results obtained with theskand the Reynolds Stress Model (RSM) which

accounts for the non-isotropic stresses generated by highly swidimg,. fl
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The k-¢ model, although computationally less expensive than the RSM model,
managed to predict the flow recirculation as the RSM model updistance of 40

mm on the burner centreline. However, at 60mm, the flow recironlas not
predicted with the k& model unlike what is obtained with the RSM model. The
advantages of the RSM model over the knodel are apparent in far downstream
regions in strongly swirling flows, therefore the RSM model wassequently
selected to simulate the effects of turbulence on the flowowdh the ke model

brings relatively accurate results at a low computational cost.

6.3.3 Axial velocity distribution

Figure 6.6 illustrates the PIV measurements taken at diffessghts, from 1 mm up
to 60 mm downstream of the swirler. The shape of the profiles changes rapidly in both
the radial and axial directions. A peak axial velocity of around /A7isrobtained in a
region close to the air swirler. The axial velocity decayy ¥ast and at a 60 mm
location, the peak axial velocity has already gone down to a valdargé. The air
jets expand in the downstream direction with the peak axial velsgtiogressively

moving further out radially.

A large and strong recirculating region is observed in the egagion of the flow,
with reverse flow extending from the nozzle exit towards eoregf around 60 mm
further downstream. The CTRZ present the maximum reverse vetoclbse to the
swirler exit and as the fluid flows downstream, the swirl grdguggcays and the
recirculation zone tends to vanish with a lower negative velo¢itgure 6.6
represents PIV measurements of velocity vectors which yglebuktrates these

observations.

Comparison between the PIV measurement and FLUENT predictiotie axial
velocity profiles of the cold flow exiting from the swirlerssisown from figure 6.7 to
6.9. The shape of the central recirculation is satisfactorilyigesl by CFD.
However, the magnitude of centreline velocity predicted by the ncahsimulation
at 20 mm is slightly larger than the measurements but gendrallyumerical results
are in qualitative agreement with the measurements. Theretiffe between

computed velocity and measured velocity is under 10% except at 20 hene e
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maximum difference between measured and computed reverse wesobietween
15% and 25%.

The figures 6.7 to 6.11 show that the predicted CFD results agrsiadatily with
the measurements. The width and strength of the recirculation monenaximum
positive axial velocities are correctly captured. The CFRDIt®show that the overall
flow patterns in the open rig, especially the recirculationhm ¢entre above the
burner is correctly captured. Overall, the CFD analysis did atalyrcapture the flow
pattern in the whole area and reproduced faithfully the feata@sired by the PIV
measurements in the experiments.

—+—PIV measurements
— Fluent predictions
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6.3.4 Comparison of structure of the recirculation region

Different cold flow cases have been investigated with a swirlmass flow rate
ranging from 1.6 g/s corresponding to the ethanol case air fleavtoaB.5 g/s,
assigned to the heptane experiments, while the secondary air hid@wbeen
maintained constant, with an air flow rate of 12 g/s. Biodiesel rumainflow rate of
3 g/s, since the different fuels require to run on different flonddions. Due to the
geometry of the domain, there is no possibility of changing e sumber, as the
axial flux of swirl momentum divided by axial flux of axial mentum will remain

constant.

Figures 6.12 to 6.14 show the velocity vectors distribution in a vepiaae passing
through the middle of the swirl vane where the increase in air mass flos Eearly

visible. The swirling air flow of 3 g/s seen figure 6.14 expandsaligdinore rapidly
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than when the air flow rate is set at 1.6 g/s. Moreover the pdak\eelocity is
significantly increased proportionally to the increase in aissrffow rate and the
strength of the recirculation zone is reinforced, from a vafug55 m/s at 1.6 g/s to
7.30 m/s when the air mass flow rate is raised up to 3 g/s.foreiacreasing the
cold swirling flow results in a significant modification of the #ow field, with
increase in air exit velocity and strength of the recirontatione. Figures 6.12 to 6.14
show the significant impact of the swirling flow on the mearalaftow field with a
strong recirculation zone that extends from the swirler exatdstance depending on
the air mass flow rate coming out of the swirler. Figures &1214 show that the air
velocities are not perfectly symmetric because the verptaate does pass only

through one swirler.

In the current setup, as the pressure rig is large compatiee swvirler exit diameter,
since the ratio of the chamber diameter over the swirler dereeiround 6, the air
jet behaves similarly to an unconfined air jet, the large mtistdbetween the swirler
and the walls justifying this, so it can be safely believettti@air flow is relatively

unaffected by the presence of walls in the case of cold swiflmg. As a

consequence, the shape of the central recirculation predictée Byntulations is the
same for the open than in the confined rig as illustrated figut@ and 6.13.
However, the presence of the walls will affect the flow fiéhd presence of

combustion, as described in the Experimental Study.
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Figure 6. 13 Fluent predictions for cold flow axial velocity flow field for air flow eat

of 1.6 g/s in open configuration
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Figure 6. 14 Fluent predictions for cold flow axial velocity flow field for air flow rate3og/s in
confined rig
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Figure 6. 15 Decay of the maximum value of the
axial components of velocity along the length of

the jets
As the flow moves away from the swirler, the central recatooth zone gradually
expands with the expansion of the air jet. All the velocity components graduedly de
in the downstream direction following the same trend regardless of the masatéow r
as illustrated figure 6.15. Decay of the peak values in thal aeiocity profiles
remains approximately the same even though the air mass ftewsrancreased,

because of the constant swirl number.
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A typical recirculation region is represented in figure 6.16, whieeeregion OAB
encloses the recirculation region. The point B is called thenati@g point. Beyond
this location the flow becomes supercritical as described loydies and Keller
(1985). Indeed, after this point, the flow axial velocities becomdip®diecause the
reverse flow disappears as the effect of the swirler gthduanish. Escudier and
Keller (1985) defined that if the flow is supercritical, the flovaves are swept
downstream from the originating disturbance, whereas for swadriiows these
waves propagate against the flow, carrying with them informabontahe nature of
the downstream geometry and conditions. The phenomenon representingwthe fi
reversal as a transition is referred as vortex breakdown (Benja62). The
position of the stagnation point defines the length of the recironlaibne and the
flow outside the region OAB constitutes the main flow. The recirculation region in the

case A and E are shown respectively figure 6.17 and figure 6.18.

MAIN FLOW
/"”: REGION

RECIRCULATION
REGION

Figure 6. 16 Recirculation region in a swirling flow field (Lefebvre, 1998a)
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Stagnation point

Recirculation region

Figure 6. 17 Streamlines highlighting recirculation region in flow field with air flow
rate at 3.5 g/s
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Figure 6. 18 Streamlines highlighting recirculation region in flow field with air flow
rate at 3 g/s
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Figure 6. 19 Axial velocity profiles of cold swirling air at 10 mm downstream
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Figure 6. 20 Axial velocity profiles of cold swirling air at 30 mm downstream
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Axial velocity (m/s)

Radial position (mm)

Figure 6. 21 Axial velocity profiles of cold swirling air at 50 mm downstream

Typical axial velocities at different mass flow rates sinewn in the figure 6.19 to
6.21 at axial position varying between 1 cm and 5 cm from the swiither position
of the maximum gradients in the axial velocity profiles coinewté the boundary of
the reverse flow zone in every flow field and velocity gradianésthe strongest close

to the swirler exit.

Figure 6.19 to 6.21 show that the peak axial forward and reversedityeakc
associated with the case with the higher mass flow rate these velocities

progressively decrease with the air mass flow rate.

To summarize, the calculated gas flow field show that the largeculation zone,
clearly evident in the PIV data, was well captured and theeagent between
experimental data and numerical results was judged to be ctigfan terms of
forward and reversed flow zones values as well as the poaitdmagnitude of the
peak velocities using the RSM model, although the knodel brings relatively

accurate results in the region within the vicinity of the swirler.
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For all the mean flow values considered, a recirculation regioobserved as
demonstrated by the numerical results with the axial velpeidfiles. The upstream
stagnation point is always located close to the swirler editlevthe downstream
stagnation point depends on the air mass flow rate. The air gadspfurther out
radially as the flow is moving downstream and the reverse vYieloevere observed to
disappear further downstream at a distance depending on thesaifflova rate. The
numerical results demonstrated that there is a direct effdtte air mass flow rate
and Reynolds number on the size of the recirculation zone since aaseaf air

mass flow rate is seen to increase the strength of the recirculation zone.

The numerical simulations provided greater insight on the flow dysawef the
experimental configuration in addition to providing evidence of modetatiin.
However, the 2 D nature of the PIV data is restrictive and theifisagion of the
boundary conditions is incomplete, since small changes in these condéiobe the
cause of large discrepancies in the flow field. Tangem@bcity measurements
should be made available as well as turbulence intensity prodildmve a more
complete assessment of the experimental conditions, in order yovalitate the
numerical results. Indeed, different tangential velocity prefifteey modify the flow
field (Ramos and Somer, 1985).

6.5 Reacting Sprays
6.5.1 Fuel Type

Whilst the experimental measurements in the AFTUR progransoereciuded pure
rapeseed oil, the reported simulations focus on the fuels, ethanolatdo&iesel

(fatty acid methyl ester). Ethanol was found to be the mostileglathilst rapeseed
oil was the most viscous. The similarly high viscosity of the leweli relative to
ethanol implies that it needs to be preheated, in order to bring ttosy parameter
which has a strong influence on the Sauter mean diameter asi#dsin section 3.3

of the Fuel Properties chapter.
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6.5.2 Initial and boundary conditions

Some of the boundary conditions correspond to measurement conditions, irtrethers
air mass flow rate has been scaled with pressure at é fived rate. Scaling with
pressure preserves the air velocity which has a signifielaence on atomization.
Simulations have been conducted both in an open combustion chamber and pressure
rig for ethanol but only in pressure rig for Rix biodiesel. Boundandtions in the
open atmosphere and the pressure rig are summarized in table 6.2 amtie6.3.
atmospheric ‘free condition’ rig offered several opportunities and aayest for
example:
» To establish the design criteria for the more complex high pressure rig.
» To have full optical access when familiarising with the meament
technologies.
* To investigate the constraints and implications when using a twaadiomal
PIV system in a three dimensional flow.
* To investigate the geometrical, optical and flow rate reég&tns when using
PDPA in combusting sprays.
» To facilitate those measurements that are not possible (@nedy difficult
to perform) in a pressure casing - such as PIV measuremepitmies that are
not vertical or hot wire velocity measurements close to the exit of the swirle
* To produce comprehensive data under relatively simple flow conditions for

evaluation of CFD computations.

Unconfined ethanol
simulations

Primary air 1.6 g/s
mass flow rate
Fuel mass flow 0.36 g/s
rate
Fuel 293 K
temperature
Air 293 K
temperature

Table 6. 2 Boundary conditions for ethanol in unconfined rig
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Ethanol Biodiesel
Pressure 1 2 3 5 10 1 2 3 10
(atm)
Primary air 1.6 3.2 4.8 8 16 3 6 9 30
mass flow rate
(9/s)
Secondary air | 12 12 12 12 12 12 12 12 12
mass flow rate
(9/s)
Fuel 288 414 430 430 430
temperature
K)
Air 300 423 460 463 470
temperature
(K)
Fuel mass flow 0.36 0.75
rate (g/s)

Table 6. 3 Boundaryconditions for ethanol and biodiesel in confined rig
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co-flow air:
mass flow inlet

Swirl cup: wall

Swirler air inlet:
mass flow inlet

Figure 6. 22 Boundary conditions description
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The boundary conditions set out in FLUENT are illustrated figure 6.B@.alr inlet
and co flow air boundary conditions, respectively the primary acahsary air flow
have been designed as mass flow inlets, with the mass flewsad as an input. The
mass flow rate was varying according to the fuel type and apgatessure as seen
figure 6.22. Different turbulence specification methods for the boundangitions
exist within FLUENT:

- kande

- intensity and length scale

- intensity and viscosity ratio

- intensity and hydraulic diameter

FLUENT documentation recommended that for flows downstream ohtuwanes,
which corresponds to the type of flow encountered in this study, 8teopgon was
to choose the intensity and hydraulic diameter method. The chastctiength of
the flow opening has to be specified for the hydraulic diametee. flirbulence
intensity at the primary and secondary air inlets were agtunat around 5% based

on the following formula from an empirical correlation for pipe flows:

| = 016(Rey, )_}/8 Equation 6. 3

with the Reynolds number defined as :

Re=— Equation 6. 4

The Reynolds number varied between 3000 and 6000 at 1 atm for the ethanol and
biodiesel simulations, and could reach up to 54 000 for biodiesel at 1thatefpte

the turbulence intensity was comprised between 4 and 6% as sesn 6ig3. A
turbulence intensity of 1% or less is generally considered low tarllence
intensities greater than 10% are considered high.
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Figure 6. 23 Turbulence intensity as a function of Reynolds number

The air exit, where the air is extracted from, is set up piessure outlet. In the open
configuration, the outer wall label is set up as a pressure outlet, and dsvaevathe
pressure casing is installed. The enclosure walls —labelledwalleon figure 6.22 —
are heated by radiation and convection from the hot gases insidadbsure rig.
Therefore the uncooled liner temperature is determined based oathedmof
calculation described by Lefebvre (1998b) which yield a liner temperatut®%d K.

When the discrete phase model is activated, a boundary condition bexsssigned
to droplets which tend to hit the wall. The largest drops which mariadetithe wall
formed a film once they touched the surface. The droplets are ftesited on the
wall, since the experiments showed that the droplets do not bounce on the wall casing,
there was a choice between “escape”, “wall-jet” or “tr@ptndary condition. The
wall-jet boundary condition is appropriate for high-temperature swathere no
significant liquid film is formed and in high-Weber-number impagkere the spray
acts as a jet but not for regimes where film is importantthé present simulations the
Weber number is quite small as seen figure 4.9 therefore theecisoresumed to
either escape or trap boundary condition . The “escape” boundary coraitomes
that the droplet vanishes once it hits the wall while the “tr@piddion assumes that

the droplet immediately evaporates when it enters in contact with the wall.
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particle vanishes

S ST

Figure 6. 24 Escape boundary condition

volatile fraction
flashes to vapor

N
S S S

Figure 6. 25 Trap boundary condition

The “escape” boundary condition will have no influence on the flametsteusince
the droplet will vanish when in contact with the liner, while theptrboundary
condition will produce some fuel vapour. Since the liner temperatwsgngicant,
droplet evaporation is likely to occur and cannot be neglected, dhertfe “trap”

boundary condition has been chosen.

6.6 Unconfined Turbulent Ethanol Spray Flame Study

For the reasons mentioned in section 6.5.2, a preliminary study wasakedeirt an
open laboratory environment. This case will be considered the pilot studder to
give a first assessment of the CFD code. The numerical restittned are compared
with the experimental data and a discussion ensues over the disgrépaveen both

sets of data.

The ethanol fuel and air are both assumed to be injected at a umsmmermal
temperature of 293K with a top hat profile for air. The fiek rate was set as in the
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experimental conditions at 0.36 g/s with the air flow rate exitiegswirler at 1.6 g/s.

These imply velocities of typically 20 m/s immediately downstream oaithgwirler.

In this section, the gas temperature, Sauter Mean Diametergxgals velocity
comparison between experimental and numerical work are presentede The
parameters were measured at 7 different distances (5mm, 1@0mm, and every

10 mm up to 60 mm) from the nozzle exit. At each distance, measutewere
made in the radial direction to determine the spray characteristics.

To perform the simulation, a pure cold gas phase computation was pedfosimg
the RSM model and when convergence of the cold gas phase was retiehed a
around 30 000 iterations, the liquid spray was injected. After theetksphase is
added to the simulation, convergence was assessed to be reachetiO afi@0
iterations. The convergence method is described in section 5.5.4.ultighase flow
computation was performed by injecting 6000 parcels distributed ebatw20
injection points over the 36 ° sector representing /d0the full geometry of the
domain. The spray was distributed between 6 particle stremukarly spaced by an
azimuthal angle of 5 °, from 40° to 65°. The particles ranged & pm to 60 um,
based on the experimental data, and were fitted to a Rosin-Ramistigbution,
which was described by 10 size classes of different diamefbes.spray initial
conditions are resumed in table 6.4. The droplets were injected 20eggs phase
iterations. This parameter might be increased in problems where ts a high
discrete phase mass loading or a larger grid size. Indeed, tleeofathe number of
gas phase iterations between updates of the discrete phas®tyagalculations must
be high enough to permit convergence before the next discrete ples®miln the
case where the residuals for the gaseous phase have not reitiiaaehty, then it
would be necessary to increase the value of this parametbe Vatue is too low,
then the gaseous phase will not have sufficient time to converfgee bibe next

discrete phase iteration and convergence will be too difficult to reach.

The number of parcels — in this case 6000 — is obtained by multighgngumber of
particle streams by the number of diameter (or size classes) and the o@inies.
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Spray parameters
Cone angle 40, 45, 50, 55, 60, 65°
Number of particle streams 20
Velocity magnitude 30 m/s
Total mass flow rate 0.36 g/s
Minimum diameter 5um
Mean mass diameter (MMD) 52.8 ym
Maximum diameter 60 um
Spread parameter 4
Number of tries 5
Number of diameters 10

Table 6. 4 Spray initial conditionsfor ethanol in open atmosphere

20 particle streams x 6 angles (40, 45, every 5° up to 65°) x 10 diamdidries =
6000 parcels. As mentioned in section 5.5.2, increasing the numbersoivingd
improve the statistical accuracy of the solution but to the demtiaf computational

time, which is an important factor for the completion of this study.

6.6.1 Gas Velocity profile

Comparison between the gas axial velocity profile PIV measmtsrand the CFD
calculations are presented from figure 6.26 to figure 6.31. The axditves exiting
in the immediate vicinity of the swirler at a height of 5 rshow a positive axial
velocity of close to 20m/s, value which is accurately predicted by theationd. The
velocity profiles show a large recirculating region in the @negion of the flow,
extending from the nozzle exit towards a region around 10 cm downstethe
spray nozzle. The strongest recirculation has a peak axial vebd@tpund 8 m/s, at
20 mm from the spray nozzle and the swirl gradually decayhedluid flows

downstream.
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Figure 6. 30 Gas axial velocity profile at 40 mmFigure 6. 31 Gas axial velocity profile at 50 mm

In general, the results obtained numerically are in good agreemdnt thna
experimental data. However the calculation fails to capture dbeagial velocity in
the immediate neighbourhood of the injector (cf. figure 6.26 and 6.27) wihere
predicted recirculation is stronger than observed experimentally gopkeifis that the
observed axial peak velocities close to the centreline arepmaticted by the
simulation. These positive velocities could be generated by thensatedial but it
could also come from fine droplets from the spray, which would thenjéeted into
the flow with sufficient momentum to have a substantial effecthencontinuous
phase. However the two way coupling between the spray anddiphgse does not

appear to have a significant effect on numerical results.dtabably due to the fact
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that the major hypothesis of Lagrangian methods is to impéme golume fraction
of the liquid fuel. It is evident that, close to the injector, whtee liquid phase is
dense, this hypothesis is not valid, with the discrepancy observeddmetive PIV
measurements and the FLUENT predictions in the vicinity of thetoneA solid
cone simulation was carried out in order to see if the spray would significaodifym

the gas axial velocity profile in the vicinity of the atomizer.
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Figure 6.32 Comparison between digure6.33 Comparison between a hollow
hollow and solid cone simulation with theand solid cone simulation with the PIV
PIV measurements at 5 mm measurements at 10 mm

Fine droplet with a maximum SMD of joim were injected on the spray centreline.
Figure 6.32 and 6.33 illustrate a comparison between a hollow and solid cone
simulation with the PIV measurements at 5 and 10 mm from thezont 5mm,

the solid cone shows some positive velocities on the spray centialinghe
simulation fails to capture the strong impact of the sprapdurdut radially. Again at

10 mm, the impact of the spray on the centreline is clearlgleibut is significantly
overpredicted. Moreover, the simulation shows some significanegiacy all along

the radial direction. Therefore it can be concluded that the ingbdlce spray on the

gas phase in the Lagrangian approach is not well predicted.

On the other hand, the predictions compare favourably with the expeahdata as
the flow moves further downstream, from a distance of 20 mm onwardeed,
while the positive axial velocity is slightly overpredicted38tmm and 50 mm and
the width of the air jet underpredicted, the strength of the tdatron is accurately
captured by the simulation. As demonstrated in the cold swiflivg section, the
RSM model used in this study is more suitable to predict strawghjing flows than

the k<€ turbulence model.
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6.6.2 Temperature profile/Flame structure

The computed structure of the ethanol spray flame in the open is shdigures
6.34 to figure 6.39 with the spray initial conditions described tablewdith gives
the radial profiles of gas temperature and a comparison betiweenumerical results
and the thermocouple measurements at different axial positiortsl @&mn, the
temperature peak at the centreline is underestimated by around 250nkentioned
in section 4.4.5 from the Experimental Study, the experimentalsecmning from
the thermocouple are estimated to be of around 50 K at most, saréhegt believed
to be solely responsible for the discrepancies observed. The poor agtesiggests
that fuel-rich burning is evident within the cone and this is fatdd by the fact that
ethanol is a highly volatile fuel. Figure 6.40 suggests that tHebtuas on the rich
side of stoichiometry. In fact, the stoichiometric mixture ticatis at 0.11 while the

predicted mixture fraction at 1 cm is close to 0.4.

2100 + 2100
lcm
1900 - 1900 - 2cm
1700 1700 4
£1500 - <1500 -
% 1300 - —+-Thermocouple measurements g 1300 4 =+ Thermocouple measurements
© =
?é:_llOO 1 — Fluent predictions §1100 i — Fluent predictions
o 900 £
= 2@ 900
700
700 -
500
500 -
300 T 7 T T
0 10 20 30 40 300 ‘ ‘ ‘ ‘ ‘ ‘
Radial position (mm) 0 10 20 30 40 50 60

Radial position (mm)

Figure 6. 34 Temperature profile at 1 cmFigure 6. 35 Temperature profile at 2 cm
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Figure 6. 36 Temperature profile at 3 cmFigure 6. 37 Temperature profile at 4 cm
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Figure 6. 38 Temperature profile at 5 cnFigure 6. 39 Temperature profile at 6 cm

The most likely explanation for the fact that the fuel is teb too burn close to the
nozzle is due to early vaporization and consequent rich mixing ovdpelur with the
air as the convection effects due to the significant inigltive velocity between the
spray and the gas phase added to the effect of increased gas tempiersher
enhances the vaporization rate, which causes the mixture fraotiocrease very
rapidly along the spray. As a result, the vaporization rate estlgr enhanced,
rendering the mixture increasingly fuel rich. Also, as mentionegction 5.5.3 of the
Computational Study, the Ranz-Marshall correlation used byldefathe FLUENT
model overpredicts the vaporization rate and can produce inaccuiaits,re
especially for low Reynolds number. Also ethanol is known to be dileofael
which tends to exacerbate the flaws of the evaporation model #instarts
evaporating at around 271 K at 1 bar and its boiling point is 351 i, Egporization
leads to a large accumulation of fuel vapour in the vicinity ohthezle. As a result,
the temperature is predicted to be well below stoichiometripeesiure and severely
underpredicted close to the nozzle. In a realistic situation, tienrggthe vicinity of
the atomizer would be expected to correspond to a fuel (vapour) tewtition

because the initial spray region is dense and relatively cold.
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Figure 6.40 Predicted mixture fraction at 1Figure 6.41 Mixture fraction field superposed
cm with spray trajectories

At 1 cm, the CFD predictions show some interesting featuresasudbuble peaks in
temperature. This feature has been discussed in the liter@ggarwal and Chitre,
1992; Presser et al. 1988) and it seems that the first peak toldbe centreline
where the maximum temperature reaches 1654 K, stems fromothieustion of
quickly evaporated small ethanol droplets while the simulation identiie second
temperature peak located further out radially as the locatidreahgin reaction zone.
In that region, the maximum temperature is predicted to be hitjfzer on the
centreline, reaching 1806 K. Therefore unlike the thermocouple measusernthe
main reaction zone is shifted radially outward of the spray dewrerhe same
observation applies at 2 cm downstream of the fuel atomizer. Thetgraperature
corresponds to the location immediately above which some droplets ¢emple

vaporization as illustrated figure 6.42.

