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Sommario

La modellazione numerica della formazione di specie inquimatiie fiamme turbulente
presenta notevoli aspetti problematici. In effetti la pos&ibdi prevedere in termini affidabili e
accurati la presenza di specie la cui concentrazione @téatli appena qualche ppm o addirittura
ppb richied in generale 'uso di schemi cinetici dettagl@dstituiti da centinaia di specie chimiche
e migliaia di reazioni. A ci0 bisogna aggiungere le diffc@ssociate alle interazioni e al forte
accoppiamento che esiste tra la cinetica e la turbolenzgraimo di condizionare in misura
determinante la formazione di taluni inquinanti. Le fluttuazitunibolente di temperatura e
composizione possono spesso influenzare la velocita di formaziteepecie chimiche, secondo
delle modalita che spesso non risultano di facile comprensione e semgliciope.

Nonostante il continuo aumento della velocita degli strumenti diokalautomatico,
I'accoppiamento diretto tra fluidodinamica e cinetica chimictlagiata € ancora molto difficile
guando il moto e di tipo turbolento. Le ragioni principali delldéichfta sono legate all'esistenza di
un largo spettro di scale spaziali e temporali. Le diffcalimentano quando vengono utilizzate
delle griglie di calcolo di grandi dimensioni e su geometommgesse, quali generalmente quelle
richieste nelle applicazioni di tipo industriale. Nella maggiarte dei casi una affidabile e accurata
modellazione delle emissioni di inquinanti dalle fiamme turbolamtbiede degli approcci
modellistici semplificati e concepiti su misura per le diverssstldi inquinanti.

Il presente lavoro di Tesi si pone come obiettivo principalstlmio approfondito delle
interazioni tra turbolenza e cinetica nelle fiamme turbolerda premiscelate, allo scopo di
migliorare le predizioni numeriche delle emissioni di inqutharhe possono essere stimate
attraverso I'uso di codici di calcolo fluidodinamici. L'at@one é rivolta in misura particolare agli
ossidi di azoto (NOXx) e al particolato carbonioso fine (soot).

Gli ossidi di azoto si formano secondo delle reazioni chimichg¢omehte (almeno se
confrontate con i tempi caratteristici della fluidodinaminasistemi reattivi turbolenti), ma non
sono in generale in grado di condizionare in misura significatiy@ocesso di combustione

propriamente detto. Tali considerazioni consentono I'adozione di aocdigpiamento parziale tra
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la chimica degli ossidi di azoto e la fluidodinamica ddééenma. Nel presente lavoro di Tesi é
stata sviluppata una metodologia particolarmente robustffieignte per la modellazione accurata
della formazione degli ossidi di azoto nelle fiamme turbolaiteaverso la tecnica del post-
processamento cinetico. | risultati numerici ottenuti attswvd’'uso di uno schema cinetico
semplificato all'interno di un codice di calcolo fluidodinamico sqrast-processati attraverso
I'impiego di uno schema cinetico dettagliato, in grado di predicaratamente la formazione degli
ossidi di azoto. Attraverso un tale approccio, la modellaziona detmazione degli NOx in
flamme turbolente, anche per geometrie complesse e casi tesseeindustriale, viene resa
possibile o comunque facilitata rispetto alle tecniche convenzionali.

La stessa metodologia non pud essere applicata per la pnedinumerica della
formazione di soot, dal momento che quest’ultimo & in grado di condizadl campo termico di
una fiamma turbolenta grazie al suo importante ruolo nel trasgortalore per irraggiamento.
Inoltre i tempi caratteristici della chimica del soot érdescolamento turbolento sono dello stesso
ordine di grandezza e di conseguenza gli effetti delle fluttmazurbolente sulla velocita di
formazione del soot diventano piu complessi e di piu difficile dgeoe rispetto a quanto avviene
per gli ossidi di azoto. Prima ancora del tentativo di adoziosetdimi cinetici dettagliati (peraltro
di dimensioni molto maggiori rispetto a quanto richiesto dagli NOx)eeéessario focalizzare
I'attenzione sulla corretta modellazione delle interazionturbolenza e cinetica nella formazione
delle particelle di soot. Nel presente lavoro di Tesi sono gtatidi formulati diversi modelli e
proposte diverse strategie per la modellazione degli effiefte fluttuazioni turbolente sulla
chimica del soot. Tali approcci sono stati quindi testati e cotaftiosu diverse fiamme turbolente
non-premiscelate, simulate attraverso I'approccio RANS.