Further downstream, the simulation predicts that the peak tempgeisiaiso located
at the same radial location. However, the experiments consistgrdly that the
flame peak temperature is located on the spray centreline. Althtinggflamelet
model will always predict burning if the mixture fraction ighin the range 0 < Z <1,
it would have been expected that the spray would cool the gas nelgase along its
path in a more significant manner, since it would locally aca &at sink on the
ambient air, as the droplets would be evaporating but not combusting iregion.

However it appears that it is not well predicted in the mrtesemulation, and this

results in a significant overprediction in the flame width.
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Figure 6. 42 Temperature field for an unconfined ethanol flame. The reartine is
located immediately above the zone of droplet evaporation.

The temperature overprediction might be a result of rapid dropletizapon. In
fact, as the droplets evaporate and vanish, they do not penetratatdebp pressure
rig and therefore do not act as a significant heat sink. Indeed)ighid fuel
penetration may be an indirect measure of the size of the fygd dr the combustion
chamber and of the rate of vaporization of the fuel. If the drdpéetter mean
diameter is correctly predicted at around 10 and 20 mm from theézatoitiis would
imply that the droplet initial sizes affected at the spray leosznot the source of the
discrepancy. Then it would probably demonstrate that the evaporatiofs raie
strong and the spray does not act as a significant heat sink doddrprediction of

the droplet penetration.

Given the range of processes occurring in this initial regi@nstrategy adopted was
that of prescribing an initial distribution at zero height and hatrits evolution to
the downstream measurement, especially 1 and 2 cm downstrears, tivadiquid

fuel is estimated to be in the shape of spherical dropletsnfhbalthough ethanol is
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not a very viscous liquid, droplet still have ligament like striectgo droplet
information at this height has to be discarded. Therefore a hymathdistribution
has to be defined at the injector orifice which would match tbplelr size at 10 mm
and further downstream. The spray combustion computations involve emipipigts
for the initial droplet size distribution based on:

- the MMD or mass mean diameter

- the minimum By, and maximum diameter,fx

- the spread parameter n
Simmons (1977) directly related the MMD with the SMD and found dnap size
distribution after primary breakup satisfied the universal root abdistribution with
MMD/SMD =1.2. To ensure that the droplets have reached their sphshape,
PDPA measurements were considered at a height of 2 cm, and the droplet $MD at t

location is around 44 microns, consequently the droplet MMD = 52.8 microns.
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Figure 6. 45 SMD at 3 cm Figure6. 46 SMD at 4 cm

Figure 6.43 shows the profile of the SMD at 1 cm and it appeairshi droplet SMD
and the radial spread of the spray are accurately predicted, hoagvbe spray

moves further downstream, there is a large underprediction of tpetdrSMD,
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especially from an axial distance of 3 cm, seen figure 6.45. Mergtive radial
spread of the spray in the simulation is significantly modeiced as the spray moves
further away from the fuel atomizer, implying that the droppeidicularly on the
inner edges have already completely vaporized, unlike what isvebsén the
experiments. Consequently it can be concluded that the predicted dnggbetration
is stronger than is observed experimentally. The resulting rddueeetration also

highlights the fact that it will provoke a high centreline fuel concentration.

In order to improve the droplet evaporation for the present studgradepproaches
exists:

- change the evaporation model

- change the droplet initial size
However, as it will be mentioned in the Discussion section, optionsange the
evaporation model within FLUENT appears to be a rather extyelimated, as more
sophisticated models imply the representation of temperature mpgdigthin the
droplets, which is not possible to achieve with FLUENT. The dropletdigtribution
as well as the modification of the fuel temperature will natie investigated in the
section 6.7.1 where the confined rig is more representative of cond¢ensintered

in gas turbine systems.

Besides the issue of the rapid fuel evaporation, temperature omtheline seems to
be accurately predicted. Therefore the strong evaporation dhteawe an impact on
the structure of the flame along the spray path, but tempesadlsewhere do not
seem to be affected. Hence, whilst calculated temperatures aeritreline show a
good agreement with the thermocouple measurements, the tempduatioee out

radially are overpredicted seemingly due to an overprediction a\goration rate.
The implication is that the spray flame structure is stromglyenced by the liquid-
phase processes and cannot be simulated by the simple modificatioa sihgle

phase models.

Moreover, it is expected that the swirling air has a sigmfidgafluence on the
flowfield and the structure of the flame and the dip in temperatbyserved
experimentally coincides with the trajectory of the air coming out of tldesw_ocal

flame extinction on the outer edges of the swirler occurs bedhesstrain rate
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encountered in this area is beyond the critical strain ratetti@nol, which has been
predicted by CHEMKIN to be around 500" and as a result, heat loss will be

sufficient to quench the flame in this region.

Temperature profiles from flamelet calculations are showth the corresponding
strain rate at 1, 2 and 3 cm figure 6.47 to 6.49. FLUENT calculatestrain rate
according to the formula proposed by Bray and Peters (1994):

a= Equation 6.5

K

turb

Figures 6.44 to 6.46 show that despite the fact that the strairs atreased in the
region above the swirler, the gas temperature increasesdrsfteecreasing as it
would have been expected and seen in the experiments (cf. figureo66149),
especially when conditions are close to extinction. Indeed, at 10 ahma radial
location between 10 and 20 mm, the flow field shows that the s@genis above
500s', and FLUENT predicts the peak temperature in this particulgiome The
highly strained regions at 20 and 30 mm also show that the FLUENiElet model
fails to predict the flame local extinction and the simulationhie present state is

unlikely to succeed locally if there is significant departure from equilibrium
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Figure 6. 47 Flame temperature versus straifigure 6. 48 Flame temperature versus strain
rate at 10 mm rate at 20 mm
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Figure 6. 49 Flame temperature versus strain
rate at 30 mm

The open flame simulations have shown that the temperatures are acqueatelyed
on the centreline but the spray evaporation rate seems to be diagarewhich
leads to an underprediction of the spray penetration. Moreover, démpiige of the
flamelet model, FLUENT fails to predict local flame extinoot However, the
atmospheric unconfined rig simulation is just a preliminary sticdgvaluate the
accuracy of CFD predictions. In fact, numerical simulations iordireed pressure rig
are of more interest since they describe conditions encounterediireenny gas
turbine applications.

6.7 Ethanol Confined rig

Experimental data were compared with numerical results obtaorethé ethanol
spray flames in a confined rig. Compared to the previous simulatierhurner is
enclosed within a pressure vessel, hence defining the degreefiieoment of the
flowfield and possibly having an influence on the flowfield structuhe femperature
of the walls might also affect the radiative heat flux, butabiowing air stream is
believed to isolate the flame from the influence of the wall.e@dwer, ethanol flames

are not very luminous and radiation will play a minor effect on the flame structure.

The approach used in the present work was to adjust the indjgletiparameters in
order to match the experimental measurements made 10 and 20 mm eamwrfsbm
the nozzle. The original distribution was generated by 10 diffedasses with a
diameter class width of about 5 microns each. Droplet diameteesvagying from 5

to 60 um, with the droplet SMD estimated at 44 and the spread parameter at 4.
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The injected spray is assumed to comprise 7 conical strearaadsprery 5 degrees
from a half angle of 40 degrees to 70 degrees, based on the expdroatmtd he
number of tries was kept to 5 therefore the total number of pangsd¢ed in the flow
field was 7000 for the cases under consideration (7 cone angles xi2@ gareams
x 5 tries x 10 size classes). The spray initial conditions@amamarized table 6.5. At 1
atm, the reported ethanol mass flow rate and air mass floweaite0.36 g/s and 12

g/s respectively as described in table 6.3.

Spray parameters Value
Cone angle 40, 45, 50, 55, 60, 65,70 ¢
Number of particle streams 20
Velocity magnitude 30 m/s
Total fuel mass flow rate 0.36 g/s
Minimum diameter 5um
Sauter mean diameter 44 um
Mean mass diameter (MMD) 52.8 um
Maximum diameter 60 um
Spread parameter 4
Number of tries 5
Number of diameters 10

Table6. 5 Spray initial conditions for ethanol in confined rig at 1 atm

The temperature plots are shown on figures 6.50 to 6.52 and the teng&eddiuis
displayed figure 6.53. As for the open flame observation, a likely exparfar the
temperature underprediction around the spray at 1 cm is due tathlediathe fuel is
too rich to burn as shown figure 6.54. In fact, the evaporation rateergstimated in
this region, due to the use of the Ranz-Marshall correlationethdie droplet Sauter
mean diameter, although correctly predicted at 1 cm downstre#ime spray nozzle,
as illustrated figure 6.56, is significantly underpredicted &tem figure 6.57, which
implies a more rapid evaporation rate than observed with the exqymsim As a
whole, the predictions indicate a region in the vicinity of the atemihere strong
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evaporation and rich fuel mixture keep the temperature low. Furth&risvoeeded to

address this problem.

As illustrated figure 6.50, at a height of 10mm, between 5 and 10 nomm the
centreline, a cool region is visible due to the strong quenching aititve droplets,

following by a significant rise in temperature, due to the turiiudenvective transfer

of heated products from the flame. Although the value of the dip in temperatur® seem

to be well predicted, the experimental data show that it occurs further ouityrahd
is much more localized. This would imply that the spray trajectsryot well
estimated. Indeed, figure 6.58 and 6.59 show that the predicted spraydyeers
located closer to the centreline than what is observed with tRRARReasurements.
As a result, the angle spread of the spray will be varieddats effect on the flame

structure in section 6.3.2.

At 30 mm, the centreline gas temperature is well predicted bupdh& flame
temperature at this location is located further out radially, whenthermocouple
measurements show that the temperature has already stantedster As noticed
for the open flame simulation, by invoking the strain rate eff@ftdigure 6.60), the
peak temperature is emphasized, which is the opposite of what woelgheeted. In
fact, as the strain rate is increased due to the high turbulevels encountered in
some regions of the pressure rig, the flame should depart fronibegumil conditions

and if it is increased beyond the extinction strain rate, the flame should estingui

The droplet trajectories for the spray are shown figure 6.55 wittethperature field.
It can be clearly seen that the droplets enter the combustorstratight trajectories
and droplet evaporation is completed when the spray reaches tlefflamy 3 cm

downstream of the spray nozzle. In fact, hot products drawn from deamnstry the
recirculation zone and entrained on the inner edge of the spray pswftsgent

enthalpy to vaporize the spray and initiate combustion. Howeveroipéets on the
outer edge of the spray, do not travel through the flame front angsequently
continue their straight trajectory and penetrate further downstreame pressure
vessel before being decelerated by the drag forces and telynfi@llowing the gas
flow, but the simulation shows no wall wetting by the spray, appears that all the

droplets have already vaporized before hitting the wall. Howeanre Idroplets pass
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through the flame and penetrate the air jet coming out of thdirgyvihaving a
sufficiently strong impact to deflect the air jet, as alltdsroadening the recirculation

zone as seen in a comparison between cold and reacting flow figures 6.61 and 6.62.

It takes about 1 ms for the smallest droplet to evaporate and &r i fbiggest one

to do so. The droplet residence time is increased with the revitogedenerated by

the swirlers, consequently enhancing mixing between the fueinanding air. The
Reynolds number rapidly falls from a value of around 20 towards unity as the droplets
reach the flame front. The reduction in the droplet Reynolds nhumbkgpécted, as

the drag effect tends to reduce the relative velocity betweedroplets and the gas

phase, and the evaporation process will reduce the droplet diameteh i
consequence decreases the Reynolds number.
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The droplet visibly have a higher velocity than the gas phaselliniis illustrated

figure 6.63 but after their initial acceleration they begin to leeate, as they travel

through the gas phase, until they reach momentum equilibrium by reg@ttling
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with the gas phase velocity, dropping from a maximum axial wgla¢i 20 m/s at

10mm to 7 m/s at 30 mm.
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velocity at 10 mm

6.7.1 Droplet size distribution

Improvement in results cannot be accomplished without very acauedsurement

of the droplet initial conditions as close as possible from the nexiieHowever,

one major challenge is the difficulty, even with nowadays technology, to maketdrople
measurements in the vicinity of the spray nozzle due to the dnigplet number
density and the fact that the liquid fuel is not at the stage ofisphdroplets before

at least 10 mm. The problem is further exacerbated by theutlijf of Lagrangian
models to accurately model high volume fractions. However, thisorregs
particularly crucial since it will determine how the spragll behave further
downstream. Pressure swirl atomizers produce sprays which rcairtslets of a
wide range of sizes or polydisperse sprays and complex physiealomena are
involved in the present model, such as primary breakup, droplet evaporation and
combustion processes which much be accurately determined, furthercaimglan
accurate prediction of the initial droplet boundary condition. As a reguis
necessary to investigate the effect of the initial droplet distribution on the spray

flame structure.
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Indeed, the structure of spray flames is highly dependent omitied droplet size

since it is a factor determining atomization quality, which im tigr(Lefebvre, 1984;
Lefebvre, 1985) one of the main factors determining combustion perfoengom

and Sharma (2002) demonstrated that the combustion efficiency exfeasil fuels

when the initial SMD is increased from @& to 50um, but a further increase from

50 to 75um, will negatively though slightly, affect the combustion effcg.
Combustion efficiency is considered to be high when it is close to 100 percent and is a
result of proper atomization, leading to low emissions pollutants &€ O and NOx
emissions. Khalil and Whitelaw (1977) observed that a significantestiog of the

flame length was observed as the SMD was increased from 50 pum to 100 pum.

One major concern will be how to use the experimental data in trdenvert them
into initial conditions for the CFD model and to minimize uncertaintihe droplets
initial conditions specifications. Detailed drop size distributioresewfitted to a
Rosin-Rammler distribution. The Rosin-Rammler distribution functidraged on the
assumption that an exponential relationship exists between the didopietter, d,
and the mass fraction of droplets with diameter greater thapaah is described as

follow:

_(dray”

Y, =e Equation 6. 6

As defined in section 6.6.2, several parameters may be changed in the RogiteRa
distribution:
- the minimum and maximum droplet diameter to be considered in the size
distribution
- the mean mass droplet diameter MMD

- the spread parameter n, with n representing an exponent measuring the spread
of the distribution.
- the number of size classes, i.e. the number of diameters in each distribution

The parameters which are of more interest are believed to be the mean diatheter a

the spread parameter.

Different droplet size histograms have been compared ad listéable 6.6. One

parameter was changed at a time compared to see its @&fféhe flame structure.
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When the mean diameter was increased, the maximum diameseranvirarily

increased to 80 um. All the results will be compared to case 1.

Casel | Case?2 | Case3 | Case4 | Case5 | Caseb | Case7 | Case8

Spread 4 4 4 3 5 4 4 4
parameter

Minimum 5 1 5 5 5 5 5 5
diameter

(Lm)

Mean 44 44 44 44 44 53 72 36
diameter
(MMD)

(Lm)

SMD 36 36 36 36 36 44 60 30
(um)

Maximum 60 60 60 60 60 80 80 60
diameter

(Lm)

Number 10 10 5 10 10 10 10 10
of size
classe

Table 6. 6 Run cases with different droplet size distribution

For case 2, the droplet minimum diameter has been reduced from&® Jupm. The
number of size classes has been reduced from 10 to 5 for case 3thehsigread
parameter was changed respectively to 3 and 5 for case 4 andlly.tRmm&MD was

modified respectively to 44, 60 and 30 um in case 6, 7 and 8.

6.7.1.1 Influence of minimum droplet size

The minimum droplet size detected by the PDPA devices was aBouonidrons, so
this analysis is performed to give an indication of how sensiigadsults are if the
PDPA device could take measurements as low as 1 micron.
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The flame temperature profiles, seen figure 6.65 and 6.66, show naoovafiatn the

flame with a 5 microns minimum diameter. This demonstratesahether or not the

real minimum droplet size is 5 um or not, this has no signifigghieince on the

flame properties. In fact, it has been mentioned in the past (Jasuja and Tam, 1992) tha
while bigger droplets affect combustion performance, ignition chaistats are
influenced by the early availability of droplets of small sidewever, spray ignition

is beyond the scope of this study, unlike combustion performance.

6.7.1.2 Influence of number of size classes

The effect and sensitivity of FLUENT to the number of sizs®bs specified on the
numerical predictions have been analysed. Increasing the numbeptdtdtiameter
from 5 to 10, which in fact corresponds to increasing the number ofetirsizle
classes from 4 to 9, does change the droplet size distributi@eadigure 6.67. The
spread parameter as well as the Sauter mean diametebémvekept constant, with
n=4 and SMD = 3@m. A detailed description of the fuel mass fraction for 5 and 10
droplet diameters is respectively given table 6.7 and 6.8. By vatyengqumber of
size classes, these solutions explored the effect of varyinyehsplit between the

size ranges.
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Size range Fuel mass fraction
S5um—-17 pm 0.074
17 -28.9 um 0.266
28.9 um —40.9 pm 0.413
40.9 pm —52.8 um 0.247

Table 6. 7 Droplet size distribution for 5 size classes

With 5 droplet diameters, the fuel proportion of small dropletsrgetahan when 10
droplet diameters are set, which would mean that more fugpected to evaporate
from the droplet surface. Fuel mass fraction for 10 sizeedassgiven below (table
6.8).

Size range Fuel mass fraction

5um—10.3 um 0.008
10.3 pm —15.6 um 0.023
15.6 pm —20.9 pm 0.055
20.9 um —26.2 um 0.099
26.2 ym —31.6 pm 0.149
31.6 ym —36.9 um 0.189
36.9 um - 42.2 um 0.199
42.2 um —47.5 um 0.170
47.5 pm —52.8 uym 0.115

Table 6. 8 Droplet size distribution for 10 size classes
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Figure 6. 67 Droplet size distribution for 5 and 10 droplet diameters
However, it does not appear to have a significant influence on shétsceln fact,

there is little difference between the temperature fieldsrdatea different heights as

178



Chapter 6 Results and discussion

illustrated figure 6.68 to 6.70, despite the fact that the fuel différs in a non
negligible manner between 5 and 10 droplet diameters, which would itigaly
FLUENT is not very sensitive to the number of size clasdes.gfeater percentage of
fuel in the smaller size ranges with 5 droplet diameters should result in acectte
core in the vicinity of the atomizer. This suggests that fueingix not the main

parameter compared to others in changing the spray flame structure.
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6.7.1.3 Influence of spread parameter

The spread parameter was varied from 3 to 5 to see its infllmndbe flame
structure. The spread parameter is a constant used in the Rosmdrahstribution
function described equation 6.6 and is determined experimentally. e Vai
pressure swirl atomizers (used in this study) usually vémedseen 3 and 5. Figure
6.71 shows that the higher the spread parameter, the larger the propdrimall
droplets, consequently producing larger amount of vapour with a loweadspre
parameter. Although the temperatures are quite similar at 10 significant

differences are observed from a height of 30 mm. Sinceptsgy svith a spread

179



Chapter 6 Results and discussion

parameter n =3 produced a smaller proportion of fine droplets,esraatiount of fuel
vapour was then generated, which resulted in fuel lean conditions. tinsfaay
evaporation is facilitated by the presence of a large propoofidime droplets over
larger ones. Less fuel lean conditions were encountered for thewsjnag spread
parameter n = 5, due to the larger presence of smaller drojdetsresult, 30 and 50
mm downstream from the spray nozzle, the stoichiometric conditions mest
closely met for the case with n=5 and the spray with n = Jowasng at much leaner
conditions than the case for n = 5 as illustrated figure 6.75 and 6.76. As a result, initial
drop size distribution that produce smaller amounts of fuel vapouresilltrin cooler
flames. Due to the difference in fuel distributions, the temperaitofles shown
figure 6.73 and 6.74 display some noticeable differences in termslofeyeperature
As a result, 50 mm downstream of the spray nozzle, FLUENT gteedspray flames
for n = 3 with temperatures more than 200 K lower than for #se avith n = 5 (cf.
figure 6.74).
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6.7.1.4 Influence of Sauter mean diameter

The Sauter mean diameter, which represents the volume/surfiacefrdite spray, is
the most widely used parameter to describe the quality of “finenessi’ afomization
process. This definition of mean drop size has special sigmictor heat and mass
transfer application, especially in the field of spray combusti@feflvre, 1989). As
seen in section 3.3 of the Fuel Properties chapter, the Sawardizneter depends
on different fuel properties, such as surface tension and vischstyfjow rate and

injection pressure as well as air ambient density. In ordassess the influence of

initial conditions on the flame structure, the initial Sauter nmdiameter (SMD) of

the spray was modified. The spread parameter was maintained= 4, while the

SMD was varied from 36 to 60 pm. The results are summarizedfigome 6.77 to

figure 6.84.
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At a distance of 10 mm downstream of the spray nozzle, as fine @ragplle SMD =

30 um are injected, the vaporization is greatly enhanced due to #énger|surface
area and consequently the mixture becomes fuel rich, as illustigiee 6.77 leading
to a lower flame temperature. For the case where the SMID um, the larger
droplets are less subject to evaporation, and the mixture becomdselegsh, (cf.
figure 6.77), leading to a flame temperature higher by 250 K compared to tHercase
SMD = 30 um (cf. figure 6.78). Further downstream, the initialtger droplets for
SMD = 60 um have become smaller due to the evaporation procesiseagivre a
significant amount of fuel vapour is generated while for in@&D=30um most of
the small droplets have already vaporized, leading to a very ledaren as seen
figure 6.79 and 6.81, ultimately leading to a lower flame temperammpared to the
case where SMD = 60 um (cf. figure 6.82). In all cases,nthgimum value of

temperature occurred at the same height.

The combustion of these larger droplets (SMD = 60 pm ang 5100pum) may

result in the formation of hot spots on the liner as illustratpardi 6.83 if there is no
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wall cooling. With the larger drop size distribution, 32% of the fuel i the wall,
which corresponds to a significant proportion of unburnt fuel, and consequently a
reduced maximum local temperature. Therefore the exit tetaperdistribution of
the exhaust stream can be adversely affected if too mays dmoplets hit the wall.

For this reason, sprays with smaller SMD are preferred tongithe temperature

distribution.
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Figure 6.83 Hot spots on the rig casindg-igure 6.84 Maximum centreline
with higher SMD temperature 30 and 50 mm downstream
On the other hand, the case whose SMD = 44 um leads to the hilgimest f
temperature, 30 and 50 mm downstream of the spray nozzle, comparedtbethe
droplet size distributions. Therefore, it can be concluded that thxémuma local
temperature increases when the initial SMD is increased 3tbpm to 44um, but a
further increase from 44 to 60n, will negatively affect the maximum lo, as shown
figure 6.84. Indeed, with the lower range of SMD, the droplets will ngude
significant evaporation but their residence time is too shorthierdroplet to burn,
therefore lowering the maximum local temperature. When the &Jixreased the
droplet penetrate further in the pressure rig, as illustratenlefi6.55 and burning is
more complete, since the residence time is prolonged in the neatiore zone.
However when the droplet size is further increased, the droplepagdl through this
primary zone and travel further (with possible wall wettingsasn figure 6.83)
without vaporizing in a region where a large proportion of the dropleevaporate
in a cold environment, resulting in poor mixing, and consequently logaation
rates, therefore burning will become less effective, reducindldhee temperature.
Therefore it appears that there is an optimum SMD for spwaybastion, which is

around 44 pm in this study.
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However, as mentioned in section 6.7, the drop size distribution was based
experimental data. Section 4.4.2 described that a certain level etainty is likely

to be present, such as droplet size overprediction by as much asdg % fuel
temperature and consequently modification of the refractive index,hagh droplet
rejection rate due to the presence of several droplets prabe sample area in dense
sprays. In case the initial droplet size distribution defined Far $simulation
underestimates the real spray characteristics, this woulct affe reliability of the
simulations by modifying the flame structure. Varying theamearticle diameter
would modify the fuel mass fraction, therefore the mixture ifvactThe larger
droplets would undergo less evaporation, consequently a less fueégicm in the
vicinity of the fuel atomizer, resulting in a higher flamenperature, which would
give a closer match to the experimental data in that region. Wowas the larger
droplets evaporate, they will obviously become smaller and ectease fuel vapour,
leading to a higher flame temperature compared to initiallylemdroplets and
therefore causing a longer flame length. But the main etie¢che measurement
uncertainty would be more important in the vicinity of the fuel nozztegre the
flame temperature is highly sensible to the spray initial canditiMoreover, it is not
possible to rely on cold spray measurements, which would remove theaumge
linked to the modified refractive index, since combustion is presgheirmmediate

vicinity of the fuel nozzle.

To summarize, FLUENT predicts a strong sensitivity to the ainitonditions,
therefore to the initial liquid phase properties, which is reftecie the spray flame

structure.

6.7.2 Influence of the spray angle spread

The influence of the variation of the spray angle has been tested. While keeping the
same initial droplet size distribution, the fuel mass flow rate and boundary oosgdliti
the spray angle spread was varied from 30 degrees to 20 degrees and finalgel degr
respectively making a half angle spread from 40 to 70 degrees (cf. figure 6.85), to a
spray angle ranging from 40 to 60 degrees (cf. figure 6.86) and a single sgiegfan

45 degrees illustrated figure 6.87.
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Figure 6. 87 Single spray stream at 45 Figure 6. 88 65 and 70 degrees spray

degrees streams with ethanol temperature field at 1
atm

There is a significant discrepancy between the temperatafiéeprbtained with the
spread angle of 1 degree compared to a spread of 30 degre&lgsipethe vicinity
of the spray nozzle. In fact, the fuel vapour diffuses more radidthya spread of 30
degrees towards the spray centreline and as it has alreadynkeatoned the mixture
is fuel rich in the vicinity of the fuel nozzle due to the overestiom of the
evaporation rate. But reducing the spray angle spread tendsifecaigly reduce the
mixture fraction near the spray nozzle as seen figure 6.92. iKerenfraction with a
single spray stream is reduced to a value close to stoichiorgetrditions and the
gas temperature is significantly higher on the spray cemtreli a height of 10 mm,
consequently there is a better agreement between the thermoo@asierements and
the numerical prediction. Moreover, the single spray stream nattewidth of the

cool region compared to 20 and 30 degrees spray angle variatiorg theedooling
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effect of the spray along its trajectory, although the ragiedad is still overpredicted.
However, the cool region temperature is overpredicted by nearly 400K. If dkie ofi
the cool region is already overpredicted with a single stréai®,obvious that the
discrepancy will only grow when the spread angle will behtrrincreased. When the
spray angle variation is changed from a single stream poag sanging between 40
and 60 degrees, the temperature is still overpredicted, but tlasthiendiscrepancy
has reduced to 160 K while increasing further the spray angleded@@es (40 to 70
degrees) leads to a satisfactory agreement in terms of cgnréemperature
although this region is located further inside radially in tihheutation. Therefore, it
can be concluded that the fuel vapour diffuses more than what isvedse

experimentally.
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However, further downstream the temperature seems to be sigthjfioaerpredicted

by nearly 200 K when the spray angle spread is reduced to 20 degraesingle

stream as seen figure 6.90 and 6.91. Therefore it can be concludedettsray

streams at 65 and 70 degrees are directly responsible for lyrimgiwn the
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temperature close to the centreline since the discrepancyas sainificant between
the spray streams and the 30 degrees spray variation anglact,lit fs known that
the spray acts as a heat sink and consequently brings down theatemgpalong its
trajectory. Figure 6.88 shows that the 65 and 70 degrees anglethesioner side of
the main reaction zone, and the fuel vapour diffuses toward the sprdneline,

therefore cooling down the temperature in this region.

The influence of the radial spread of the spray becomes ewen abvious if it is
assumed that the spray takes the form of a semi-solid conedintes believed that
some the positive axial velocity near the fuel atomizer istdube presence of very
small droplets which are not detected by the PDPA, since sizeirmight be lower
than the minimum size range of the device. So the numerical model was set up in such
a manner that the spray possessed a spread angle rangingOfrdegrees to 90
degrees, but no spray streams were set up between 70 and 90 degitess why
the cone has been labelled as semi-solid. The fuel flow rate pmpattO0 degrees
was arbitrarily assumed to be at around 1% of the total fuel fho@ssate. However,
even using 5 um droplets lead to an extreme cooling down ofaime fldisplacing it
further downstream as illustrated figure 6.93 with the temperdieice and figure
6.94 which showed a spectacularly fuel rich region since the mixtacédn was

closed to unity.
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Figure 6.95 Spray trajectory and
recirculation zone with ethanol in confined

rig at 1 atm

From this section, it can be concluded that:

- narrowing down the spray spread angle from 30 to 20 degreesdemdtoser
agreement to the centreline temperature in the vicinity of the spray nozzle

- the particle streams at 65 and 70 degrees are responsible féowde
temperature on the spray centreline compared to the other cases tivine
spread angle is narrowed down

- in the cool region corresponding to the spray trajectory, the fuel vapour
diffusion is overpredicted and finally,

- extending the spray to a semi-solid cone, despite assumptions badesl on t
experimental data, leads to an unrealistic flame, since fearaporation rate

and fuel diffusion are overpredicted.

While it is preferable that the spray half angle does ndisyond 60 degrees, which
is approximately outside the edge of the recirculation zone (cf figure 6298)has to
be taken so that the spray half angle does not go below 40 degmesd,| for
instance if the spray half angle is set at 30 degrees, dbé&etimight penetrate too far
in a cool region beyond the reaction zone, where poor mixing will ocauitirey in

a low rate of evaporation and the fuel might burn in the zone aheweoflowing air,
or even in the vicinity of the wall as seen figure 6.83, resultirgy lower maximum
local temperture and eventually a significant proportion of unburht Therefore, it
can be concluded that there is a range of spray injectioesaaglwhich optimum

temperature distribution is reached.
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6.7.3 Droplet/droplet interaction

Droplet droplet interaction are still poorly understood in reactgys and it is
important to know whether FLUENT is capable of providing a qualégprediction

of the effect of droplet spacing on the spray flame structure.

Indeed, real life sprays are known to involve a large number of dsoaiel it is
believed that the spray behaviour will be quite different from isdladroplets
evaporation (Sirignano, 1983; Labowsky, 1978; Labowsky, 1976; Labowsky, 1980;
Imaoka and Sirignano, 2005; Raju and Sirignano, 1990) due to the effetrtsplet
spacing (Labowsky, 1976; Labowsky, 1980; Imaoka and Sirignano, 2005; Raju and
Sirignano, 1990). Fuel droplet vaporization and burning rates are known to be
influenced by the presence of neighbouring droplets even at largeatsama
(Labowsky, 1978), which can significantly affect the combustionieffey and the

soot and pollutant formation (Klimenko and Bilger, 1999; Labowsky, 1980). Hence

is important to account for droplet interactions for spray combustitmulatons.
However, to the author's knowledge, no investigator has included the efidrctpbét
spacing on spray vaporization and combustion in numerical simulatidmsh w
obviously considers a serious neglect, especially for dense spgigatpns,

encountered in industrial applications.

In order to study the effects of droplet spacing, FLUENT satwis have been
conducted where the number of particle streams is initiallgts2® for one sector of
36 °, and then decrease to 5 and finally increase to 40.The dropletgspaasn
uniform and was varied between 0.9° and 7.2° as illustrated figure 6.96-6.98.
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Figure 6.98 40 streams streamd-igure 6.99 Evaporated fuel mass fraction
representation with ethanol in confined rig
at 1 atm

The numerical simulations show that the droplet evaporation ratdensignificantly
affected by the droplet interactions. This effect is shown figu®® where as the
number of particle streams is increased, the evaporation nadused, and stronger
evaporation is predicted when there are reduced interactions. Theerfpaction is
consistently lower in the case of strongly interacting dropléts 20 and 40 droplets
streams as compared to 5 streams confirming that the mistdeaner when the

number for particle streams is significant as illustrated figure 6.100, 6.101 and 6.102.
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It is in agreement with the findings of several reseaschieabowsky (1976) and
Sirignano (1983) demonstrated that droplet evaporation rates deasetis®enumber
of interactions increases even for large spacings, and alsovaparization rates are
lower than isolated droplets. Indeed, a decrease in droplet spaaiisgdean increase
in local fuel vapour mass fraction and the local environment willdméed by the
presence of droplets, which as a consequence will reduce the desfertrto the
droplets therefore decreasing the local ambient temperatutesasied figure 6.104
and 6.105. There is a discrepancy ranging from 50 and 150 K if 20 pattietens
rather than 40 are considered but between 40 and 5 particle stheatesnperature
difference can be as high as 700 K (cf figure 6.105). At 10 mm dowanstoé the
spray nozzle, the temperature is higher with 40 streams thathitrecases (cf. figure
6.103) because although consistently leaner than the other casdsuyrihing under
fuel rich conditions, as illustrated figure 6.100, and consequently cluser

stoichiometric conditions than the simulations with 20 and 5 streams.
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Therefore, in order to correctly predict the spray behaviaarimportant to know the
number of particle streams forming the spray since it can malk#erence of several
hundred Kelvin in the temperature prediction. Indeed, a typical dropdet imdustrial
or even laboratory scale pressure rig cannot be treated aslated droplet since it
will be strongly influenced by neighbouring droplets. In a convectitatson, a
droplet even at a distance of several tens of droplets diametersignificantly

influence a neighbouring droplet if it is in its wake (Sirignano, 1999).

This sensitivity analysis demonstrated that FLUENT is segastob the number of
particle streams in the spray and does not consider the spray exssemble of
isolated droplet but rather takes into account the influence of dlghbouring
droplets. Thus, FLUENT exhibits a strong coupling between the drdpbgtiet

interaction, the evaporation rate, and the temperature field.
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The combustion process and spray calculations are therefore usitjvgeto droplet
initial conditions. As a result, setting up proper initial droplet coonitis one of the
most challenging tasks for any spray combustion system becawg# iave a
significant impact on the spray flame structure and alsaanfie pollutant emissions
predictions. Too large droplets will have a negative influence on dh#bustion
performance, added to the wall wetting problem that may be encounteredasvtoere
small droplets will result in early evaporation without combustidance a good
compromise has to be found for the droplet size distribution in codecHieve high

maximum local temperature.

6.7.4 Influence of Air/Fuel ratio

Flame stability is strongly affected by the air/fueticaand the stoichiometry,
therefore the mass flow rates of the main carrier will lgggnificant effect on the
spray flame structure. Indeed, the purpose of imparting swirl tomimgy primary air
is to create a recirculating flow in the region close tontbzzle, in order to increase
the fuel residence time and as a result enhance the evaporati@mdamixing of the
fuel with air with a required flame stabilisation. However oa dther hand it will
reduce the droplet penetration in the primary zone, which will tatteceffectiveness

of the droplet vaporization.

The sensitivity of the primary air flow rate on the flameisture is investigated in
this section. A case where the primary air mass flow wate arbitrarily doubled
while keeping the same droplet size distribution, fuel flow rated kBoundary

conditions has been tested. The spray initial conditions are summarised as follow:
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Spray parameters
Cone angle 40, 45, 50, 55, 60, 65,70
Number of particle streams 20
Velocity magnitude 30 m/s
Total fuel mass flow rate 0.36 g/s
Minimum diameter 5um
Sauter mean diameter 44 pm
Mean mass diameter (MMD) 52.8 um
Maximum diameter 60 um
Spread parameter 4
Number of tries 5
Number of diameters 10

Table 6.9 Spray initial conditions for ethanol in confined rig at 1 atm with
double air flow rate

The case with 3.2 g/s primary air flow rate will be calledec 2, while the lower
swirling air flow simulation will be labelled case 1. The flrstructure has been
dramatically modified by an increase in air flow rate asnskgure 6.106. In fact,
increasing the air mass flow rate leads to a stronger recirculatioramdribe flame is
largely anchored in a narrow region comprised between the fuelzatoemd the
swirler slot and therefore the flame length has considerablyestgattbecause of the
impact of the recirculation zone due to vortex breakdown. The flaahdized just
above the atomizer. The peak flame temperature has substant@taskd from a
value of around 2100 K for case 1 to slightly less than 2000 K in casel 2, faster
decay in temperature with downstream distances has been absefvee peak
temperature is located off the centreline, suggesting a hoflaation zone. One of
the reason for the falling off in the performance of the swirl buabhéigh mass flow
rate is that combustion is complete before the end of the réil@sseone, some cold
products are recirculated, thus reducing the heat release.

194



Chapter 6 Results and discussion

1.992+03
l 1.90e+03
© 1.82e+03

1.73e+03
1.65e+03
1.56e+03
1.48e+03
1.40e+03
1.31e+03
1.23e+03
. 1.14e+03
1.062+03

| G.74e+02
8.8%+02
8058402
7.21e+02

6368402
552e+02
4 658e+02
3.83e+02 L‘X

299e+02

Gonteurs of Static Temperature (k)

FLUENT 6.2 (3d, dp, segregated, pdfd, RSM)

Figure 6. 106 Flame temperature field with 3.2 g/s

The increase in the air mass flow rate resulted in a grested expansion of the air
jet, since the air momentum is doubled in case 2 and consequently jgis ait the
wall, unlike casel and the peak velocity is located much further diatlyathan for
case 1. The velocity field for case 2 is shown figure 6.108, and cethparcase 1,
displayed figure 6.107. The strong heat release in the immediatéya the nozzle
resulted in greater axial momentum, eliminating the reciiomatone, and further
downstream the central recirculation zone was therefore dignesaker than for
case 1, due to the greater contribution of the spray to the gas maméiite heat
release with the reacting spray results in an acceleratihreajas, and therefore the
peak axial velocity resulting from the reacting spray waseamed compared to the
cold flow as seen figure 6.109 and 6.110.

The narrow flame region resulted in weaker heat release andquemly tends to
lower the evaporation rate as illustrated figure 6.112. Therefespite the fact that
the initial conditions are the same, the slow evaporation of the tsopédd larger
droplet size (cf. figure 6.113 and 6.114) than for case 1 when the dmopletfurther

downstream.
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Figure 6. 113 Droplet SMD at 10 mm for Figure 6. 114 Droplet SMD at 30 mm for

case 1l and 2 case 1 and 2

The results showed that the peak temperature is signifidamigr compared to case
1 due to an increase in the air fuel ratio, with more recitiagiair cooling the gas
temperature. Moreover, due to an increase in swirling air flogy tae flame length
has been significantly reduced. It seems obvious to say that mhalse flow rate is
increased further, the central recirculation zone may crefidena flashback. Since
no experimental data is given for increased primary air flote, réhere is no

possibility of judging the numerical predictions given by FLUENT.

6.7.5 Ethanol combustion at higher pressure

High pressures are commonly encountered in industrial gas turbweesfore it is
important to get a clearer understanding of the evaporation and combusto®ss

under such conditions.

Because of increased pressures, the spray atomization and vapoichairacteristic
will be very different from those encountered at lower pressimesection 2.3.4 of
the Literature Review, it is mentioned that the increased apgraressure will
increase the evaporation rate and a rise of temperature of up ¥ R@ber than
those encountered at 1 atm can be expected. The higher evaporataili ragailt in

a decrease in spray penetration. Moreover as the pressurses, thie gas ambient
density increases making it more difficult for the spray toiaantly penetrate the

ambient gas.
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Although no spray flame data for ethanol is available for thisystuo quantitative
assessment will be provided here, but it is still possible to gtiedity assess the

capability of FLUENT to predict the spray behaviour under increased pressures.

Ethanol spray flames have been modelled at an operating pre$sr8, 5 and 10
atmosphere. The pressure range can be divided into two regimemdbeately high
pressure regime, for pressure less than 0.75 of the criticaypesof the fuel, and the
critical/supercritical regime. In the moderately high pressegme, the transport
properties are quasi independent of pressure and the relative gag deredatively
small compared to the fuel density. The critical pressuretfeanol is estimated at 63
atm, therefore the range of pressures for this study will &lé within moderately

high pressures.

In order to be able to see the effect of pressure, it has begedjpdeferable to keep

the same operating conditions as the ones used under 1 atm, i.egkbepgame

initial droplet conditions (velocity, droplet size distribution, fu@wfl rate) and the
velocities have been kept the same as for 1 atm therefoes ih@cessary to scale the
pressure accordingly. Therefore, the primary air flow rate daubled at 2 atm,
tripled at 3 atm, and multiplied by 10 under 10 atm, respectively to 3.2 g/s, 4.8 g/s and
36 g/s. The boiling point was set according to the pressure, whosaregiseesented

on table 3.12.

FLUENT does predict that the evaporation rate is stronger wigsyre, since the
droplet SMD, set at the same initial conditions for all pressisedso displaying the
same values at 10 mm (cf. figure 6.122) but is lower at 50 mm, fagpee 6.124.
This observation is confirmed when a closer look is taken at the eteghdual mass
fraction, figure 6.121, where the simulation at 3 bar clearly dispk stronger

evaporation rate than for the lower pressures.

On the other hand, it is clear that the increased evaporatiois rabé strong enough
at such pressure to significantly affect the spray penetratidaed, the droplet axial
velocities are quite similar 10 mm, 30 and 50 mm downstream of thg sprzle, as
shown figure 6.118 to 6.120. At higher pressures, it will be expected Hhbat t

evaporation rate will significantly reduce the spray penetratmhthe spray would
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have completely vaporized in the primary zone, reducing the combustibrelease.

Indeed the reduced combustion heat release is due to the dropletirpdoe&ration

in the primary zone. On the other hand, the spray is shifted clogsrcentreline as

the pressure is raised.

Although the temperatures are quite similar for all pressl®essm downstream of

the spray nozzle, there is a significant temperature drop fullthenstream for the

higher pressures, which is the result of a much shorter fthmeto the higher air

mass flow rate, enhanced rates of mixing, heat transfer and reactionskinetic
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At 10 atm, the effect of the ambient pressure is quite signtfidtadeed, FLUENT
predicts that an increase in pressure from 1 to 10 bar reducedfiet grenetration

considerably as illustrated figure 6.125. In fact, the droplets ttgvéd a distance of
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20 mm downstream of the spray nozzle. This can be attributed togtheraig forces
acting on the droplets due to the higher density of the high pressurenement in
the pressure rig. Then, the droplet are entrained in the retiocuine between the
fuel atomizer and the swirler, and while passing above the swid, they are again
accelerated and get carried away by the swirling jet, wikicfery strongly deflected
radially as seen figure 6.126, due to the high primary air mass#ite of 16 g/s. The
droplets impingement on the walls would be a detrimental event toothbustion
heat release. Indeed, this would imply that part of the fuel asaimn the pressure rig
remains unburnt, where the objective is obviously to burn the fuel conypletelthe
other hand, one would expect the combustion heat release to be lowhsiagefuel
ratio is critically high. Usually, an increase in air pressisr accompanied with an
increase in fuel flow rate, and in this case, would have resulteal high spray

velocity, therefore the spray would be less likely to be carried away toterdglls.

ERRATUM: there is a considerable amount of doubt on the spray penetration and
wall wetting, since it is expected that droplet secondary breakupccur at 10 atm

but the author has realised lately that it should have been includedowoy the
latent heat of vaporization is significantly decreased at 10batnits value has been
maintained constant for this particular pressure, therefore sidtg@btained at 10

atm should be treated with extreme caution.
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mm
FLUENT predictions on the effect of air pressure on the mean aglacities

revealed low mean velocities (1-2 m/s) near the outer edges gpitag at 10 atm as
seen on figure 6.127 to 6.129. The numerical results revealed negativiéiasloc
which imply the existence of a recirculating airflow patteornered on the lower part

of the casing walls. The existence in close proximity of lovocigf, both negative
and positive flows could mean that droplet collision and coalescence occursmat 10 at
which could account for the observed large drop sizes seen figure. 6.13dse
phenomena are not encountered at the lower pressures simulated studlyidout

clearly seems to be occurring at 10 atm. At 50 mm, the spray isai@a by the
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smaller droplets which are carried away by the swirlingeds. The figures clearly
showed that an increase in air pressure can lead to fuel im@ngem the walls,

therefore it would be necessary to increase the fuel flow tat avoid such

occurrences. In fact, generally, when gas turbines operate ugtier pressures, the
pressure is increased at the same time as the fuel flewtaanaintain the air fuel
ratio. However, this has not been tested here, since the oalinfghis section was
to see whether FLUENT accurately accounts for pressuretefiacthe spray, even
though it is not thermodynamically meaningful for industrial applications.

The figures obtained clearly show that increases in fuel-amemtum ratio on spray
dimensions has important practical applications, one obvious exampletheingk
of fuel impingement on the liner walls at high fuel flow rates.gbneral, this
influence of fuel air momentum ratio on spray structure is l@akfo combustion
performance. For example, a reduction in fuel flow rate at congtassure causes
the fuel to be associated with a smaller volume of air. Adsdncrease in fuel flow
rate at constant pressure is accompanied by an increase iamient of air
participating in combustion. The effect of this additional ageserally to reduce the
local fuel-air ratio and flame temperature, thereby allewggproblems of exhaust
smoke at high combustion pressures.

Changes in ambient pressure modify the general anatomy of afkprey As the
pressure is raised, the flame length is shortened and wa# asdth. A pressure
increase shortens the flame and reduces its width, due to enhatesedfranixing,

heat transfer and reaction kinetics.

6.8 Biodiesel

While ethanol reaction mechanisms do exist, there is no dekailetics which have
been published for biodiesels. Therefore, a surrogate reacticmamsm had to be
chosen and the methylbutanoate detailed kinetics was selectide aource for

generating the flamelet libraries as explained in section 5.5.4.

As described in table 6.3, the primary air flow was set ds &gl atm while the fuel

was injected with a mass flow rate of 0.75 g/s and the secorilaffow was
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maintained at 12 g/s. The primary air temperature and the fuel preheated
respectively at a value of 150 °C and 141°C.

Based on the PDPA data in section 4.6.1 and 4.6.2 in the Experimental iStudy,
seems that the spray forms a hollow cone describing an gmgladsof 25 degrees
between 40 and 65 degrees but the PIV data (see section 4.6.3) Segquly tthat
some fine droplets located in the centre of the spray dominatlwhep to a height

of approximately 10 mm, therefore the assumption that the sprag #ohullow cone

is not valid. However, FLUENT tends to overpredict the influence ofl sinaplets

on the centerline as seen earlier with ethanol in section 6.8.Zotleetlee spray will

be described as a hollow cone only.