Risulta evidente che gli effetti della turbolenza sulla fmimne del soot meritano una
trattazione piu approndita e delle indagini numeriche piu dittag Tuttavia tali indagini non
possono essere effettuate in maniera elementare direttamalet fiamme turbolente, a causa della
loro complessita e dell’'esistenza di molti fenomeni di non falgkerizione che si sovrappongono
a quelli reattivi propriamente detti. E’ stata quindi proposta metodologia alternativa, basata
sull'uso delle famme laminari a controdiffusione, nelle Igéapossibile rilevare la presenza di
molti degli aspetti fisici che caratterizzano le ben piu cosgglefiamme turbolente non
premiscelate. L'idea alla base della metodologia proposta tensedl'esporre delle fiamme
laminari a controdiffusione ad oscillazioni armoniche dello straia, allo scopo di simulare gli
effetti di fluttuazioni turbolente e di studiarne quindi gffetti sulla formazione delle specie
inquinanti (in particolare PAH e soot). Ciascuna specie clainm generale offre una risposta
diversa alle fluttuazioni turbolente, in funzione dei tempi checamtterizzano la chimica. E’
chiaro dunque che attraverso un tale approccio € possibileamedigmaniera molto piu semplice

il ruolo delle fluttuazioni turbolente sulla formazione delle diverseispghimiche.



Abstract

The numerical modelling of pollutant formation in turbulent flamesusually a very
difficult task. The prediction of species whose concentratioofi® few ppm or even ppb
necessarily requires detailed kinetic mechanisms, involving hdsidfecompounds. Moreover, the
strong interactions and coupling between chemistry and turbulenocglgt affect the amount of
pollutants. Fluctuations of temperature and composition can eitloeease or reduce the
concentration of by-products.

Despite the continuous increase in the speed of computationaltt@oésgistence of many
spatial and temporal scales of chemical and turbulent phenomeges mafeasible the direct
coupling of fluid dynamics and detailed kinetics, especially whenidemsg the large and
complex computational grids used for industrial applicationsmaist cases, reliable, accurate
predictions of pollutant emissions from turbulent flames reaiirplified approaches, specifically
conceived for each class of pollutant species.

The main objective of this work is a deeper understandingntefactions between
turbulence and chemistry in turbulent non premixed flames, in d¢odanprove the numerical
predictions of pollutant emissions which can be obtained by @€EBsc In particular, the attention
is mainly focused on nitrogen oxides (NOx) and soot.

Since NOx are ruled by very slow reactions (if compared gotdhbulent mixing times)
and affect only marginally the main combustion process, a pdd@upling between chemistry
and fluid dynamics is possible. An efficient computational proceduithen developed in the
present work for the accurate modelling of NOx formation ibulant flames through a post-
processing technique. In other words, the CFD results (obtainedavgimplified kinetic scheme)
are post-processed by using a large, detailed kinetic schemé, iw/laisle to accurately predict the
formation of NOx. This approach facilitates and makes possibl@iedictions of NOx formation
with detailed chemistry even in complex geometries.

The same methodology cannot be used for modeling soot formation, éexfassong

influence of soot on the temperature field of turbulent fla(das to its important role in radiative
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heat transfer) and because characteristic times of m&idgsoot chemistry are of the same order
and consequently their interactions are more complex than icade of NOx. Before trying to
apply detailed chemistry, the attention must be devoted to thectarodeling of effects of
turbulent mixing on the formation rates of soot particles. Seebrsure models and strategies for
describing the interactions between soot and turbulent mixing feemulated and applied in
RANS simulations of turbulent non-premixed flames.