The convergence procedure used for the ethanol simulations described Set4
was used for the biodiesel study. The angle spread of 25 degeexjually spaced
every 5 degrees, therefore 6 angles were defined, each comgfiguagticle streams.
Since the PDPA measurements displayed the same range of Haduesor the
ethanol PDPA measurements, the droplet size distribution was cahserve
Consequently, the droplets ranged from 5 um to 60 um, and a Rosin-&amml
distribution was assumed for the spray, which was described witlzd @lasses of
different diameters and the droplets were injected every 20 gas pphtions. The
number of tries was maintained to 5 and as a result, 6000 parcelsutist were
introduced into the domain. Based on the experimental data, thednjgrssure
was at 147 psi, which corresponds to an exit fuel velocity of 33.42 m/ssprag

initial conditions at 1 atm are summarized in table 6.10.

Spray parameters
Cone angle 40, 45, 50, 55, 60, 65°
Number of particle streams 20
Spray injection velocity 33.42
Total mass flow rate 0.75 g/s
Minimum diameter 5um
Mean mass diameter (MMD) 52.8 um
Maximum diameter 60 um
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Spread parameter 4
Number of tries 5
Number of diameters 10

Table 6. 10 Spray initial conditions for biodiesel spray at 1 atm

The computed results for the biodiesel spray flame are compartd the
experimental data. Gas temperature comparisons are shown irs fR)a@8, 6.142

and 6.143, respectively at 10, 30 and 50 mm. At 10 mm, the temperature on the
centreline is correctly predicted but further out radially, tieat loss due to the
droplet impingement on the thermocouple is underpredicted by a significant margin of
around 800 K. The PDPA data shows that the volume flux figure 6.1%3 pg#her

out radially than the minimum value encountered in the cool region. Comskg)ite
would seem that the turbulent dispersion of fine droplets on the idiger & the
spray would induce significant evaporation, explaining the location ofthenum
temperature. Therefore to resolve this, it was decided to chiegdroplet size
distribution by using smaller droplets on the inner edge of pinays The droplet
SMD was reduced to 2(m instead of 36 um used previously. The modified droplet

size distribution is summarized in the following table:

Spray parameters Previous drop size| New drop size distributior
distribution
Cone angle 40, 45, 50, 55, 60, 65|(° 40, 45, b0, 60, 65 °
55

Number of particle streams 20 20 20

Spray injection velocity 33.42 33.42 33.42
Minimum diameter S5um Sum 5um
Mean mass diameter 52.8 um 52.8 um 24 um
(MMD)

Maximum diameter 60 um 60 um 40 pm
Spread parameter 4 4 4
Number of tries 5 5 5
Number of diameters 10 10 10

Table 6. 11 Modified spray initial conditions for biodiesel spray at 1 atm
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The newly set droplet size distribution gave a satisfactoryeagrst with the PDPA
SMD measurements, as illustrated figures 6.134 to 6.136 and the drrjgket a
velocity profile was well predicted (cf. figure 6.138 and 6.139). Howeher t
temperature was subsequently further underpredicted from the a@poh r® the
centreline, as seen figure 6.133. Moreover, the width of the cool rediarh us
narrower in the experiments than showed with the FLUENT simualgtiwas further
overpredicted with the reduced droplet size due to the increassdnpe of fuel

vapour as droplet vaporization goes preferably to the finer ones.
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The presence of a local peak temperature further out radialiyeolean side of the
flame is not observed in the experiments. In fact, at this locdtierflame should be
guenched by the strongly swirling air jet. Indeed, the calomatwith CHEMKIN
showed that the flame was extinguished for the methylbutanoat®reanechanism

for any value beyond 558sConsequently, the extinction flamelet was chosen with a
strain rate of 6005 However, even though the strain rate in the flow field is way
beyond this value as seen figure 6.140, the flame is not strained ciuallyy the
FLUENT predictions show the presence of a local flame whenthieisontrary that
should have happened therefore the FLUENT flamelet model fapsettict local

flame extinction.

In fact, when the strain rate is beyond the flame critical yahescoupling between
temperature distribution and strain rate is lost. The FLUENTmentation provided
some information when it mentions that extinguished flameletsxaleded from the
flamelet library but there is no given explanation for this. Tloeeeinstead of adding
extinguished flamelets, the choice was reported on highly straipartially
extinguished flamelets so that none of the flamelet can badedifrom the flamelet
library.

The strain rate in the first 5 mm downstream of the swirlas wredicted to be
slightly below 6000 3; therefore it was decided to define a flamelet with thise/aif
strain rate. The flamelet was artificially generated itleotto match the temperature
encountered in the experiments in the highly strained region, adigesn 6.141.
However, instead of decreasing the flame temperature, assignirgartially
extinguished flamelet seemed to have exacerbated the problesrttstntemperature

is even higher. Eventually a strain rate of 600 00@vas assigned, which is the
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highest strain rate encountered in the whole domain, and the lenoa femperature
was even higher, increasing from a maximum predicted value/t8 K with the
highest strain rate set at 6000te 1851 K. It was concluded that this approach was
not satisfactory. Consequently, the main case displayed figure 6.133a6d 42143
was based on a maximum strain rate of 600 0b@vish a partially extinguished
flamelet since there was a good agreement on the centratimeéhe thermocouple
measurements, and also because all the flamelets used afitpdea sharp peak in
the normally extinguished region. Figure 6.144 displays the flameetetture 10 mm
downstream of the swirler with the different flamelets witiretion strain rate at
600 s-1, 6000 s-1 and 600 000 s-1 as well as a single flamelet at 600esfigure
clearly shows that changing the extinction strain rate doesnpobve the numerical
prediction in the outer region where the experiments show that the flame is quenched.

Although these results appear to demonstrate that the straia taken into account,
it is necessary to ensure that strain rate alone can pensgsle for heat loss in the
flame. In fact, there are two major reasons for heat loss to occur in the spnay fl

- the effects of aerodynamic strain

- the cooling effect of evaporating spray
Therefore, it was decided to separate the sources of heditylossdelling a gaseous
flame in a simple geometry. Assuming that the fuel was tiejeat a velocity of 30
m/s in a cylindrical combustor shown in figure 6.145. A small nozetbe center of
the combustor introduces methylbutanoate at 30 m/s while ambiepentairs the
combustor coaxially at 0.5 m/s. 2 cases were simulated, one vatfiamelets, the
first one at a strain of 10*swhile the second was partially extinguished at 160 s
The other case was run with the partially extinguished flanseteat 300§ instead
of 100 §". Figure 6.146 exhibits a clear difference in peak temperature dretoeh
cases, with the partially extinguished flamelet set at T0flesarly displaying a lower
flame temperature since the strain rate values showed thétathe was partially
strained out, contrary to the other case where the strairinrabe flow field was
consistently lower than 300'sConsequently it can be concluded that the effects of
strain are taken into account in FLUENT but when the straingddeyond the flame
critical value, the correlation of temperature and flamefpwsition with strain rate

that is fundamental for this approach is lost.
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Apart from the issue of local peak temperature in the highbingtd region, the
thermocouple measurements at 30 mm displayed figure 6.142 show thaaithe
reaction zone is located further out radially from the spray elergr unlike what is
described in the experiments. The mixture fraction profiles disdldigure 6.147
show that FLUENT predicts a fuel rich region when the experimsmtsy that the
flame burns closer to stoichiometry 25 mm from the spray der@rand 30 mm
downstream of the spray nozzle. Moreover, 50 mm downstream fronoth&et the
temperature is overpredicted by 200 K on the spray centreline. tinfitare 6.147
show that the mixture fraction has been maintained at nearlyathe galue on the
centreline between 30 mm and 50 mm, so the computed mean mixtctienfra
spreads much further than desired while it would have been erptxrtbe much
leaner at such height. These results would imply two things:
- the turbulent fuel mass diffusion is overpredicted

- the evaporation rate is too strong

In fact, as a result of vaporization, the fuel vapour mass dracgaches a maximum
along the spray axis, so the coinciding fuel rich region. Further downstrearffettie e
of turbulent mass diffusion becomes the dominant factor, so the strongdise
fraction even 50 mm downstream. Another property that stronglytafttroplet
vaporization is the latent heat of vaporization. In fact, the higreetatient heat of
vaporization, the lower the net energy transferred to the liguasldporate. The latent
heat of vaporization for biodiesel is about 4 times lower than thagtlmnol
(respectively 217 612 J/kg and 855 237 J/kg). Therefore, although ethanatlis
more volatile than biodiesel, it requires much more energy to vapam

consequently, biodiesel is the easiest of both fuels to evaporate.

. —strain rate 600 (real|
10 mm — Fluent prediction )
— strain rate 200 (real)

— strain rate 1700 —— strain rate 6000 (artificially parially extinguish  ed)

T ; T T ; ] ‘ ‘ i ! )
0 5 10 15 20 25 30 0 02 0.4 06 038 1
Radial location (mm) Mixture fraction

Figure 6. 140 Strain rate versus Figure 6. 141 Generation of the partially
temperature at 10 mm extinguished flamelet
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Another possible reason might be valid to describe the significanprediction of
the flame temperature in the downstream region. It could beethdt of partially
premixing between air and evaporating fuel, which would increasedlenetric
heat release in the combustor.

Last but not least, the adiabatic nature of the simulation valllren a systematic
overprediction of the temperature distribution. Although it has not beastigated
in this study, radiation and soot calculations were implemented imduel to see
their effect on the flame structure. The P1 radiation model wed asd the wall
emissivity was set to one. The results of the solutions can be wmnpdth the
previous solution and the thermocouple measurements, figure 6.149 to 6.150sThere i
a better agreement in the downstream regions compared to thersoilukiich did not
include radiation. Indeed there is noticeable heat loss on the sgraglime, which

can reach as much as 300 K in certain sections at 50 mm. Thdhefareupling of
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soot and radiation with the turbulent reacting flow has reduced thpredection of
the temperature distribution and better agreement ensued. Unfostunitie
significant area of combustion could not be investigated more thogoagtino soot
measurements were taken to validate the numerical results.veiQwadiation and
soot prediction are vast topics which could imply a whole researchktigagon by
themselves. But clearly, an accurate predictive capabilityeqgired for flame
radiation within spray flames, since the amount of heat lossdmn#i radiation can
be significant (respectively 20 and 40 % at 1 and 3 atm) anefuiricrease as the

ambient pressure is raised.

This section has demonstrated that the FLUENT laminar flamedetel is weak in
predicting local flame extinction and is therefore not wellesuito predict strongly
non-equilibrium in turbulent flames due to aerodynamic straininthéyturbulence.
The flame temperature is overpredicted in the downstream regjidhe flame

essentially because flame radiation and soot modelling are not invoked.

6.8.1 Influence of inlet air temperature

The effects of changing ambient temperature on the flametwseuwill be now
considered. Figure 6.151 to 6.153 show the flame flow field with annaiiest
temperature of 423 K instead of 288 K. The initial droplet size for basles is the
same as well as other boundary conditions in order to clearlyfidémdi effect of air

temperature on the gas temperature in reacting flows.
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Figure 6. 151 Comparison between not Figure 6. 152 Comparison between not
preheated and preheated air temperaturpreheated and preheated air temperature
profiles with thermocouple profiles with thermocouple measurements at
measurements at 10 mm 30 mm

212



Chapter 6 Results and discussion

50 mm 58

2100 - —&— Thermocouple measurements 56 4 10 mm
1900 1 — Fluent prediction without preheat
21700 B — Fluent prediction with preheat 54 1
= = 52 |
21500 | £
5 = 4 — Preheated droplet SMD
€ 1300 | & 50 P
= 8. 48 -
£1100 a — No preheat droplet SMD
= =
900 0 467
700 - 444
500 T T T | 42 1
0 20 40 60 80 40 T T T |
Radial location (mm) 0 5 10 15 20

Radial position (mm)
Figure 6. 153 Comparison between not Figure 6. 154 Sauter mean diameter with
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Figures 6.151 to 6.153 show that the gas temperature is increasedsast af air
preheating by an average of around 150 K on the spray centreline. The air teraperat

has been increased by 135 K, therefore the increase in gas temperaturagarsignif

The droplets Sauter mean diameter is not affected by theedieating as illustrated
figure 6.154 to 6.156. The air temperature would have to be more sigtiifica
increased to have an effect on the droplet Sauter mean diamneteed, biodiesel
boiling point is at 623 K and the droplet is at best heated to a temperature 200 K lower
to its boiling point. On the other hand, if biodiesel was replacedhanel which is

highly volatile with a lower boiling point of 351 K, the flame would hdehaved

liked a premixed flame since a significant portion of the fuel Wdadve already
vaporized before entering into contact with the swirling airhas &ir temperature
would be beyond the liquid boiling point. The air preheating would have the most
significant effect on the small droplets since they are thd¢ sudgect to evaporation

compared to the larger ones. The droplet penetration would increasesdt of an
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increase in air temperature due to a reduction in the air dexmisequently leading

to a drag reduction on moving droplets.

The axial velocity profile of the preheated air seen figure 6th5§.159, display a
slightly stronger recirculation and peak axial velocity, due toldker gas density
with the higher temperature, which results in more efficientingixThe higher
temperature distribution for the preheated air reflects tleetefof improved mixing
associated with the stronger recirculation zone.
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10 | )
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E 5] E 5 A
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<
-10 A —not preheated air -15
-20 -
157 Radial position (mm)
Radial position (mm)
Figure 6. 157 Axial velocity profile Figure 6. 158 Axial velocity profile
comparison for preheated and not comparison for preheated and not
preheated air at 10 mm preheated air at 30 mm

6.8.2 Effect of droplet diameter

The influence of droplet size distribution on the spray flame developh@anbeen
demonstrated to be of high importance for ethanol in section 6.8.1. Figb& t6.1
6.161 show the influence of changing the Sauter mean diameter4foto 63

microns Varying the mean particle diameter in the Rosin-Ramrekpression
significantly modifies the mixture composition within the core of the spraydla
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——SMD = 48 microns = 1700 y — SMD = 48 microns
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Figure 6. 159 Temperature profile Figure 6. 160 Temperature profile

comparison with SMD =48 and @3n at comparison with SMD = 48 and 3n at

10 mm 30 mm
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The effect of the droplet size distribution model on the axiap&ature predictions

is also apparent. The temperature prediction is better at theeloge with
SMD=48m and remains very good up to a height of 30 mm, however, beyond this
point there is a substantial overprediction. The temperature poediatith
SMD=63um, however deviate significantly from the thermocouple measurement
resulting in an underprediction of 170 K at 10 mm followed by an overpi@diot

order 700 K at a height of 50 mm.

6.8.3 Combustion at higher pressures

Biodiesel spray flames have been modelled at 2, 3 and 10 atm opgnaasgre.
However, the critical pressure will not be exceeded for thebRigiesel since it has
been determined to be at least 12 atm in section 3.1.3 of the Fuel Properties chapter.

As mentioned in the literature review, a rise in pressurebeilaccompanied by an
increase in evaporation rate, which is likely to reduce the faektpation in the
pressure rig. Contrary to the investigation of ethanol combustiomla¢rpressure,
this time the operating conditions will not be kept the same, simiwe experimental
data have been taken to determine the operating conditions at up touBlikemthe

ethanol experiments which were all conducted under atmosphersupe3o keep
the same trend up to 10 atm, the data obtained have been extrapolhték a

following trend is obtained:
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Figure 6. 162 Initial Injection velocity as a function of injection pressure

Consequently the injection velocities were set according to the differentingerat
pressures as described in table 6.12. As the droplets velocities increasesgthrgor
while the air velocities remain constant since they are scaled with pressis
important to know if secondary breakup might not be a likely occurrence, therefore

the Weber number needs to be estimated and breakup will occur only if We > 12:

Ambient 1 atm 2 atm 3 atm 10 atm

pressure

Injection 33.43 m/s 41.16 m/s 44.66 m/s 84 m/s

velocity

Estimated 2.97 3.87 6.85 81.05
Weber numbel

Table 6. 12 Estimation of injection velocities with ambient pressure and Weber
number

Therefore breakup is certain to occur only beyond 10 atm unlike whatsavds
section 5.8 of the Computational Study. Figure 6.163 to 6.165 show thatntieehites
considerably shortened with an increase in pressure due to enhatesedf raixing,

heat transfer and reaction kinetics.
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Normally, in industrial applications the air fuel ratio is mamed constant which
implies that once pressure is increased, the fuel flow ratermally increased at the
same rate as the air flow rate. However in this studyfube flow rate has been
maintained constant to isolate the effects of pressure. Figure éhd@is shat the

spray penetration is substantially lower when the pressuraisedr at 10 atm
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compared to the penetration at 3 atm. Under 10 atm, the spray doesmmdamlethe

exit of the swirler (cf. figure 6.167) due to the high gas density.

Therefore a decrease in the droplet penetration is noticed gsetbgure is raised,
which leads to a substantial increase in spray density, which cesddt in spray
collision and coalescence. The reduced droplet penetration is due nob didher
pressure but increased evaporation rates. Due to collision and coalescencesame i
in mean drop size might result as seen figure 6.166 where the umaxdroplet
diameter is at the tip of the spray. However, it could have bgeected that due to
higher pressure, resulting in an increase in air density, tloelya&amic shear forces
would disintegrate the spray. Unfortunately, due to the extreloelypenetration of
the spray under higher pressures, it will not be possible to sugphlniation on the
evolution of the SMD.

The results show that as the air pressure is increased, the peguetration is
decreased. Moreover the flame has considerably shortened due to hhearhigel
ratio applied on the flame as illustrated figure 6.160 to 6.162 and enhaatesdf
mixing. Further increase in pressure or primary air fumkffate might result in

flame quenching, unless the fuel flow rate is increased alongside the aiafeow

6.9 Discussion and Model evaluation

The turbulent spray flames have been modelled with varying degisescess. The
main failing of this model is its inability to predict local flame exfioictand correctly

predict the evaporation rate. However, the results have showrmédhatare a number
of issues involved in using the defaut FLUENT flamelet and evaporation models.
The model assessment will be based on the following questions:

- does the flamelet model offer a consistent calculation of tilarsdissipation

rate and predict local flame extinction

- is the default FLUENT evaporation model accurately describing the

evaporation process
- what would be the strategy and computational cost associatetheithodel

improvement?
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6.9.1 Evaporation model

The default FLUENT evaporation model is based on the infinite coandyair rapid
mixing model where it is assumed that rapid internal circulati@urscwithin the
droplet and the droplet temperature is uniform but time varyiogventer, Sirignano
(1978) mentioned that even in the limit of high vortex strength, thenadtdiquid
circulation can reduce the length scale for diffusion only by oner@fimagnitude.
Therefore the rapid mixing assumption is not valid.

The vortex model developed by Prakash and Sirignano (1978) (1980) and Tong and
Sirignano (1982) is too complicated and computationally expensive to be

implemented into any CFD model and moreover this model has not been validated.

Aggarwal et al. (1984) found that the infinite conductivity model wassuivable for
practical applications, although no experimental validation wasedamwut and
consequently, the vortex model was recommended for practical appigaBut
Chen et al. (1997) compared the performance of different models sufhlas,
infinite conductivity, conduction limit and vortex model and concluded that the
predictions of the different models were quite similar. Therefares difficult to
judge the quality of the infinite conductivity evaporation model basedonflicting

conclusions.

The more sophisticated effective model Abramzon and Sirignano (1989) mravide
relatively ‘inexpensive’ vaporization model of a moving fuel droplettigalarly
suitable for the spray combustion calculation, which includes akffeet of variable
thermophysical properties, non unity Lewis number (in the range l#heigas, the
effect of transient liquid heating, droplet internal circulation #mel effect of the
Stefan flow on heat and mass transfer between the droplet andsth&hgamodel
possess such advantages as simplicity, application to a wideafpgemeters (Re,
B, etc.) making it a more robust model, and necessitating low amdunt o
computational time. However, to faithfully describe the model, teatpex gradients
inside the droplets need to be represented, which is not possible ®itHENT.
Therefore the flexibility in using different evaporation modslati present extremely

limited, and there is no other choice but to use the default model.
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Accurate prediction of the thermo-transport properties is an eslseydit of
modelling of droplet evaporation. In fact, Kneer et al. (1993) investigéhe
importance of variable liquid properties on droplet evaporation. The authord
that vaporization is highly affected by the dependence of liquid prepeadn
temperature and composition. In particular, variable liquid diffusion icoeit
controls the relative thermal and mass diffusion and in turn, the rate of evaporation.

FLUENT is quite flexible in determining the diffusion coefficiemiscosity and
specific heat as a function of temperature, both for the liquid andagheur phase.
However, FLUENT assumes constant values for latent heat ofizapon, particle
thermal conductivity and density. Particle thermal conductivity dugshave any
influence on the droplet evaporation, while particle density does affectiroplet
motion, therefore droplet evaporation is not particularly involved wiiese

properties.

However, FLUENT treats the Schmidt numbers (Scgbjpand the Prandtl number
(Pr=p/Cp1) numbers as identical constants, resulting in unity Lewis numioéithB
assumption of unity Lewis number implies equal mass and heat diffussiorflow
field less dominated by convective effects. But, in most convectueitons, the
mass diffusion is most likely two orders of magnitude slower ttien thermal
diffusion, and the unity Lewis number assumption may not be jusifiedu, 2005).
In fact, the Lewis number is strongly dependent on the gas tetaperand its
composition, which consists in several species whose moleculahtweag vary

broadly, such as CO2, H20, hydrocarbons among others.

The convection effect is treated by an additional empirical RadzZMarshall (1952)
correlation. However, in real life situation, convection effectscmite important and
the evaporation rate depends on the convection in the turbulent gaS€&eidection
will increase the gasification rate as well as heat tearzetween the gas and liquid
phase, the semi-empirical Ranz-Marshall correlation used in NOURas little
justification for it, and the correlations are based on experinwmmducted under

guasi-steady conditions, justifying the overprediction in the simulagoaporation
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rate. An alternative to the Ranz and Marshall correlation, Aboamand

Sirignano(1989) recommended the following correlation:
Nu =1+ (1+RePr)’ f (Re)

Where f(Re) = 1 at Re< 1 and §(Re) = R8%" at 1 < Re< 400. This equation
approximated the numerical results by different authors in thgerah0.25 < Pr <
100 with an error of less than 3 % (Abramzon and Sirignano, 1989) and could be

tested in any future work.

The different shortcoming of the evaporation model has been highligrie lack of
flexibility of FLUENT to support temperature gradient inside dineplet deters to use
other evaporation models, especially the effective conductivity manatelcrucially,
the unity Lewis number assumption is not justified. Moreover, the Remzhall
correlation to account for convective effects is too simplistic attdrnative

correlations need to be looked at.

6.9.2 Flamelet model

In order for the flamelet equations to be consistent with the eqsasolved for the
turbulent flow field, the temperature and species mass fractiotbdigon have to be
calculated over mixture fraction space in such a manner thabthes computed in
the flow field can be retrieved in the flamelet libraries, ewalhf through

interpolation between adjacent flamelets if the exact valugoisavailable in the
library. However, the extinguished flamelet exported into FLUEE not accounted

for, as they are excluded from the library.

Therefore the FLUENT flamelet model shows significant deficies in regions of
high strain, where quenching of the flame may occur due to the aaradystraining
of the flame. In fact, the results have shown evidence that whitey ysrtially
extinguished flamelets, there is an increase of the local meagetrature while it
would have been expected to obtain a better temperature predidtioa significant
temperature decrease in that highly strain region. In factpéhaviour observed
immediately downstream of the swirler is not consistent wihatws observed inthe
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experiments. The gross overprediction of the temperature in thiy Bigain region is
a direct consequence of the failure of the FLUENT laminardlatto predict the
guenching of the flame due to the strong turbulence level encountered in this region.
It was then believed that instead of implementing extinguishedelets, a better
alternative would have been to describe partially extinguished flam¥ékdtagain, no

underprediction of temperature resulted.

Therefore, the laminar diffusion flamelets used in the calawa#ire inaccurate.
Although the chemistry incorporated in the laminar flameletutaion is to present
knowledge accurate, other factors such as local strain rate iflathelet is not
properly considered, resulting in very poor predictions especiallyginly strained
regions. Such factors are especially important in the loweonegfi the flame where
strain is greatest. Therefore, the fact that heat loss cextimetion limits is not taken

into account is clearly a significant weakness of the model.

Moreover, the FLUENT flamelet model assumption that the spewss fraction is
independent of heat loss is clearly wrong but it is difficult to gbyahow it will
affect the predictions. Experimental measurements would need takba in
turbulent flames, but this does not affect this study since theespmass fractions

are generated by CHEMKIN, a stand-alone package.

Eventually, one might have a closer look at the Beta function appatigimto the
PDF of mixture fraction. However, Chen et al. (1991), using simple mdodel
chemical reaction and turbulent flow, explore the influence of the sbhphe
presumed pdf, P(Z) in calculations of a diffusion flame in a boundargr land
concluded that profiles of mean velocity, enthalpy, mixturetifvacand its variance

are little affected by the pdf shape.

Eventually, the flamelet model could be replaced by the transpértwhich has the
potential to predict weak extinction but PDF transport simulations ar
computationally expensive, when flamelet simulations already aalkang time to

compute. Therefore the laminar flamelet approach is still recommended.

The FLUENT laminar flamelet model is limited to flamesthwirelatively fast

chemistry and cannot capture deep non-equilibrium effects such as ignitiontiemnt
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and slow chemistry, such as NO formation, which is not calculatdds study, but it

is a matter of concern as to whether the flamelet model pabtaa of faithfully
representing the transient effects such as local and pattiatteon. As a result, the
laminar flamelet model is believed to be a near equilibrium imadd this will have

a significant impact on the numerical results obtained in thisysBecause of the
simplifying assumptions made in the derivation of the flamelettemsa the flamelet
model fail in situation where local extinction and re-ignition iamportant. It is in

fact only capable of predicting moderate non equilibrium efie¢he flame due to
aerodynamic straining by turbulence. In fact present day miktacgon based model
cannot predict local extinction. Also, the laminar flamelet approattmough
frequently applied to model non premixed flames based on the assumption of
adiabatic combustion, generally leads to a significant overpredicti temperature
especially in the downstream region of the flames where rawlist important(Ma et

al. 2002). Radiation heat transfer must therefore be taken into acsbent the
laminar flamelet modelling is adopted to calculate turbulentdan©n the other
hand, the laminar flamelet model modelling cost is far from beinghibitive
compared to other combustion models, such as the joint PDF method or the

Conditional Moment Closure model described in the earlier literature review.

6.9.3 Soot and radiation

The neglect of radiative heat loss for the biodiesel simulati@wmilts in
overprediction by several hundred Kelvin of the flame temperatutieei downstream
regions. Indeed, it is believed that radiation can be neglected imoefieme since
they are not very luminous but it could be significant in biodidsehds which are

much more luminous.

Since no experimental data is available for soot measuremehisistudy, results
obtained with soot and radiation modelling would be rather speculative and
uncertainties are likely to remain. However if the flame produsigsificant
guantities of soot, then the impact of radiation on soot production neetle t
carefully assessed. Therefore, methods for implementing radiatibsoamt modelling

will be presented here.
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For hydrocarbon flames, the minimum energy loss by radiation is approkirdaté.

Syed (1990) suggested a method, further developed by Young (1993)and Young and
Moss (1995), where a finite set of flamelets, each flamelataming a different
amount of radiative loss, may be generated creating a libfatgmelets. The most
appropriate model for local flame properties may be selectedobyaring the
radiative loss incorporated in each of the flamelets with thd lachative loss —
determined from a balance equation for the enthalpy. If thia sate reported in the

flow field is different from the strain rate obtained in traafelet library, the heat loss

would linearly interpolated between two strain rates.

In order to defined different amount of heat loss, the flamebetse manipulated by
hand. One method could be to modify the temperature distribution accdoodihg
amount of heat loss without changing the species mass fracttbough a relatively
guick method, the relationship between the temperature and the spasgefawtion
might be inconsistent. Fairweather et al. (1992) suggested an adjusiméhe

flamelet temperature in the following manner:

T(Z) =T, (Z){l— a{;a:—iz)T]

where T4(Z) is the adiabatic flamelet temperature and whers an empirical
constant with a value of 0.21 representing the heat loss fractiohebpetcentage of
heat loss is not easily predictable since it is constantipgihg according to the

location in the pressure rig.

Alternatively, a fixed percentage heat loss could be applied to the flarakdatation,

and this allows changing not only the temperature distribution butpdgmes mass
fraction as well, although this procedure is more time consumsig dmce each
individual flamelet must be generated. Finally, the optically ttadiation model
could be used, with the soot concentration altered to change the amdwatt ddss
from the flame. This method also avoids inconsistencies betwe¢entiperature and
species concentration and in addition it takes into account the impasbobf
distribution on energy loss.

224



Chapter 7 Conclusions

CHAPTER 7 — CONCLUSIONS

Validation of the numerical results has been a challengingdiasko the numerous
physical processes involved in spray combustion. A number of modeitfioglties

are introduced, including flow turbulence, spray atomization, evaporation and
combustion. Simulation is further complicated by the fact tHahase models must
work together since they are strongly coupled and consequently él@ach other.

A necessary step in this process is the creation of datetiatabase of models and
properties which can be used to benchmark the numerical simulationsnifigour
sprays in turbulent environments. This thesis describes a benchmealy s
combustion database which can inform future developments, particularly in retation t
bio-fuels which are expected to assume an increasingly importéatin the

environmentally sensitive energy field.

The computational study began with the pilot study of an unconfinedatbpray
flame and was extended to confined ethanol and biodiesel flamess kxXcluded
rapeseed oil simulations, although these formed part of the linkpérieental
programme, since their behaviour when pre-heated must be expected to be close to the

biodiesel simulations given the limited detail presently available on themistry.

A conventional laming6-PDF flamelet model coupled with the Reynolds Stress

turbulence model has been applied throughout this study. To representiltiphase

flow aspect of the spray in a gaseous environment, a Lagrangidel rhased on
Discrete Random Walk was used to account for the effect of gasaged turbulence

on the spray dispersion. The effects of soot production on the gaseowes phas
chemistry were assumed negligible — both oxygenated fuels@eeweakly sooting

than their hydrocarbon counterparts.

The flamelet computations used detailed gaseous ethanol and metnydibeta
reaction mechanisms to describe the ethanol and biodiesel sprag flaspectively.
The methylbutanoate mechanism was used as a surrogate remaettbanism for

biodiesel. Although methylbutanoate does not have the high moleculdntvoéig
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biodiesel fuel, it has the essential (fatty acid) chemidaictire, in the form
RC(=O)OCH.

Comparisons of CFD prediction with experimental data for dropletitg, diameter,
gas phase velocity and temperature have been presented. Gegerllyagreement
was obtained for the droplet characteristics and the gas yelélotvever, serious
discrepancies were encountered for the gas temperature agfdrtheby implication,

the flame structure.

The ethanol simulations showed that the evaporation rate was aretgde The
Ranz-Marshall correlation, which was used to account for the coveesffiects, is
believed to be the main cause of the discrepancy and this issukseassed in detalil
in the Discussion section. The validity of the correlation has beerianex and
more sophisticated evaporation models advocated. In its presenFf/BENT does
not offer the additional flexibility needed. In particular, the usmmnot implement
either the vortex model or the effective conductivity model, whicduld/ better
account for convective effects, since the temperature field inkaleroplets is not
addressed. The overpredicted evaporation rate led, in turn, to an undépreafic
the flame temperature in the vicinity of the spray nozzle, wiherduel is too rich to
burn — unlike the behaviour observed in the experiments. This also desulte
cooled region due to the passage of the spray that was sigiyfieeider than

observed experimentally.

On the outer edges of the spray, a pronounced local peak temnpexppears in the
simulation that has not been observed in the experiments. The détaredstructure
is therefore far from being satisfactorily represented Hey liasic flamelet model.
Changes in the flamelet extinction strain rate have been intrddacexamine their
effect on the flame structure but these seemed merely tofindler exaggerated the
local peak temperature. The steady flamelet technique wouldragipetahed beyond
its limit of validity - resulting in significant errors itemperature prediction in such
highly strained regions. The FLUENT strained flamelet model, hvbystematically
excludes an extinguished flamelet from within its librarytherefore deficient in
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predicting these strongly non equilibrium conditions. Profiles of eidlfy generated

strained flames — close to extinction — did not remedy the poor agreement achieved.

Despite these two serious issues, a number of features of theldtames have been
predicted with some degree of success. The spray centreline radummpewas
accurately captured, although the quality of the CFD predictiohgidy dependent
on the specification of spray initial conditions. These are mostuifto measure,
since the spray is not atomized immediately after exitingsgiray injector, and an
element of trial-and-error is introduced into their speciftzatat locations further

downstream.

A series of experimental simulations has been be carried asséss the effect of the
initial conditions on the spray flame structure and judge the Batysdf FLUENT
models to changes in the initial spray conditions. This paramaidy gielded some
interesting results. For example, it was shown that increasiagSauter mean
diameter beyond a certain value did decrease the combustioerefficas might be
expected, whilst burning very fine droplets might also decreaskdht release under
fuel-rich conditions. This indicates that the simulations can ifyemain optimum
Sauter mean diameter over which combustion efficiency is aréatest. The fine
droplets may evaporate rapidly without burning, and the region in thetyiof the
spray nozzle become too rich, decreasing the flame temperatwever, when the
droplet size is further increased, the droplets will pass througtptimary zone and
travel further, without vaporizing, into a region where a large prigoorf the
droplets will evaporate in a comparatively cold environment, resulting in poargnix
Burning will become less effective, reducing the combustionieffiy and the flame
temperature. Such calculations emphasise the need for a good coseptonbe
found between large and small droplets, which should penetrate deejh émouitpe
primary zone to ensure a sufficient high temperature resideneeis achieved and
burning is completed, but not so deep that a large proportion of unburnesuébr
FLUENT does therefore show some useful sensitivity to the rfoleeoSMD in the
flame structure. On the other hand, it does not appear to be veryvsetsithe
number of size classes adopted, since the results obtained wifld Siae classes are

broadly similar.
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Increasing the spread parameter in the size distribution led toerhiflame
temperatures since higher amounts of fuel vapour were thenagesheleading to
“less lean” conditions and consequently a higher combustion efficiency.

Modifying the spray azimuthal spread had a significant effacthe flame structure.
Narrowing down the spray spread angle from 30 to 20 degrees ¢eadsgher flame
temperature on the centreline in the vicinity of the spray nogde.an azimuthal
spread of 30 degrees, the particle streams at 65 and 70 degreespansible for the
lower temperature on the spray centreline due to the cooling effélté spray. The
PIV measurements showed positive velocities on the spray centvetic were
interpreted as evidence for the presence of fuel droplets, raidnerseed material
from the air, although these are apparently very small shregedre not detected by
the PDPA. Adding droplets smaller than 5 microns to the inipiedysconditions on
the centreline produced simulations exhibiting flame lift off, wath extensive fuel

rich region upstream.

The influence of droplet-droplet interaction was also investigaté sumulations
exhibiting a strong coupling between the number of particle streamgvaporation
rate and the temperature field. Increasing the number of |pastieams lead to a

reduction in the droplet evaporation rate.

In addition to the cases for which experimental data wereadajla number of
simulations were also performed to extend the range of operatingtiooadi
Increasing the air fuel ratio by increasing the veloditwo-fold) substantially
shortened the flame with a significantly lower peak temperakxperimentally, the
increased air velocity would be expected to lead to blow-out extmndiut, as
indicated earlier, flame extinction is not reproduced by a fieinmeodel. Increasing
ambient pressure — whilst maintaining the flow velocities constasnmilarly lead to
a significant shortening of the flame length. The evaporatiten isaalso increased
with a rise in pressure and there is evidence of droplet oollishen the pressure is

raised to 10 bar. At this pressure, due to the strong air flow theedroplets are
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carried away by the swirling air flow towards the coolerlwahd consequently the
combustion efficiency is reduced.

Biodiesel simulations were also carried out at the experimeaaditions and
although, at the lower heights in the flame, the calculations esthdwetter agreement
between predicted temperature and measured values, the comparisamatiedeat
higher heights and the flame temperature was overpredicted in thestdeam
regions of the flame. The quality of the temperature predictias wgenerally
unsatisfactory for biodiesel and including flame radiation in theulsitions would
appear to be imperative since the flames are more clearipdus1 Constraints on
both time and model complexity ensured that soot and radiation modebisigiot
included in this study. This issue has been reviewed in the Discussition and
methods are suggested to incorporate radiative heat loss inriedefls, recognising
that the flamelet scalar dependence would then be three diménSioagaproduction
should also be considered, even though there are no experimental datdate viaé
numerical predictions and many informative studies have been pedfammethane
diffusion flames in which soot/radiation modelling has been neglectdt is
anticipated however that significant improvement can be obtained wherasdot
radiation modelling are included and it appears evident that the tweegses should

not be ignored in bio-diesel combustion simulations.

Specification of initial conditions is critical in estimating the stuetof sprays. It has
been judged preferable to set up the initial conditions rather treg@hamsatomization
model since they are valid only for particular ranges of condigodsnot suitable for
others. This study does illustrate some of the principal setis$iwhen faced with
modifying the droplet size initial distribution in the absence eésured data but also

reveals that such decisions can significantly modify the structure otthe fl

Preheating the fuel and air appears to have a substantidl @ifdee flame structure
since the droplet diameter has been reduced to values wiepogsible to vaporize
it in such a manner that it improves the combustion process whileagirehéhe air
tends to raise the gas temperature by as much as 150 K. Prelath#ingl is not
possible since it is a much more volatile fuel than biodiesel, fureret would
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vaporize quickly and behave more like a premixed flame while piiegeaiodiesel

will help in reducing the droplet diameter considerably.

The experimental data do critically test the capabilitFIGJENT to predict turbulent
reacting spray behaviour and the difficulties encountered areresdticted to
complex fuels like bio-diesel. Challenges such as modifying the eatagoormodel
and coupling it to a more sophisticated combustion model that would account fo
local flame extinction need to be resolved to obtain significaptaorement in the
predictions. It is clear that the default model in FLUENT both ®stenates the
evaporation rate and fails to predict the effects of local dlaxtinction in steadily
burning spray flames of a well-defined alcohol. It is cleat tha success of the
numerical prediction depends on the quality of several different subsnadebt
notably for evaporation and combustion. Unfortunately, in the absenceeariragnt
it is tempting to focus principally on only one model. A compromisedtss to be
established between numerical accuracy and computational expewse tke
computations take generally more than a week to get convergenceorevenlti-

processor clusters.
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APPENDIX A FUEL PROPERTIES
Viscosity

Rix biodiesel

Kinematic viscosity(cSt)
N w AN ol (o)}
| | | | |
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|

O I I I I
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Temperature (K)

Kinematic viscosity of rix biodiesel using Krisnangkura et al. , Tat and Vape@emnd Reid
et al. methods
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Rapeseed oil
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—&— Rapeseed oil viscosity (Nouredini et al., 1992)
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Viscosity vs temperature for rapeseed oll
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Surface tension
Rix biodiesel
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Predicted surface tension of rix biodiesel vs. temperature
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APPENDIX B EXPERIMENTAL DATA

THERMOCOUPLE

support wire ¢0,5
THERMOCOUPLE WIRE ¢50micron

BEAD SIZE 100 micron r 130 ~—-]
T

19
gl
be body

pro

/ o i
#3

ceramic tube 2.5

dimensions in mm

Schematic diagram of the bare fine wire thermocouple mounting arrang@raokes, 1996)
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PDPA

Transmitter

Helium Neon

Spray

Honeycomb

I X Receiver
-

N
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to DSA
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Photo Diode -

Fig.5 Schematic of the spray rig along with the PDPA and extinction optical layout
Schematic of the spray rig along with the PDPA (Zhu et al. 1993)
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Pressure Rig Description
The burner, enclosed within a stainless chamber of 145 mm inteana¢t@dr to provide isolation

from the environment, consists of a set of radial inflow swigersounding a hollow liquid fuel
injector with a cylindrical body placed coaxially in a cylinaticluct. The pressure rig is mounted
on a movable platform, which allows the fixed measurement equipnueated on either side of
the rig to traverse the flame.

Air was delivered to the flame through an industrial blower. dindlows through an air heater
before the air was passed around the central column which geharsignificant perturbation to
the flow such that the air velocity profile was far from umioA flow straightening system made
of perforated stainless steel baffles was developed to tdhiscproblem, thus giving a more
homogeneous inlet velocity profile. The air was exiting througlstider, entering the pressure
rig. The swirler consists of eleven vanes at an angle of 43°, creatiggfs with a total open area
of approximately 95mf The air is swirled to enhance the mixing of fuel and air ardtera

recirculation zone to stabilise the flame and reaction zone.

Burner

The injector, a commercial Delavan pressure swirl atommecting the liquid fuel into a swirling
air flow, is designed to achieve proper atomization of the liquid fo&sfine droplets in order to

increase the burning surface area and consequently the combustimneyfi It is located at the
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tip of the swirl generator. The fuel injector provides a solid comerwused in non burning and a
hollow cone when used in burning conditions. In fact it is believed hieagrhall droplets located

on the inner edge of the spray disappear quickly as a resulajpbrtion, defining the conditions
for a hollow cone spray. The nozzle diameter is 0.21 mm and thg lsgsaa nominal half spray

angle of around 45 °. The fuel is delivered through a pipe which is ndaied and is exposed to
the heated air so the fuel temperature is partly dependent om temperature, although they can
be independently heated. Care has to be taken to ensure thabam deposit blocks the atomizer
as it will significantly alter the drop size distribution and thedocity profiles, so the injector

nozzle must be cleaned up regularly.

PERFORATED
PLATES

SURROUND AIR

Air flow straightening system (Young, 1993)

The pressure rig possesses a planar transparent circular wirsdbw of only 75 mm diameter
illustrated figure 5.6, which allows optical access of the imtef the combustor up to height of
60 mm from the fuel nozzle, allowing to control the operating conditaoms ensuring that an

optimum flame stability is obtained, and also permits make afftital traverse of the flame to
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make the experimental measurements such as PIV and PDPA.KAisg@nerated to ignite the

flame. The flame stability is crucial and will be a definarderion for the experimental boundary

conditions.

- = ; -

Quartz window for optical access to the flame

The flame at elevated pressure is expected to be of muokr Isime compared to flames
encountered at atmospheric condition based on the operating conditions tisisdstady and
should be also more stable, therefore the operating conditions at 1bat badaking the most
volumetric space. The combustion products were then exhausted into athatsti on top of the
combustion chamber through an exhaust pipe as shown in the detailg@uigfigure 5.7 Further

details on the design of the high pressure experimental rig are givescheiH1996).
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‘\EXhaust system
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Rig assembly
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Open ethanol droplet number density and volume flux

Number density (/cc)

Volume flux (cc/s/cm”2)
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0 - k ‘
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“Open” ethanol droplet volume flux at different axial locations
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Biodiesel Gas velocity

30 - 30 4
25 4 -I-10m:m
20 mm
201 =30 mm 0
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%
Radial position (mm)
Radial position (mm)
Axial velocity profile at 1 atm Axial velocity profile at 2 atm
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% 154
"_E 10 -
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54
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Axial Distance (mm)

Axial velocity profile at 3 atm

Frame 001 | 24 Nov2005 | C:Experiments7050905BP211105_data_analysisAnalysis211105_hio2 har000001.T000.D0
211105_bio2barAvg.

PIV image of the velocity magnitude at PIV image of the velocity magnitude at
atm atm
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Frame 001 | 22 Now2005 | C:Experiments7050905BP211105_data_analysisAnalysis211105_bio3bar000001.T000.00!

211105_bio3barAvg.

¥ mm

.

‘
.
®
.

PIV image of the velocity magnitude at IV image of the velocity magnitude at 1
atm atm
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APPENDIX C TURBULENCE MODELS

Turbulent reacting flow

Turbulent reacting flows are often complicated by complex ge@msetmultiphase flow, spray

evaporation and combustion, as well as radiation and soot modelling.

In flows involving turbulent combustion, all the processes are strdimilgd, in such a manner
that turbulence influences the mean rates of chemical reactidvig, thve heat release due to
combustion alters the turbulence level (Libby & Williams, 1994). Singplifying assumption of
constant gas densities exploited in most aerodynamic studies ieatigtic for reacting flows
since the heat release will generate large temperatadéegts, even if the Mach number remains

small.

For all flows, and in common with all RANS codes, FLUENT solvasservation equations for
mass and momentum, and in the case of turbulent reacting flow, idrmere heat transfer,
combustion and turbulence are involved, the following additional equations are solved:

- energy conservation including balances at phase boundaries and walls

- transport equations for turbulence properties

- balance equations for scalar composition variables — notably mixaoggoh mean and

variance.
The mass and momentum conservation equations are briefly preserdgedhile the turbulent
transport equations and the species conservation equations for theemoxegdr approach are
described in a little more detail in subsequent sections.

The mass and momentum conservation equations are respectively written irothiméothanner:

Jdp 0
_ :O
ot ox
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9 i +ipukui =-——+F +irik+pg
ot 0X, 0X, 0X,

p is the static pressurpg and Frespectively represent the gravitational body force and ekterna
body forces (e.g., that arise from interaction with the dispgreede). ti is the viscous stress

tensor given by:

- 0u;
j i k

Li=i
9 :{ I. J.
O:i#j

Wheregj is the Kronecker delta, is the molecular viscosity. T

The following two equations of state link density, species mass fraction antpgntha

The equation of state for density assumes ideal gas behaviour:

p

= N—Y
T2 w,

Where R is the universal gas constant, 82.06 % Kiokg.mol.K, where MW is the mixture

0

molecular weight and MWis the molecular weight of species k.
It is estimated that for turbulent flows the following caloriéquation of state can be written as

follows with sufficient accuracy:

:
h = IT,ef C,dT+AH

With the total enthalpy defined as:

h=>"Yh

The form of the energy equation is as follows:
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op 0 | u oh
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'Oh axk A ot 0x, [Prdxj =

h is the mixture enthalpy per unit mass and the mixture Pramaftiber Pr is taken into
consideration. Under the assumption that the Lewis number (Lehe &nergy equation takes the

standard convective diffusive form.

Favre and Reynolds Averaging

In engineering applications, interest is mainly centred on ithe mean value of any given
variable and much less direct attention is paid to its fluctygiart. In Reynolds averaging, the
solution variables in the instantaneous (exact) Navier-Stokes equat®mecomposed into the
mean (ensemble-averaged or time-averaged) and fluctuating compoRentsny variable

components:
=p+g
with Zarepresenting the mean value of the quantitygdnts fluctuating part.

The Favre averaged scalar is written as

5=~
P
Where ,Bdenotes the Reynolds averaged density, and the instantaneous valdesndrdy

summing average and fluctuations:
=p+g'

Favre, or mass averaging is now considered to provide the mostn@mtveray of obtaining
equations in all turbulent flow with significant density fluctuatiemeountered in reacting flows.
In combusting flows, the decomposition of density into mean and fluoguedimponent will lead
to a considerable increase in the modelling complexity but Favraging, except for the density

and pressure, will lead to a simplification of the physical pregation of each term {Libby &
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Williams 1994 #4360}. For situations in which the fluid has variable ierssich as in
combustion or high Mach number flows, further correlations with theufidicty component of
density arise. In this case Favre averaging is moreatdsisince the inclusion of density in the
mean form of the variable leads to a reduction in the number of awrelterms over

conventional Reynolds averaging.

Turbulence models have been developed in order to close the systeumbons. The equations
can be written in two general forms, first and second order cloShesorder determines at which
stage modelling assumptions are introduced to make the equationsnaiathlty determinant.
Although higher closure order would be possible, they do not exist and &tigeohterest for
engineering purposes. An increase of the closure order would meanrease in the Reynolds
stress terms and this would become rapidly impractical. Tdst midely used turbulence models

are those which contain first order closure.

The k-€ model

The two-equation turbulence model is based on theriedel described by Launder (Launder,

1972). In this approach, the turbulent eddy viscosity is modelled using the equation
v, =C,l k”

Where G is a function of the local axial velocity gradient in axisynmeeflows, with a basic
value of 0.09 andIbeing the length scale. A differential transport equation has lesd for the

dissipation rate:
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where the constant.Gas been absorbed intq.C

For an axisymmetric jet flow, the&kturbulence model involves the equations:

ok ok _ 1 (rpv; ok ou)’
A—N——=— —————— |+ pU;| — | —pPE

ox or ror\ Pr. or or

0s 0c 10 (rpv, d¢ UTS(GUT PE°

=T, 5| = | -Ce
Mox Por rw(PgaJ ok Lor * k

These equations form the foundation of therkeodel. For results presented here, the five constant

are given the following values:

Cp. Czl C£2 Prk Pra

0.09 1.45 1.956 1.0 1.3

The model constants,C.1 and G, values were originally given by Jones and Launder (1972). A
further correction to the “constant” ,@as been developed by Rodi {Launder, Reece, et al. 1975
#5150 /d}for weak shear flows, i.e., flows in which the rate of turbulems¥gy production is
appreciably less than the dissipation rate. In such circumstaheesalue of Cincreases, and
Rodi has provided a correlation for the variation inw@th the average value of the ratio of

turbulence energy production to dissipation at any cross section.

Different authors (Morse, 1977, McGuirk and Rodi 1977, Launder et al. 1972), however
proposed simpler empirical modifications to the existing equatidnshwalthough restricting the

generality of the model, have proven useful and accurate.

Liew (1983) and Syed (1990) found the correction proposed by Morse 1®&7aicurate in the

case of free, round jets. This takes the form of a modification to the congtant C

~13
Cﬂ:14—3{hgg}
£ dx

cl
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The subscript cl refers to centreline values and the effebedxpressions is to increase the value
of C;; and hence dissipation rate in regions of rapidly decaying centreline veldugyexpression
was used in all calculations of the unconfined ethylene jet exgportthis study where it proved to
be the best. For all calculation of the confined kerosene jets, howsyeqgrrection by Rodi 1972

was used in preference:

u dx
C, = 009- 004{5d }
u dx

Wheres is the half width of the jet — the radius at which the velocity thepped to half its

centreline value. The reason for this was due to instabilitigfeeiconfined jet calculation resulting

C,,=192- 0067{éd—}

from larger pressure correction with the geometry — due tgtbsence of the wall boundary.
Although the corrections were small, so also was the initegg size. The resulting velocity
gradient taken to the third power in the expression of Morse s@reetimes large enough to
perturb the calculation significantly. The modification proposed by Rd@#2) was less sensitive

to this initial instability since the exponent of the velocity was only 0.2

RSM model

The approach used for the RSM, is to solve transport equation@dbraf the terms in the
Reynolds stress tensor. An additional scale-determining equationglhofar €) is also required.
This means that five additional transport equations are required flo@B and seven additional

transport equations must be solved in 3D.

The governing equations for the reacting two-phase flow are presented.

of —\) 0 — 0 - - - 0 0 [—
3 uiuj)+acajkuluj) X, [/OU uk+p(51<jui+5ikuk)]+a|::uauiuj):|

ot ]

a2 ) pplg ) d 22| o M oo (e, ue )
10 k an kan 10 gi j p an aX Iuan an j m |km i~ 'm® jkm
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The first, fourth, fifth and sixth term on the right hand side of theaton need to be modelled in

order to close the equation while the others do not require any modelling.
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APPENDIX D BOILING LAW

The CFD code Fluent follows the. In Fluent, the droplet boiling equaticalied Law 3, applied
as follow.

Ad) . %5 {4 023 /Re; i 1 Goolly T
d¢ pc,,d hey

After integration the equation gives:

1~p.g fg

d? =d? —{(1+ 02 Red) %, In(1+—c"'g(:;g _T'))}t

euli-r)

8k
with {(1+ 02 Red) 4 In@+-—22

1~p.g fg
defining’ as the form of the’daw which has been previously defineddi= dZ - At.

The droplet lifetime in Fluent is therefore expressed as follows:

_ pdo
8(L+ 023/Re, )(k/c,), In(L+ B)

e
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APPENDIX E ETHANOL THERMODYNAMIC DATA FOR
SELECTED SPECIES

Species  AH{298 K) S(298 K) C,(300 K) C,(400 K) C,(500 K) C,(600K) C,(800 K) C,(1000 K) C,(2500 K)

HO, 3.50 54.77® 8.40® 8.92 9.42 9.90 10.72 11.34 12.09
CH,® 93.50 46.71 8.19 8.57 8.93 9.28 0.93 10.52 11.75
CH,(s)® 102.50 45.10 7.91 8.33 8.72 9.11 0.83 10.49 11.86
CH,0H —2.10©9  58.87®  11.32® 12.94 14.38 15.62 17.54 18.79 20.95
C,H@ 135.0 4055 8.90 9.63 10.22 10.72 11.54 12.18 13.31
CH,® 70.40 55.50 0.88 11.37 12.82 14.20 16.70 18.74 21.83
C,H;® 28.73 59.02 11.85 14.44 16.81 18.98 22.70 25.64 30.20
HCOH® 23.33 5542 0.83 12.88 15.17 16.85 18.89 19.84 20.65
HCOOH® —90.47 59.47 10.95 13.04 14.96 16.68 19.44 21.37 23.47
CH,HCO® 6.00 64.00 13.18 15.15 16.96 18.60 21.30 23.34 26.35
CHOCHO® —50.60 68.16 14.90 17.51 19.69 21.48 2415 25.89 28.10
HOC,H,0,® —38.60 84.71 21.34 24.77 27.71 30.25 34.42 37.74 43.67
IC H,® 21.51 68.88 16.90 20.76 2451 27.81 33.39 37.73 44.35
NC,;H;® 24.05 69.16 17.18 21.71 25.54 28.81 34.00 37.91 44.36
38.64 64.73 16.07 19.55 22,72 25.53 20.99 32.89 37.43

64.75 68.74 15.54 18.56 21.44 24.12 28.65 31.68 36.13

3H; 61.09 69.24 15.45 18.38 21.21 23.89 28.50 31.61 36.09
CH,CHCH,0® 22,40 69.59 17.12 21.25 24.75 27.73 32.39 36.44 41.11
CH,CHCHO®  —16.05 67.40 16.37 20.06 23.20 25.86 20.99 32.94 37.18
CH,CHCO® 14.85 68.08 15.24 18.46 21.15 23.38 26.79 29.15 32.51
CH;CHCO® —20.06 67.75 17.63 20.72 23.39 25.71 2042 32.19 36.43
PC,H,@ 4577 58.89 14.52 17.06 19.40 21.54 25.16 27.90 31.79
ACH@ 47.63 57.94 14.25 16.97 19.46 21.71 25.45 28.20 32.06
H,CCCH®@ 83.04 61.48 15.84 17.74 19.48 21.01 2343 25.01 27.55
C,H,® 129.6 64.81 14.93 16.10 16.91 17.55 18.72 19.74 21.22
C,H:0H® —56.15 67.05 15.67 19.31 22.84 25.96 30.59 34.15 39.53
C,H.OH® —8.20 68.19 15.48 18.84 21.70 24.11 27.87 30.58 34.73
CH,CHOH® —10.30 62.69 14.64 17.64 20.37 22.84 26.98 30.13 34.72
CH,CH,0® —4.10 62.21 14.08 17.72 20.85 23.53 27.75 30.80 35.32

Thermodynamic properties for selected species {Marinov 1999 #1700}

Units: kcal/mol forAHs, cal/mol/K for S and Cp
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APPENDIX F ETHANOL TRANSPORT DATA

'Marinov, N. M "A Detailed Chemi cal Kinetic Mddel for H gh Tenperature Ethano
Oxi dati on”

'I'nt. J. Chem Kinet. 31:183-220 (1999);

!'Lawrence Livernore National Laboratory, Livernore, CA

' UCRL- JC- 131657

! UCRL- WEB- 204236

I'Revi ew and rel ease date: May 19, 2004.

! Date: Mon, 26 Apr 1999 15:25:31 -0700 (PDT)

'From "Nick M Marinov" <marinov@west.!|Inl.gov>
!

ar 0 136. 500 3.330 0. 000 0. 000 0. 000

as 0 1045.500 4.580 0. 000 0. 000 0.000 ! nec
ash 1 199. 300 4.215 0. 000 0. 000 1.000 ! nec
ash2 2 229.600 4.180 0. 000 0. 000 1.000 ! nec
C 0 71. 400 3.298 0. 000 0. 000 0.000 ! *
c2 1 97.530 3.621 0. 000 1.760 4.000

c2o0 1 232.400 3.828 0. 000 0. 000 1.000 ! *
cn2 1 232.400 3.828 0. 000 0. 000 1.000 ! ois
c2h 1  265.300 3.721 0. 000 0. 000 2.500 ! nmm
c2h2 1 265.300 3.721 0. 000 0. 000 2.500 ! nmm
c2h2oh 2 224.700 4.162 0. 000 0. 000 1.000 ! *
c2h3 2  265.300 3.721 0. 000 0. 000 1.000 ! nmm
c2h4 2  238.400 3. 496 0. 000 0. 000 1.500 ! nmm
c2h5 2 247.500 4. 350 0. 000 0. 000 1.500 ! nmm
c2h50h 2  470.600 4.410 0. 000 0. 000 1.500 ! nmm
ch3ch2o 2  470.600 4.410 0. 000 0. 000 1.500 ! nmm
c2h4oh 2  470.600 4.410 0. 000 0. 000 1. 500
hoc2h402 2 470.600 4.410 0. 000 0. 000 1.500 !'7/01 sane
as c2h5oh, wjp

ch3choh 2 470.600 4.410 0. 000 0. 000 1. 500

c2h6 2 247.500 4. 350 0. 000 0. 000 1.500 ! nmm
c2n 1 232.400 3.828 0. 000 0. 000 1.000 ! ois
c2n2 1  349.000 4. 361 0. 000 0. 000 1.000 ! ois
c3 1 232.400 3.828 0. 000 0. 000 1. 000

c3h 1 232.400 3.828 0. 000 0. 000 1. 000

c3h2 2 209.000 4.100 0. 000 0. 000 1.000 ! *
c3h2(s) 2 209.000 4.100 0. 000 0. 000 1.000 ! *
c3h3 1 324.800 4. 290 0. 000 0. 000 1.000 ! nmm
c4h3 1 357.000 4.720 0. 000 0. 000 1.000 ! nmm
ch2chcho 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
chchcho 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
hcccho 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
hccco 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
h2cchco 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
ch3chco 2 443.200 4.120 0. 000 0. 000 1.000 ! nmm
ch2chco 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
c2h3co 2  443.200 4.120 0. 000 0. 000 1.000 ! nmm
c2h5cho 2 424.600 4.820 0. 000 0. 000 1.000 ! nmm
ch2ch2cho 2  424.600 4. 820 0. 000 0. 000 1.000 ! nmm
ch2chch2o 2 424.600 4.820 0. 000 0. 000 1. 000
c2h5co 2 424.600 4.820 0. 000 0. 000 1.000 ! nmm
ch3coch3 2 435.500 4. 860 0. 000 0. 000 1.000 ! nmm
ch3coch2 2  435.500 4. 860 0. 000 0. 000 1.000 ! nmm
ac3h4 1 324.800 4.290 0. 000 0. 000 1.000 ! nmm
pc3h4 1 324.800 4.290 0. 000 0. 000 1.000 ! nmm
c3h4c 2 324.800 4.290 0. 000 0. 000 1.000 ! nmm
c3h6 2 307.800 4.140 0. 000 0. 000 1.000 ! nmm
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000
000
500
300
300
300
300
300
300
300
300
500
500
500
500
500
300
300
300
400
400
400
100
100
600
600
600
600
600
600
600
600
600
600
600
600
600
300
300
000
000
600
200
200
200
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. 200
. 349
. 349
. 349
. 349
. 349
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 500
. 230
. 510
. 510
. 510
. 510
. 510
. 510
. 510
. 510
. 230
. 230
. 230
. 230
. 230
. 680
. 680
. 680
. 530
. 530
. 530
. 640
. 640
. 182
. 182
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 510
. 510
. 170
. 170
. 960
. 000
. 000
. 000
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. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 430
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 130
. 000
. 000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
. 000
0.30
000
000
000
000
000
. 000
2.30
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
. 000
15. 00
0. 000
0. 000

0000000000000 000000000L 0000000000000 00000000000000000000

e el el o o ol ol el e el el el et el ol el e o el el ol e et el ol ol ol ol e o e e

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

nmm
j am
jam

j am

nmm
jam

nnmm
nmm
nmm

nmm
nmm

nnm
nnm
nnmm
nnmm

nnm
nnmm
nnmm
nnmm
nnm
nnm
nnmm

nmm

nnm
nnmm
nnmm
nnmm

nnm
nnmm



c6h5c2h
c6h5c2
c6h4c2h3
c6h4c2h
c10h7c2h5
c10h7c2h3
c1l0h7cch2
c1l0h7cch
c1l0h6cch
c10h6c2h3
c6h5cco
c2hc6h4c2h
c1l0h7
c1l0h70
c10h8
c10h9
c10h10
adhful v
adhf | vyl
bnzof ul v
cpep

cpcpd
bcpll
bcpl2
bcp22
cpcpyl 11
cpcpyl 12
di ful vene
c10h7ch2
cl1l0h7o0h
c10h7ch3
cl11h8
clih7
flrnthn
naphbenz
ant hracn
ch3i ndene
ch3i ndenyl
c9h7ch3
c9h6¢ch3
c9h60o

i ndench3

i ndench2
ch3phnt hrn
phnt hrol -1
phnt hrol -9
phnt hr oxy-1
phnt hr oxy-9
phnt hrn
bz(a)ndene
bz(a)ndnyl
bnzof ul v
bzondcrb
c14h10
naphf ul v
phnt hryl -1
phnt hryl -9
pyrene

di ndnyl
chrysene
cyp(cd) pyrene

NNNNPNONNNPNONNDNNNNNNNNNNDNNNNNNNNNNNNDNNONNNNNNNNNNNNNNNNNNNNNPNDNNNNNNNNNDNDNDN

534.
534.
546.
534.
695.
689.
689.
689.
689.
687.
588.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
630.
660.
663.
660.
660.
660.
812.
812.
772.
625.
625.
625.
625.
625.
625.
625.
783.
783.
783.
783.
783.
772.
772.
772.
772.
772.
772.
772.
772.
772.
834.
834.
834.
862.

300
300
200
300
000
800
800
800
800
200
200
400
400
400
400
400
400
40

40

40

400

N
o
o

g1 O

QOWUOWUOWOOOODODODO0ODODODVWOVWOVWOWWOWOOOOOOOOWWOoOOoOOoOPrMOorrArArAbMDd

. 710
. 710
. 000
. 710
. 530
. 500
. 500
. 500
. 500
. 490
. 940
. 180
. 180
. 180
. 180
. 180
. 180
. 180
. 180

18

. 180
. 180

18
18
18
18
18
18

. 350
. 362
. 350
. 350
. 350
. 170
. 170
. 960
. 150
. 150
. 150
. 150
. 150
. 150
. 150
. 995
. 995
. 995
. 995
. 995
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 960
. 240
. 240
. 240
. 382
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. 770
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

[cNeoNoNoNoNe)

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

000
000
000
000
000
000
000
000
000
000
000
000
000
. 000
6. 50
000
000
000
000
000
000
000

cNeoNoNoNoNe)

000
000
000
000
000
. 000
5. 40
000
000
000
000
000
000
000
000
000
000
000
000
38. 80
0. 000
0. 000
0. 000
0. 000
0. 000
0. 000
38. 80
38. 80
0. 000
0. 000
0. 000
0. 000

O 0000000000 ONO0000000000000000000LR00000000000000

PRPRREREEREEREREPRERERERRRRRRRERERE

PRRERERERPPREERRERRRRRRRERRRRRRPRPRERERRERRERRRRR

PRRPPRPR

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

. 000
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000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

nnmm
nnmm
nnm
nnm

nnm
nnm
nnmm
nnmm
nnmm

nmm

nnmm

nmm

nnmm

nmm



hc4- p(def) pt hn
hc4- p(def) pt hyl
ch3- 4hc15h9
pyrenyl
dhpyr ene
benzoap
bz(a)phnthrn
bz(ghi)fln
bi phenyl
cypdr benz
obphnyl
phoph
phohph
cpent acd
acenpht hl n
acenpht hyl
i ndene

i ndenyl

i ndylin
ch3ndene
ch3ndnyl
ch3flrne
ch3flrnl

fl uorene
fluoryl
ch2flrne
bnzcpd
bnzcpdyl

bi benzyl
stil bene
stilbnrd
ant hracn
dhant hrn
obzyl t ol
obzyltlr
dmdp
dndprd

ch

ch2

sch2
ch2(s)
ch2cychch
ch2chcch
ch2chcch?2
ch3ccch2
ch3chcch2
ch2ch2cch
ch2chch2
ac3h5
ch2chchch
chchchch
cyc4h6
cyc3h3ch3
ch2chchch2
ch2co
hcooh

ch2o

hcoh

h2co

ch2oh
ch2hco

NNNNPNNNPNONNNNNNNNNNNNNERPERPERPENNNNNNDNNNNNNNNNNNNNNNNNNNNNNDNNNNNNNNNDNDNDN

834.
834.
834.
834.
834.
832.
832.
832.
676.
676.
676.
676.
676.
832.
695.
695.
588.
588.
588.
588.
588.
712.
712.
712.
712.
712.
783.
783.
783.
772.
772.
772.
772.
772.
772.
712.
712.

80.
144.
144.
144.
373.
373.
373.
357.
357.
373.
316.
316.
357.
357.
357.
357.
357.
436.
436.
498.
498.
498.
417.
436.

OO0 NMMOGIOIOIOIOIOIOIO10O©OOOO
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000
000
000
000
700
700
700
100
100
700
000
000
100
100
100
100
100
000
000
000
000
000
000
000

WWWWWwwwhrh,r,rhr,rhbhr,PA,D,E,EE,PRERRDPWOWWWNOOOOOOOOOOOOOOOOOOOOOUTUNOUIUITUIOOOONOOOOOOONNNNNNNAN

. 240
. 240
. 240
. 240
. 240
. 550
. 550
. 550
. 310
. 310
. 310
. 310
. 310
. 550
. 760
. 760
. 960
. 960
. 960
. 960
. 960
. 890
. 890
. 890
. 890
. 890
. 640
. 640
. 640
. 960
. 960
. 960
. 960
. 960
. 960
. 890
. 890
. 750
. 800
. 800
. 800
. 790
. 790
. 790
. 720
. 720
. 790
. 220
. 220
. 720
. 720
. 720
. 720
. 720
. 970
. 970
. 590
. 590
. 590
. 690
. 970
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. 000
. 000
. 000
. 000
. 000
. 400
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 650
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 700
. 000

SO000000000000000000000000000000000000000000000000000000000000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

MNNNEDMNOYNRERERERRPRRRERRPRPPRPRPOOOCORRRRRRERRPRRRERRPRRERERRPRRRERRPRRERERRRRERRERRPRRRRER

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

nmm

nnmm

nnmm

nnmm
nnm

nnm
nnmm

nnm
nnmm
nnmm
nnmm

nmm
nmm

nnmm
nnm
nnmm
nnmm

nmm



chocho
choco
ch3
ch3cc
ch3chcch
ch3ccch2
ch3ccch3
ch3cch2
sc3hb5
ch3chch
pc3h5
ch3ch2cch
ch3hco
ch3co
ch3o
ch3oh
ch4

ch4o

cn

cnc

cnn

co

co2

f

f2

h

gah
h2c4o

h2

h2ccc
h2ccc(s)
h2ccch
h2cccch
h2cccch2
h2ccccch
h2cn
h2no

h2o

h202

h2s
hc2n2
hcchecch
hcco
hccoh
hccchech
hcn

hco

hco+

he

hf

hf O

hf 1

hf 2

hf 3

hf 4

hf 5

hf 6

hf 7

hf 8

hcno
hocn

NNRFRPRPRPPRPPRPRPPRPPRPPPRPORPNENNNNENNNNEPERENNNNNENRPORPORPRRERPRPEENNNNNNNNNNNNNNNENDN

440.
440.
144.
252.
373.
357.
357.
316.
316.
316.
316.
357.
436.
436.
417.
481.
141.
417.

75.
232.
232.

98.
244,

80.
125.
145.
335.
357.

38.
265.
265.
252.
357.
357.
408.
569.
116.
572.
107.
301.
349.
357.
150.
436.
408.
569.
498.
498.

10.
330.
352.
352.
352.
352.
352.
352.
352.
352.
352.
232.
232.

200
200
000
000
700
100
100
000
000
000
000
100
000
000
000
800
400
000
000
400
400
100
000
000
700
000
500
000
000
300
300
000
100
100
000
000
700
400
400
000
000
100
000
000
000
000
000
000
200
000
000
000
000
000
000
000
000
000
000
400
400

WWNRNPNPNNNPNDNNNNONOWOWWOAOWNRERWWONWWOAODRBRERRWWNOBRNWNWWWWWWWWWWWRARRAERADMDEDIMMDDWEAD

. 010
. 010
. 800
. 760
. 790
. 720
. 720
. 220
. 220
. 220
. 220
. 720
. 970
. 970
. 690
. 626
. 746
. 690
. 856
. 828
. 828
. 650
. 763
. 750
. 301
. 050
. 240
. 180
. 920
. 721
. 721
. 760
. 720
. 720
. 200
. 630
. 492
. 605
. 458
. 600
. 361
. 720
. 500
. 970
. 200
. 630
. 590
. 590
. 576
. 148
. 490
. 490
. 490
. 490
. 490
. 490
. 490
. 490
. 490
. 828
. 828
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. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 700
. 000
. 000
. 700
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 844
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 920
. 730
. 730
. 730
. 730
. 730
. 730
. 730
. 730
. 730
. 000
. 000

SO0000000000ONDOCOOO00O0C0000000000000000EOoONEOO00O0ONDOOCCDOCOo0D00000o

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
600
000
000
000
000
950
650
000
600
000
000
000
790
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
460
000
000
000
000
000
000
000
000
000
000
000

PR OoOoORRENRERRERRRPOAMRERRPRPRPRERERPPORPRPOWONRERRPRENORNNNRERRRRRERRRONDN

000 !
000 !
000
000 !
000 !
000 !
000 !
000 !
000
000 !
000
000 !
000
000
000
000 !
000
000
000 !
000 !
000 !
800
100
000
800
000
000 !
000 !
000
000
000
000
000
000
000
000
000
000
800
000
000
000
000
000
000 !
000 !
000
000
000 !
000 !
000
000
000
000
000
000
000
000
000
000 !
000 !

nnmm
nnmm

jam
nmm
nmm

nnmm
nnm

nnmm

nnmm

sve

oi s
oi s
oi s

os/jm
j am

oi s
oi s
nnm

nnm
oi s

sv/ mec

j am
j am



hnco
hnno
hno
hnoh
ho2
hso?2
n

n2
n2h2
n2h3
n2h4
n2o
ncn
nco
nh
nh2
nh3
nnh
no
ncno
no2

0

02

03

oh

S

s2

sh

o]
so2
so3
si h4
si h3
si h2
sih

S

si 2h6
si 2h5
si 2h4
si 2h3
si 2h2
si 2
si 3
sif3
si f3nh2
sif4
si hf3
h2si si h2
h3si si h
si 3h8
ash3
as?2
ganme3
ganme?2
gane
ga

k

koh
ko2
kh

k+

OFRPDNNOONDNNENNNDNDNNNNNENNNNNOERNNNNNRERPRPRPRPORPNERPONNENNNERPREPENNNEREONNNDNDNDN

232.
232.
116.
116.
107.
252.
71.
97.
71.
200.
205.
232.
232.
232.
80.
80.
481.
71.
97.
232.
200.
80.
107.
180.
80.
847.
847.
847.
301.
252.
378.
207.
170.
133.
95.
3036.
301.
306.
312.
318.
323.
3036.
3036.
309.
231.
171.
180.
312.
312.
331.
259.

400
400
700
700
400
000
400
530
400
000
000
400
400
400
000
000
000
400
530
400
000
000
400
000
000
000
000
000
000
000
400

O, WO

ONOOW

ONNOOOOWOWOOo

1045.5

378.
675.
972.
2961.
850.
1213.
1213.
93.
850.

2
8
7
8

3

. 828
. 828
. 492
. 492
. 458
. 290
. 298
.621
. 798
. 900
. 230
. 828
. 828
. 828
. 650
. 650
. 920
. 798
.621
. 828
. 500
. 750
. 458
. 100
. 750
. 839
. 900
. 900
. 993
. 290
. 175
. 084
. 943
. 803
. 662
. 910
. 828
. 717
. 601
. 494
. 383
. 280
. 550
. 359
. 975
. 880
. 681
. 601
. 601
. 562
. 145
. 510

52
22
92
62
25
52
69

. 542

25
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. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 470
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

SO000O000000000000000000000000000000000R000R0O0ON0O0O00OEROOREDOO0C0DOC

000
000
000
000
000
000
000
760
000
000
260
000
000
000
000
260
000
000
760
000
000
000
600
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
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000
000
000
000
000
000
000
000
000
000
500
000
000
000
000
000
000
000
000
000
000
000
800
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

oi s
oi s



kel
cl

cl -
hcl
ko

PPRPOOFRO

850.
1989.
130.
130.
344.
383.

O N oo

425.

4.186
3.613
3.613
3. 339
3.812
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. 000
. 000
. 000
. 000
. 084
. 000

coocooo

000
000
000
000
000
000

PRREEEe

000
000
000
000
000
000

si ngh
si ngh
si ngh
si ngh
si ngh
si ngh



APPENDIX G

t c3h6oh
ac3h4coc2h5
c3h4coch3
ac3h5chcho
ac3h5chcoch3
ac3h5cho
ac3h5co
baoj

baoj 2*o
baoj 2d

c2h

c2h2

c2h3
c2h3chcho
c2h3cho
c2h3co
c2h3coch3
c2h301, 2
c2h4
c2h4o01, 2
c2h4o02h
c2h4oh

c2h5
c2h5chco

0. 000! FLANEMASTER
c2h5cho
c2h5co
c2h5coc2h3
c2h5coc2h4p
I FLAMEMASTER
c2h5coc2h4s
| FLAMEMASTER
c2h5coc2h5
c2h5coch2
I'c2h5coch3
c2h5coch3
c2h5coco
c2h50
c2h502
c2h502h
c2h50h

c2h6

c3h2

c3h3

c3h4-a
c3h4-p
c3h5-a
c3h50
c3h50h
c3h5-s
c3h5-t

c3h6
c3h6cho-1
c3h6cho- 2
c3h6cho- 3

NRONRONRNNRONNNNONNNRREINGGOONYNY NN R
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METHYLBUTANOATE TRANSPORT DATA

487. 900
527. 994
482. 331
435. 2
527.994
464. 2
464. 2
357.0
357.0
357.0
265. 300
265. 300
265. 300
464. 2
428. 8
443. 200
454. 0
436. 000
238. 400
387.3
470. 600
470. 600
247.500
436. 950

435. 2
424. 600
476. 7
489. 084

489. 084

476. 7
454. 0

454.0

395.0

470. 600
470. 600
470. 600
470. 600
247.500
209. 000
324. 800
324. 800
324. 800
316. 000
411. 000
481. 5

316. 000
316. 000
307. 800
464. 2

464. 2

464. 2

oot or s~ oo

. 820
. 587
. 306
. 662
. 587
. 009
. 009
. 176

5.176
5.176

ORrEARADMOCWAODMDMNOWWW

aobs b

a1

QoD DIMDMAAEDIMDIMIAIMDIMDIAO

. 721
. 721
. 721
. 009
. 958
. 120
. 413
. 970
. 496
. 349
. 410
. 410
. 350
. 016

. 662
. 820
. 714
. 348

5. 348

5.714
. 413

. 413
. 037
. 410
. 410
. 410
. 410
. 350
. 100
. 290
. 290
. 290
. 220
. 820
. 997
. 220
. 220
. 140
. 009
. 009
. 009

284

w

coocoroowonmNvoooPPonvNvonvooo

oNvON

NN OO O OO0 0000000 oW

. 000
. 000
. 000

. 000

. 000
. 000

. 000
. 000
. 000
. 000
. 000

. 000

0. 000

e

©Ooooo000o0o000000”? 00000000

A -

e e R e s A e e e e e e e

000
000
000

000
000
000
000

000
000
000
000
000

000

0. 000

P PROOROOR

PREPEENERPREPRERRENDN

. 000 ! nmm

. 000! FLAMENVASTER
. 000! FLAMENVASTER
.000 'wp

. 000! FLAMEMASTER
.000 'WP

. 000 'WP

0 'ME 2005

.0 I'ME 2005
.0 I'ME 2005

500 ! nmm
500 ! nmm
000 ! nmm

0 WP

0 !wp
000 ! nmm
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c3h6coc2h5-1
FLAMEMASTER
c3h6coc2h5-2
I FLAMEMASTER
c3h6coc2h5-3
| FLAVEMASTER
c3h6coch3-1

I FLAMEMASTER
c3h6coch3-2

| FLAVMEMASTER
c3h6coch3-3

| FLAVMEMASTER
c3h6ol-2
c3h601-3
c3h6oh
c3h6oohl-2
c3h6oohl- 202
c3h6oohl-3
c3h6oohl- 302
c3h6ooh2-1
c3h6ooh2- 102
c3h8

c3ket 12
c3ket 13
c3ket 21
c5h702

ch

ch2

ch2(s)
ch2cch2oh
ch2ch2cho
ch2ch2coch3
ch2ch2coch3

I c2h5coch3
ch2chchco
ch2cho
ch2choohcoch3
I c2h5coch3
ch2co

ch2o
ch2o02hcho
ch2oh

ch3

ch3chcho
ch3chco
ch3chcoch3
I'c2h5coch3
ch3cho
ch3chocho
ch3choococh3
I'c2h5coch3
ch3choohcoch3
I c2h5coch3
ch3co

ch3co2
ch3co3
ch3co3h
ch3coch2
ch3coch2o
ch3coch202
ch3coch202h

NENN NN VIS S SR SR VR SN N NI CR S N

NNN NN NN

NEFEDN

N

NN G

534. 323

534. 323

534. 323

489. 084

489. 084

489. 084

403. 6
403. 6
487. 900
435. 2
435. 2
435. 2
435. 2
435. 2
435. 2
303. 400
464. 2
464. 2
464. 2
266. 800
80. 000
144. 000
144. 000
481. 5
424. 600
435. 500
454.0

435. 2
436. 000
454. 0

436. 000
498. 000
435. 2
417. 000
144. 000
435. 2
443. 200
454. 0

436. 000
440. 200
454. 0

454. 0

436. 000
514.0
514.0
514.0
477.0
435. 500
435. 500
435. 500

5.625

5.625

5.625

5. 348

5. 348

5. 348

4.968
4.968
4.820
4.662
4.662

4.662
4.662
4.662
4.662
4.810

5. 009

5. 009

5. 009

4.982
2.750
3. 800

3. 800
4.997
4.820
4. 860
5.413

4.662
3.970
5.413

3.970
3. 590
4.662
3.690
3. 800
. 662
. 120
. 413

(€2 -

3.970
4.010
5.413

5.413

3.970
5. 007
5. 007
5. 007
5.735
4. 860
4. 860
4. 860
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ch3coch3 2 435. 500 4.860 2.9 0. 000 1.000 'nnmw p
ch3cocho 1 440. 200 4.010 0. 000 0. 000 2.000 ! nmm
ch3coco 2 395.0 4.037 1.3 0.0 1.0 I ch3och3
ch3o 2 417. 000 3. 690 1.700 0. 000 2.000

ch302 2 481. 800 3.626 1.7 0. 000 1. 000 ! ch3oh
ch302h 2 481. 800 3.626 1.7 0. 000 1. 000 !ch3oh
ch3oco 2 395.0 4.037 1.3 0.0 1.0 1 ch3och3
ch3oh 2 481. 800 3.626 1.7 0. 000 1. 000 !sve, rpd
ch4 2 141. 400 3.746 0. 000 2. 600 13. 000

chocho 1 440. 200 4.010 0. 000 0. 000 2. 000 ! nnrm
chooco 2 395.0 4.037 1.3 0.0 1.0 1 ch3och3
cj hchchco 2 443. 200 4.120 0. 000 0. 000 1.000 ! nmm
co 1 98. 100 3. 650 0. 000 1.950 1.800

co2 1 244. 000 3.763 0. 000 2. 650 2.100

cochoo 1 440. 200 4.010 0. 000 0. 000 2.000 ! nmm

h 0 145. 000 2. 050 0. 000 0. 000 0. 000

h2 1 38. 000 2.920 0. 000 0. 790 280. 000

h2o 2 572. 400 2. 605 1.844 0. 000 4. 000

h202 2 107. 400 3. 458 0. 000 0. 000 3.800

hcco 2 150. 000 2.500 0. 000 0. 000 1.000 !*

hco 2 498. 000 3.590 0. 000 0. 000 0. 000

ho2 2 107. 400 3. 458 0. 000 0. 000 1.000 !*
ho2cho 1 440. 200 4,010 0. 000 0. 000 2.000 ! nmm
hoc3h602 2 487. 900 4,820 0. 000 0. 000 1.000 ! nmm
hoch2o 2 481. 800 3.626 1.7 0. 000 1. 000 !ch3oh
hocho 1 440. 200 4,010 0. 000 0. 000 2. 000 ! nnrm

i c3h5cho 2 436. 4 5. 352 0.0 0.0 1.0 'wp

i c3h5co 2 436. 4 5.352 0.0 0.0 1.0 'w p

i c3h5coc2h4p 2 527.994 5. 587 0. 000 0. 000 0. 000

| FLAMEMASTER

i c3h5coc2h4s 2 527.994 5.587 0. 000 0. 000 0. 000

! FLAMEMASTER

i c3h5coc2h5 2 531. 165 5. 606 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h5coch?2 2 482. 331 5. 306 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h5coch3 2 485. 716 5.327 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h502hcho 2 436. 4 5. 352 0.0 0.0 1.0 WP
i c3h50h 2 459. 5 5. 036 1.7 0.0 1.0 WP
i c3h6chcho 2 435. 2 4.662 2.7 0.0 1.0 'wp
i c3h6chco 2 443. 200 4.120 0. 000 0. 000 1.000 ! nmm
i c3h6chcoch2 2 527.994 5. 587 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h6chcoch3 2 531. 165 5. 606 0. 000 0. 000 0. 000

! FLAVMEMASTER

i c3h6cho 2 436. 4 5. 352 0.0 0.0 1.0 'wp
i c3h6co 2 436. 4 5.352 0.0 0.0 1.0 'w p
i c3h6coc2h3 2 527.994 5.587 0. 000 0. 000 0. 000

| FLAMEMASTER

i c3h6coc2h5 2 534. 323 5.625 0. 000 0. 000 0. 000

I FLAVMEMASTER

i c3h6coch3 2 489. 084 5.348 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h7 2 303. 400 4.810 0. 000 0. 000 1.000 ! nmm
i c3h7cho 2 436. 4 5. 352 0.0 0.0 1.0 'wp
i c3h7co 2 436. 4 5.352 0.0 0.0 1.0 'w p
i c3h7coc2h3 2 531. 165 5. 606 0. 000 0. 000 0. 000

I FLAMEMASTER

i c3h7coc2h4p 2 534. 323 5.625 0. 000 0. 000 0. 000

| FLAVEMASTER
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i c3h7coc2h4s 2 534. 323 5.625 0. 000 0. 000
! FLAMEMASTER
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i c3h7coc2h5 2 537. 467 5. 643 0. 000 0. 000
I FLAMEMASTER

i c3h7coch2 2 489. 084 5. 348 0. 000 0. 000
! FLAMEMASTER

i c3h7coch3 2 469.0 5.632 2.8 0.0
i c3h70 2 459.5 5. 036 1.7 0.0
i c3h702 2 459.5 5. 036 1.7 0.0
i c3h702h 2 459.5 5.036 1.7 0.0
nb 2 386. 2 5. 489 0.4 0.0
nb2d 2 386. 2 5. 489 0.4 0.0
nb2j 2 386. 2 5. 489 0.4 0.0
nb2o 2 396. 8 5. 458 0.0 0.0
nb2oh3j 2 523.2 5. 664 1.7 0.0
nb2oh300 2 523.2 5. 664 1.7 0.0
nb200- 3 2 523.2 5. 664 1.7 0.0
nb2ooh4 2 523.2 5. 664 1.7 0.0
nmb2ooh3*o0 2 523.2 5. 664 1.7 0.0
nb2o00h3j 2 523.2 5. 664 1.7 0.0
nb2ooh300 2 523.2 5. 664 1.7 0.0
nb2ooh4* o 2 523.2 5. 664 1.7 0.0
nb2o0h4j 2 523.2 5. 664 1.7 0.0
nmb2ooh4o00 2 523.2 5. 664 1.7 0.0
nb2oohnt o 2 523.2 5. 664 1.7 0.0
nb2oohmj 2 523.2 5. 664 1.7 0.0
nb2oohnoo 2 523.2 5. 664 1.7 0.0
nb3d 2 523.2 5. 664 1.7 0.0
b 3] 2 523.2 5. 664 1.7 0.0
nb30 2 523.2 5. 664 1.7 0.0
nb3oh4j 2 523.2 5. 664 1.7 0.0
nb3oh4o00 2 523.2 5. 664 1.7 0.0
nmb300 2 523.2 5. 664 1.7 0.0
nmb3oo0h 2 523.2 5. 664 1.7 0.0
nb3ooh2* o 2 523.2 5. 664 1.7 0.0
nb3o00h2j 2 523.2 5. 664 1.7 0.0
nb3ooh200 2 523.2 5. 664 1.7 0.0
nmb3ooh4*o 2 523.2 5. 664 1.7 0.0
nb3ooh4j 2 523.2 5. 664 1.7 0.0
nb3ooh4o00 2 523.2 5. 664 1.7 0.0
nb4* o 2 523.2 5. 664 1.7 0.0
b4 2 523.2 5. 664 1.7 0.0
nb4j *o 2 523.2 5. 664 1.7 0.0
nb4o 2 523.2 5. 664 1.7 0.0
nb4oo0 2 523.2 5. 664 1.7 0.0
nb4ooh 2 498. 6 6. 009 2.0 0.0

I C2H5COC3H7- N WP

nb4ooh2* o 2 498. 6 6. 009 2.0 0.0

I C2H5COC3H7-N WP

nb4ooh2d 2 498. 6 6. 009 2.0 0.0

I C2H5COC3H7- N WP

nb4ooh2j 2 498. 6 6. 009 2.0 0.0

I C2H5COC3H7-N WP

nb4ooh200 2 498. 6 6. 009 2.0 0.0

I C2H5COC3H7- N WP

nb4oo0h3* o 494.8 6.174 0.0
nb4ooh3j 494.8 6.174 0.0
nmb4ooh300 494. 8 6. 174 0.0
nmbcy2om 494. 8 6.174 0.0
nmbcy302 494. 8 6.174 0.0
nmbcy4o02 494. 8 6.174 0.0
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mbcy403
mbnt o

mbnj

nmbnj *o
mbnm O
mbnoo
mbnooh
nbrooh2*o
nbrooh2d
mbrmooh?2j
mbnooh2o00
me2*o
me2*onf o
me2*o

me2j

me2j *o

me2j *onro
nmp2d

np2d3;j
nmp20h3j
mp2o0h300
np3*o
nmp3*02*0
mp3j

mp3j *o

nmp3j *02*0
mp3j 2*o

n2

nc3h7
nc3h7cho
nc3h7co
nc3h7coc2h4p
nc3h7coc2h4s
nc3h7coc2h5
nc3h7coch?2
nc3h7coch3
nc3h70
nc3h702
nc3h702h

0

02
02c2h402h
o02c2h4oh
o2cho

ocho

oh
pc2h4coc2h3
pc2h4oh
sc2h4coc2h3
sc2h4oh
sc3h5cho
sc3h5co
sc3h5coch?2
sc3h5o0ch2

t c3h6cho

t c3h6coc2h3
t c3h6coc2h5
t c3h6coch3
t c3h6o2cho
t c3h6o2hco
t c3h6ocho

NNDN N NNNNPE N
N PNNGoPOONNNDNNN N NNNNNNI\)I\)NN

NN RN,

NN N
NNy N
NN YOO N N

523.2
523.2
523.2
523.2
523.2
97. 530
303. 400
464. 2
464. 2
477.0
477.
477.
477.
477.
481.
266. 800
266. 800
80. 000
107. 400
510.5
510.5
436. 000
498. 000
80. 000
476. 7
470. 600
476.7
470. 600
464. 2
464. 2
482. 331
440. 200
436. 4
527. 994
534. 323
489. 084
436. 4
436. 4
440. 200

[ NeoNeoNeoNe]

288

o oo~
oo
o o

OO 000000
©es5589o
50680

o OCOO0OR O
00000 O 700000 " 7777 O~-00500
S0 ©606°P090 900l :
co oo S8 © o699

S o©6oo

o
o

o [cNeoNeoNoNe]
[oNeoNe]

o
o
o

WP

I TCPC

I FLAMEMASTER
I'nnm

''wp

I FLAMEMASTER
I FLAMEMASTER
I FLAMEMASTER
WP
|

W p



t c3h6ohcho 2 436. 4 5.352 0.0 0.0 1.0 'WP
cocho 1 440. 200 4.010 0. 000 0. 000 2.0 'nmm
nb2oo0 2 523.2 5. 664 1.7 0.0 1.0 'WP
nb2ooh 2 523.2 5. 664 1.7 0.0 1.0 'WP
nmbno 2 494. 8 6.174 1.8 0.0 1.0 ' TCPC
me2*onj *o 2 523.2 5. 664 1.7 0.0 1.0 'WP
ar 0 136. 500 3. 330 0. 000 0. 000 0.0
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APPENDIX

HEADER

H

STRAINRATE 52.83

NUMOFSPECIES
GRIDPOINTS

9
90

TYPICALETHANOL FLAMELET DATA

PRESSURE 0.101000E+06

BODY

z

0.000000E+00 8.088502E-03 8.441835E-03 1.005965E-02 1.303230E-02

1.558491E-02 1.841679E-02
3.564887E-02 4.056280E-02
7.059261E-02 8.168707E-02
1.049652E-01 1.077597E-01
1.140059E-01 1.152272E-01
1.208640E-01 1.222618E-01
1.302517E-01 1.322157E-01
1.422469E-01 1.454094E-01
2.019825E-01 2.088364E-01
2.499367E-01 2.630042E-01
3.294161E-01 3.420721E-01
3.968075E-01 4.112528E-01
4.958650E-01 5.556700E-01
6.844335E-01 6.984117E-01
7.989092E-01 8.181851E-01
8.857446E-01 9.007875E-01
9.602314E-01 9.739370E-01

MASSFRACTION-H2

2.195917E-02 2.600105E-02
4.939774E-02 5.907797E-02
9.054016E-02 9.594596E-02
1.091460E-01 1.105258E-01
1.166839E-01 1.180991E-01
1.244100E-01 1.267180E-01
1.343949E-01 1.368037E-01
1.489291E-01 1.507372E-01
2.181386E-01 2.279542E-01
2.782777E-01 2.959771E-01
3.550875E-01 3.686956E-01
4.249545E-01 4.388317E-01
6.020774E-01 6.333677E-01
7.181060E-01 7.431281E-01
8.365688E-01 8.534783E-01
9.133355E-01 9.247574E-01
9.961343E-01 9.993735E-01

3.086584E-02
6.472071E-02
1.017103E-01
1.125145E-01
1.194775E-01
1.284214E-01
1.394168E-01
1.529240E-01
2.382978E-01
3.171518E-01
3.826123E-01
4.670377E-01
6.631965E-01
7.775481E-01
8.694150E-01
9.441578E-01
1.000000E+00

0.000000E+00 2.180279E-05 2.210670E-05 2.341171E-05 2.555805E-05

2.729651E-05 2.928687E-05
5.725686E-05 7.411988E-05
2.849861E-04 4.248524E-04
9.711092E-04 1.085023E-03
1.402909E-03 1.473728E-03
1.806815E-03 1.885581E-03
2.276511E-03 2.357522E-03
2.698504E-03 2.785426E-03
3.621404E-03 3.672309E-03
3.811732E-03 3.812252E-03
3.666463E-03 3.624246E-03
3.423394E-03 3.367933E-03
3.038919E-03 2.806310E-03
2.302493E-03 2.246847E-03
1.832362E-03 1.748108E-03
1.427301E-03 1.347046E-03
9.502811E-04 8.160606E-04

MASSFRACTION-CO

3.222078E-05 3.682677E-05
1.160502E-04 1.800324E-04
5.767164E-04 6.962902E-04
1.148006E-03 1.215135E-03
1.560060E-03 1.644585E-03
2.000901E-03 2.116354E-03
2.441363E-03 2.527268E-03
2.873016E-03 2.914706E-03
3.727263E-03 3.768844E-03
3.796236E-03 3.761548E-03
3.578615E-03 3.529155E-03
3.314949E-03 3.261060E-03
2.625786E-03 2.503619E-03
2.167850E-03 2.066230E-03
1.665408E-03 1.586781E-03
1.276032E-03 1.207134E-03
4.323400E-04 2.795675E-04

4.517496E-05
2.271224E-04
8.577303E-04
1.319490E-03
1.726281E-03
2.195975E-03
2.613172E-03
2.962454E-03
3.796696E-03
3.704650E-03
3.477263E-03
3.151224E-03
2.386487E-03
1.923409E-03
1.509831E-03
1.077241E-03
1.213140E-06

0.000000E+00 1.356797E-04 1.421514E-04 1.722906E-04 2.305409E-04

2.849036E-04 3.510528E-04
1.016142E-03 1.366525E-03
7.290861E-03 1.222388E-02
3.214163E-02 3.588980E-02
4.537891E-02 4.730508E-02
5.544854E-02 5.715101E-02
6.439395E-02 6.567087E-02
7.046725E-02 7.160113E-02
8.377255E-02 8.458772E-02
8.621541E-02 8.580826E-02
8.044092E-02 7.909386E-02
7.284555E-02 7.113604E-02
6.097275E-02 5.374717E-02
3.821481E-02 3.653274E-02
2.446638E-02 2.215678E-02
1.406455E-02 1.226036E-02
5.085228E-03 3.405383E-03

MASSFRACTION-OH

8.019451E-23 1.493127E-05
8.406108E-05 1.184408E-04
7.517577E-04 1.078879E-03
3.496312E-03 4.110600E-03
3.646224E-03 3.340831E-03
2.455948E-03 2.266105E-03
1.464929E-03 1.302333E-03
6.564181E-04 5.541937E-04
2.308077E-04 1.745650E-04
6.860457E-06 6.204464E-06
3.828478E-06 3.239368E-06

4.445547E-04 5.710109E-04
2.312004E-03 4.003878E-03
1.788329E-02 2.236097E-02
3.788109E-02 3.994204E-02
4.956153E-02 5.167240E-02
5.949048E-02 6.165727E-02
6.692661E-02 6.815378E-02
7.273673E-02 7.327959E-02
8.542992E-02 8.599486E-02
8.496538E-02 8.362895E-02
7.765808E-02 7.611642E-02
6.950343E-02 6.784211E-02
4.814253E-02 4.436736E-02
3.416438E-02 3.115804E-02
1.995493E-02 1.792996E-02
1.075340E-02 9.379262E-03
6.072926E-04 1.639308E-04

1.731739E-05 3.023522E-05
1.816402E-04 2.931305E-04
1.772243E-03 2.595131E-03
4.291816E-03 4.211282E-03
3.165845E-03 2.977483E-03
2.042547E-03 1.833684E-03
1.084302E-03 8.894874E-04
4.589710E-04 3.722150E-04
1.280069E-04 1.092568E-04
5.536008E-06 4.951553E-06
2.619694E-06 1.998994E-06

7.636335E-04
5.414945E-03
2.822686E-02
4.302289E-02
5.361939E-02
6.305511E-02
6.933223E-02
7.390616E-02
8.626154E-02
8.168471E-02
7.450868E-02
6.445032E-02
4.077211E-02
2.702736E-02
1.602126E-02
7.037381E-03
0.000000E+00

5.839108E-05
4.908098E-04
3.058359E-03
3.921014E-03
2.685332E-03
1.642440E-03
7.683470E-04
2.961111E-04
9.036821E-05
4.399700E-06
1.397600E-06

1.117162E-06 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00

0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00

MASSFRACTION-C2H2
0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

0.000000E+00
0.000000E+00

TEMPERATURE

3.000000E+02 5.792767E+02 5.901377E+02 6.387706E+02 7.236103E+02
7.918752E+02 8.628767E+02 9.453768E+02 1.032170E+03 1.127971E+03
1.214299E+03 1.295854E+03 1.426625E+03 1.549374E+03 1.611966E+03
1.670629E+03 1.764981E+03 1.826109E+03 1.857753E+03 1.887139E+03
1.901888E+03 1.913478E+03 1.918812E+03 1.923795E+03 1.930264E+03
1.934399E+03 1.937209E+03 1.939768E+03 1.941328E+03 1.941918E+03
1.941583E+03 1.940342E+03 1.936830E+03 1.931215E+03 1.926070E+03
1.919765E+03 1.912263E+03 1.903219E+03 1.892524E+03 1.880285E+03
1.866474E+03 1.850559E+03 1.832461E+03 1.823069E+03 1.811661E+03
1.575976E+03 1.549248E+03 1.516065E+03 1.484677E+03 1.455119E+03
1.425421E+03 1.395621E+03 1.364380E+03 1.331685E+03 1.296005E+03
1.276553E+03 1.257168E+03 1.237806E+03 1.218047E+03 1.198239E+03
1.178355E+03 1.158376E+03 1.139608E+03 1.120742E+03 1.082705E+03
1.044098E+03 9.642957E+02 9.021679E+02 8.599764E+02 8.194233E+02
7.903085E+02 7.710190E+02 7.436530E+02 7.085372E+02 6.595292E+02
6.286713E+02 6.005209E+02 5.734069E+02 5.482536E+02 5.243921E+02
4.998451E+02 4.772339E+02 4.584540E+02 4.415310E+02 4.135356E+02
3.915534E+02 3.744664E+02 3.531674E+02 3.513004E+02 3.510000E+02

MASSFRACTION-CO2

0.000000E+00 7.685812E-03 8.102896E-03 1.006233E-02 1.384512E-02
1.725104E-02 2.117326E-02 2.625684E-02 3.226309E-02 3.974243E-02
4.731589E-02 5.526684E-02 6.980132E-02 8.569280E-02 9.474792E-02
1.038819E-01 1.199038E-01 1.308439E-01 1.363031E-01 1.407702E-01
1.425380E-01 1.435619E-01 1.438915E-01 1.441004E-01 1.441973E-01
1.441229E-01 1.439791E-01 1.437254E-01 1.434121E-01 1.430625E-01
1.426833E-01 1.422871E-01 1.416738E-01 1.410334E-01 1.405817E-01
1.401186E-01 1.396471E-01 1.391528E-01 1.386378E-01 1.381107E-01
1.375702E-01 1.369952E-01 1.363820E-01 1.360752E-01 1.357100E-01
1.279497E-01 1.268735E-01 1.254084E-01 1.238546E-01 1.222072E-01
1.203405E-01 1.182289E-01 1.157412E-01 1.128352E-01 1.093308E-01
1.072892E-01 1.051747E-01 1.029926E-01 1.007038E-01 9.835616E-02
9.595500E-02 9.350539E-02 9.117674E-02 8.881364E-02 8.399819E-02
7.906297E-02 6.879736E-02 6.082875E-02 5.546682E-02 5.037136E-02
4.675755E-02 4.438715E-02 4.106063E-02 3.686132E-02 3.114778E-02
2.764953E-02 2.453230E-02 2.160152E-02 1.894936E-02 1.649551E-02
1.403629E-02 1.182886E-02 1.003766E-02 8.454832E-03 5.889166E-03
3.907795E-03 2.360142E-03 2.815244E-04 5.311080E-05 0.000000E+00

MASSFRACTION-O2

2.329175E-01 2.144118E-01 2.135976E-01 2.098686E-01 2.030115E-01
1.971102E-01 1.905376E-01 1.822746E-01 1.728114E-01 1.614199E-01
1.502632E-01 1.388818E-01 1.187149E-01 9.724162E-02 8.512969E-02
7.291630E-02 5.117204E-02 3.545230E-02 2.680731E-02 1.860889E-02
1.455495E-02 1.146576E-02 1.008292E-02 8.812702E-03 7.178146E-03
6.110662E-03 5.339059E-03 4.537226E-03 3.875311E-03 3.332149E-03
2.875166E-03 2.492412E-03 2.029087E-03 1.658894E-03 1.447786E-03
1.265348E-03 1.108665E-03 9.704363E-04 8.498743E-04 7.469099E-04
6.588841E-04 5.810777E-04 5.124139E-04 4.825755E-04 4.503581E-04
1.185471E-04 9.570697E-05 7.025335E-05 4.963634E-05 3.376054E-05
2.149791E-05 1.276823E-05 6.889265E-06 3.378003E-06 1.471421E-06
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00

MASSFRACTION-H20

3.409915E-16 1.803657E-02 1.868166E-02 2.155650E-02 2.655932E-02
3.061976E-02 3.490727E-02 3.999258E-02 4.546838E-02 5.165915E-02
5.737213E-02 6.290238E-02 7.211521E-02 8.131637E-02 8.631040E-02
9.124689E-02 9.990597E-02 1.061989E-01 1.097369E-01 1.131788E-01
1.149153E-01 1.162481E-01 1.168438E-01 1.173880E-01 1.180803E-01
1.185246E-01 1.188407E-01 1.191645E-01 1.194294E-01 1.196477E-01
1.198358E-01 1.200017E-01 1.202251E-01 1.204422E-01 1.205961E-01
1.207597E-01 1.209358E-01 1.211336E-01 1.213559E-01 1.216010E-01
1.218706E-01 1.221756E-01 1.225182E-01 1.226949E-01 1.229092E-01
1.272874E-01 1.276612E-01 1.279822E-01 1.280733E-01 1.279022E-01
1.274144E-01 1.265496E-01 1.251956E-01 1.232717E-01 1.206078E-01
1.189334E-01 1.171304E-01 1.152138E-01 1.131572E-01 1.110113E-01
1.087888E-01 1.065006E-01 1.043114E-01 1.020797E-01 9.750997E-02
9.280471E-02 8.295150E-02 7.521689E-02 6.994920E-02 6.488097E-02
6.124078E-02 5.882863E-02 5.540625E-02 5.101366E-02 4.487845E-02
4.100803E-02 3.746779E-02 3.404415E-02 3.084949E-02 2.779405E-02
2.461321E-02 2.163365E-02 1.910842E-02 1.677475E-02 1.272708E-02
9.283246E-03 6.267087E-03 1.135296E-03 3.087532E-04 6.270037E-11

MASSFRACTION-C2H50H

0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
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0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00

1.854437E-06
1.223180E-04
9.432904E-04
3.917890E-03
8.841319E-03
2.247816E-02
2.423198E-02
2.241913E-02
2.017776E-02
1.678525E-02
1.029199E-02
6.366916E-03
3.447617E-03
1.084355E-03

7.788193E-06
1.906134E-04
1.263473E-03
4.704026E-03
1.008072E-02
2.305657E-02
2.411969E-02
2.201150E-02
1.968553E-02
1.472787E-02
9.810893E-03
5.711878E-03
2.954161E-03
6.852554E-04

MASSFRACTION-N2

7.670825E-01
7.545334E-01
7.421611E-01
7.186023E-01
6.899989E-01
6.812139E-01
6.743654E-01
6.656004E-01
6.552212E-01
6.075947E-01
5.706816E-01
5.098149E-01
4.583377E-01
3.829476E-01
2.402727E-01
1.540977E-01
8.877755E-02
3.223775E-02

7.596665E-01
7.527185E-01
7.391048E-01
7.100243E-01
6.873587E-01
6.799852E-01
6.730090E-01
6.638531E-01
6.525754E-01
6.022883E-01
5.606640E-01
5.001368E-01
4.473231E-01
3.375856E-01
2.297354E-01
1.396057E-01
7.743186E-02
2.162832E-02

1.542550E-05
3.089321E-04
1.854947E-03
5.601450E-03
1.138780E-02
2.362379E-02
2.384763E-02
2.158316E-02
1.921740E-02
1.312931E-02
9.133598E-03
5.090050E-03
2.547161E-03
9.663349E-05

7.594084E-01
7.505097E-01
7.334313E-01
7.027518E-01
6.860228E-01
6.785188E-01
6.709615E-01
6.619400E-01
6.496622E-01
5.951101E-01
5.489613E-01
4.901887E-01
4.368822E-01
3.024598E-01
2.148969E-01
1.257843E-01
6.795078E-02
3.888677E-03

2.919830E-05
4.709661E-04
2.604499E-03
6.605659E-03
1.202673E-02
2.399561E-02
2.341468E-02
2.112873E-02
1.874242E-02
1.205108E-02
8.274328E-03
4.521267E-03
2.181307E-03
2.117014E-05

7.582536E-01
7.480397E-01
7.268949E-01
6.981173E-01
6.846761E-01
6.770997E-01
6.688102E-01
6.598525E-01
6.481767E-01
5.875563E-01
5.354059E-01
4.797934E-01
4.263140E-01
2.788108E-01
1.960569E-01
1.130678E-01
5.930106E-02
1.057435E-03

6.811759E-05
6.796605E-04
3.217242E-03
7.690441E-03
1.276919E-02
2.419088E-02
2.280170E-02
2.065946E-02
1.777529E-02
1.102334E-02
7.095624E-03
3.988746E-03
1.572583E-03
0.000000E+00

7.562179E-01
7.450864E-01
7.229062E-01
6.929932E-01
6.827071E-01
6.757289E-01
6.672513E-01
6.576156E-01
6.463890E-01
5.796111E-01
5.191977E-01
4.691685E-01
4.048536E-01
2.562914E-01
1.701606E-01
1.010763E-01
4.454879E-02
0.000000E+00

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
1.652659E-03
2.321798E-02
1.042269E-01
1.895481E-01
3.211838E-01
5.744022E-01
7.281952E-01
8.447378E-01
9.445821E-01
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0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00

2.965358E-03 5.658199E-03
3.368166E-02 4.772891E-02
1.196454E-01 1.358688E-01
2.085142E-01 2.266133E-01
4.014096E-01 4.637415E-01
5.931851E-01 6.196481E-01
7.540786E-01 7.787582E-01
8.649079E-01 8.817281E-01
9.629942E-01 9.932714E-01

9.729419E-03 1.536571E-02
6.592638E-02 8.970728E-02
1.531435E-01 1.710653E-01
2.450252E-01 2.826188E-01
5.057829E-01 5.458649E-01
6.532672E-01 6.995056E-01
8.014527E-01 8.228352E-01
8.970352E-01 9.230319E-01
9.980453E-01 9.999988E-01



APPENDIX |
DATA

HEADER
STRAINRATE 400.00
NUMOFSPECIES 9

TYPICALMETHYLBUTANOATE FLAMELET

GRIDPOINTS 54

PRESSURE 0.101000E+06

BODY

z TEMPERATURE

0.000000E+00 3.802244E-03 5.530401E-03 7.866319E-03 1.087925E-02
1.460635E-02 1.906129E-02 2.424821E-02 3.016486E-02 3.679454E-02
4.410244E-02 5.204149E-02 6.055879E-02 7.915682E-02 9.923376E-02
1.095314E-01 1.147986E-01 1.202352E-01 1.259473E-01 1.320301E-01
1.385540E-01 1.455811E-01 1.531903E-01 1.614972E-01 1.706599E-01
1.808767E-01 2.052732E-01 2.203100E-01 2.378283E-01 2.581997E-01
2.815452E-01 3.077261E-01 3.364227E-01 4.000437E-01 4.688707E-01
5.400307E-01 5.754780E-01 6.445784E-01 7.093234E-01 7.245981E-01
7.394675E-01 7.679277E-01 7.814939E-01 8.072530E-01 8.194287E-01
8.423617E-01 8.633925E-01 8.825489E-01 8.998538E-01 9.290137E-01
9.409601E-01 9.512470E-01 9.672823E-01 1.000000E+00

4.200000E+02 4.367608E+02 4.867377E+02 5.616846E+02
6.705740E+02 7.055687E+02 7.385630E+02 7.971093E+02
8.449750E+02 8.648997E+02 8.734583E+02 8.805500E+02
8.874623E+02 8.872757E+02 8.862963E+02 8.820587E+02
8.661807E+02 8.553257E+02 8.429333E+02 8.292487E+02
7.991447E+02 7.835103E+02 7.679863E+02 7.527343E+02
7.228130E+02 7.078500E+02 6.927197E+02 6.617310E+02
6.135537E+02 5.972041E+02 5.890088E+02 5.808063E+02 5.644024E+02
5.562444E+02 5.481270E+02 5.400650E+02 5.320741E+02 5.087024E+02
4.938201E+02 4.866551E+02 4.797065E+02 4.665612E+02 4.545901E+02
4.392160E+02 4.239823E+02 4.146417E+02 3.759000E+02

5.974005E+02
8.223677E+02
8.854467E+02
8.752113E+02
8.145340E+02
7.377230E+02
6.297737E+02

MASSFRACTION-H,

0.000000E+00 4.133399E-05 4.728632E-05 5.357934E-05 6.014879E-05
6.701279E-05 7.439415E-05 8.294637E-05 9.403646E-05 1.099513E-04
1.338553E-04 1.695367E-04 2.213474E-04 3.894383E-04 7.147637E-04
9.934974E-04 1.165294E-03 1.355308E-03 1.556884E-03 1.762053E-03
1.963232E-03 2.153973E-03 2.329058E-03 2.484471E-03 2.617439E-03
2.726470E-03 2.870798E-03 2.906946E-03 2.917319E-03 2.901183E-03
2.859453E-03 2.795049E-03 2.712188E-03 2.505173E-03 2.269268E-03
2.021748E-03 1.898219E-03 1.657543E-03 1.432385E-03 1.379262E-03
1.327514E-03 1.228285E-03 1.180847E-03 1.090370E-03 1.047342E-03

MASSFRACTION-Q

2.329175E-01 2.248997E-01 2.211473E-01
2.013299E-01 1.915659E-01 1.801609E-01
1.366930E-01 1.198272E-01 1.023372E-01 6.677575E-02 3.447868E-02
2.185299E-02 1.686016E-02 1.283300E-02 9.743839E-03 7.464125E-03
5.817722E-03 4.636345E-03 3.785947E-03 3.168705E-03 2.715399E-03
2.377115E-03 1.942920E-03 1.785346E-03 1.655685E-03 1.544815E-03
1.446072E-03 1.354731E-03 1.267662E-03 1.100858E-03 9.383469E-04
7.809864E-04 7.053629E-04 5.623203E-04 4.326525E-04 4.026117E-04

2.160578E-01 2.094799E-01

1.671248E-01 1.525621E-01

9.656422E-04
5.874213E-04

8.896427E-04 8.191191E-04
5.409901E-04 4.601034E-04

MASSFRACTION-HO

7.538437E-04 6.382143E-04
0.000000E+00

3.735790E-04
1.937815E-04
6.867057E-05

3.190359E-04 2.939528E-04 2.489300E-04 2.289699E-04
1.641479E-04 1.390508E-04 1.174503E-04 8.258882E-05
5.678572E-05 3.835076E-05 0.000000E+00

MASSFRACTION-CO2

0.000000E+00 7.171646E-03 9.894222E-03 1.330643E-02 1.738051E-02
2.203698E-02 2.716906E-02 3.266531E-02 3.841374E-02 4.429697E-02
5.019620E-02 5.600494E-02 6.163843E-02 7.221125E-02 8.119440E-02
8.432637E-02 8.536671E-02 8.601385E-02 8.627238E-02 8.619122E-02
8.584391E-02 8.530434E-02 8.463022E-02 8.385538E-02 8.298943E-02
8.202255E-02 7.971131E-02 7.827419E-02 7.658955E-02 7.461988E-02
7.235400E-02 6.980763E-02 6.701452E-02 6.082262E-02 5.412837E-02
4.720708E-02 4.375570E-02 3.701427E-02 3.066729E-02 2.916293E-02
2.769515E-02 2.487488E-02 2.352459E-02 2.094766E-02 1.972251E-02
1.739982E-02 1.524855E-02 1.326713E-02 1.145495E-02 8.338439E-03
7.032109E-03 5.889550E-03 4.067026E-03 0.000000E+00

0.000000E+00 3.432534E-03 5.398827E-03 8.255612E-03 1.218928E-02
1.735309E-02 2.386197E-02 3.179377E-02 4.118590E-02 5.201863E-02
6.418678E-02 7.746825E-02 9.149710E-02 1.202675E-01 1.442783E-01
1.521768E-01 1.549856E-01 1.570991E-01 1.586609E-01 1.598342E-01
1.607539E-01 1.615028E-01 1.621149E-01 1.625899E-01 1.629071E-01
1.630297E-01 1.624740E-01 1.614536E-01 1.596693E-01 1.569327E-01
1.531688E-01 1.484215E-01 1.428141E-01 1.295013E-01 1.144734E-01
9.856701E-02 9.055646E-02 7.483236E-02 6.004827E-02 5.656495E-02
5.317869E-02 4.671692E-02 4.364932E-02 3.785528E-02 3.513417E-02
3.004770E-02 2.543998E-02 2.130399E-02 1.763317E-02 1.164934E-02
9.302609E-03 7.351688E-03 4.491217E-03 0.000000E+00

MASSFRACTION-OH

0.000000E+00 7.008973E-06 1.438971E-05 3.139648E-05 6.752005E-05
1.315312E-04 2.279700E-04 3.655316E-04 5.638719E-04 8.443068E-04
1.214922E-03 1.661686E-03 2.145475E-03 3.012804E-03 3.151310E-03
2.663082E-03 2.284336E-03 1.858084E-03 1.439774E-03 1.074861E-03
7.831091E-04 5.613451E-04 3.957258E-04 2.720222E-04 1.800726E-04
1.134984E-04 4.084121E-05 2.284964E-05 1.238094E-05 6.430530E-06
3.184815E-06 1.512939E-06 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00

MASSFRACTION-CO

0.000000E+00 5.353366E-04 7.829179E-04 1.119200E-03 1.557968E-03
2.113747E-03 2.806043E-03 3.664371E-03 4.735013E-03 6.091616E-03
7.849092E-03 1.017791E-02 1.331575E-02 2.291542E-02 3.975404E-02
5.157348E-02 5.785104E-02 6.401649E-02 6.973824E-02 7.484268E-02
7.932764E-02 8.327976E-02 8.678595E-02 8.988353E-02 9.254838E-02
9.471121E-02 9.725273E-02 9.743864E-02 9.681619E-02 9.537424E-02
9.316629E-02 9.029655E-02 8.688958E-02 7.883912E-02 6.985565E-02
6.046061E-02 5.576923E-02 4.662573E-02 3.808206E-02 3.607178E-02
3.411719E-02 3.038327E-02 2.860708E-02 2.524155E-02 2.365408E-02
2.066992E-02 1.793983E-02 1.545792E-02 1.321894E-02 9.447800E-03
7.900471E-03 6.564827E-03 4.470911E-03 0.000000E+00
MASSFRACTION-MB

0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 9.985204E-06
8.192755E-05 1.207049E-03 4.298768E-03 1.095198E-02 2.286066E-02
4.112033E-02 6.595789E-02 9.684853E-02 1.738286E-01 2.635995E-01
3.602018E-01 4.091927E-01 5.058607E-01 5.972330E-01 6.188310E-01
6.398588E-01 6.800920E-01 6.992529E-01 7.355793E-01 7.527128E-01
7.848969E-01 8.142814E-01 8.409117E-01 8.648329E-01 9.047703E-01
9.209660E-01 9.348194E-01 9.562215E-01 1.000000E+00

MASSFRACTION-C2H2

0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 1.745894E-05
1.618540E-04 4.360727E-04 9.660694E-04 1.842667E-03 3.066477E-03
4.536917E-03 6.103212E-03 7.620593E-03 8.978349E-03 1.010587E-02
1.096954E-02 1.188858E-02 1.202335E-02 1.197109E-02 1.176916E-02
1.145349E-02 1.105496E-02 1.059736E-02 9.557930E-03 8.431704E-03
7.269007E-03 6.690310E-03 5.563575E-03 4.510517E-03 4.262685E-03
4.021723E-03 3.561502E-03 3.342670E-03 2.928331E-03 2.733107E-03
2.366688E-03 2.032438E-03 1.729783E-03 1.458239E-03 1.006294E-03
8.240946E-04 6.692457E-04 4.334255E-04 0.000000E+00

MASSFRACTION-N2
7.670825E-01 7.638846E-01
7.567906E-01 7.540145E-01
7.380409E-01 7.325501E-01
6.845664E-01 6.794666E-01 6.741749E-01
6.569086E-01 6.505644E-01 6.438367E-01 6.366374E-01
6.202921E-01 6.002869E-01 5.881750E-01 5.742455E-01
5.401474E-01 5.200427E-01 4.981852E-01 4.501874E-01
3.458209E-01 3.195632E-01 2.684924E-01 2.206975E-01
1.984330E-01 1.773907E-01 1.673499E-01 1.482585E-01
1.221591E-01 1.064629E-01 9.211019E-02 7.908546E-02
4.779691E-02 3.984793E-02 2.729618E-02 0.000000E+00

7.591435E-01
7.428652E-01
6.942328E-01
6.629296E-01
6.288427E-01
5.582559E-01
3.987098E-01
2.094178E-01
1.392193E-01
5.695637E-02

7.626654E-01
7.507924E-01
7.263379E-01

7.610945E-01
7.470929E-01
7.116443E-01
6.686725E-01
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