The effects of turbulence on soot chemistry deserve a deeestigation, which however
cannot be easily performed on turbulent flames, because of thgMecatyr and the existence of
many coupled phenomena. An alternative approach was proposed and appiies thesis.
Opposed counter-flow diffusion flames (CFDF), which posses mudheophysics of turbulent
flames, can be exposed to harmonic oscillations of the str@nirarder to simulate turbulent
fluctuations and their effects on the formation of pollutant ggeg&ach chemical species responds
to the imposed oscillations according to the characteristestiofh its chemistry and this allows to
accurately investigate the role of turbulent mixing on the faomaof pollutant species. The
methodology presented in this work can be easily adopted to bettenstandehow turbulent

fluctuations affect the chemistry of each chemical species.



Introduction

Turbulent non premixed flames are largely used in many pracitcabustion devices to
convert chemical energy into work, due to the high efficienageleheat releases and safety
reasons. However diffusion flames produce more pollutant spéoigmrticular nitrogen oxides
and soot) than premixed flames. Since combustion devices need dotralspays more stringent
limitations concerning the emissions of pollutants, the designe®f burners relying on non
premixed flames cannot neglect the issues related to thmation of such pollutant species. This
explains the increasing demand for computational tools capableacdaterizing the combustion
systems in a reliable, accurate way, also in terms of pollutaciespe

Even with the continuous increase of computer power and speed, ¢be atitpling of
detailed kinetics (which is usually required to obtain accyragdictions of most pollutants whose
concentrations are often of a few ppm or even ppb) and complex Ok ossible, especially
when considering the typical dimensions of the computational gr&t fos complex geometries
and industrial applications. The computational cost significantdseases with the number of cells
(Nc) of the computational grid and also with the second or third powttreofiumber of reacting
species ). Moreover, the turbulent flow of most practical combustion gesvileads to and
involves strong interactions between fluid mixing and chemicattimes. Fluctuations of
temperature and composition can either increase or reduce thenttatioe of by-products. The
direct use of detailed chemistry in turbulent calculations appeany aficult task. In most cases,
reliable, accurate predictions of pollutant emissions frombuient flames require simplified

approaches, specifically conceived for each class of pollutaniesp

Nitrogen oxides (NOx) are reactive gases that have negsffiwets on the human health
and cause many environmental concerns. Nitrogen dioxidg) fdCexample is a gas that has been
linked with higher susceptibility to respiratory infection,regsed airway resistance in asthmatics,

and decreased pulmonary function. In particular, increasingly stringehaust emission
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requirements in terms of NOx call for enhanced pollution redudii@tegies, especially for diesel
engines and industrial furnaces.

Since the nitrogen oxide chemistry is governed by very slawtions if compared to the
characteristic times of turbulent mixing, a kinetic post pssing procedure can be successfully
applied for their numerical modeling in turbulent non premixed flarRedlutant species like
nitrogen oxides only marginally affect the main combustion @®a@nd consequently do not
significantly influence the overall temperature and flowldBe Consequently it is feasible to
evaluate the structure of the flame with simplified kimsthemes first and then post-process the
CFD results with specific technigues which adopt a detakegtic scheme. This is the
methodology applied in the present thesis, through a newly-conceived caineol, the so-called
Kinetic Post-ProcessoK{nPP ). TheKinPP model, which can be applied for evaluating industrial
burner performances, is able to accurately predict the fmmaft different pollutants, such as

NOx, CO and can be extended, with appropriate modifications, to other by-products.

Understanding the processes controlling soot in combustion has been aamtm@sgarch
field for more than three decades. In most combustion processeas anaindesirable product and
therefore there are many reasons explaining this greaeshtey the scientific community. Usually
soot particles in the exhaust gas of a combustion engine indicatecmplete combustion, which
leads to a poor utilization of the fuel. During the combustion digbarombustion in industrial
reactors, deposition of soot may take place, leading toextgoiocess equipment. This problem
can be very important for industrial processes using aysatdf mixing, temperature and
composition of fuel and oxidizer, which are the main parametemsatling the formation of soot
particles, are not correctly tuned, soot will start to depositherrgactor catalyst. The equipment
has to be cleaned or replaced and production has to be haltedngeisuin economic loss. Soot
released into the atmosphere also represents a threat tovitanment and the health of human
beings. Soot is formed from large Polycyclic Aromatic Hydrbons (PAH) and many of these
molecules are known to have a carcinogenic effect. Due to itdimegffects on human health,
soot emissions from combustion devices are subject to always morerstiingtations.

Soot formation significantly influences thermal radiation, alhicontrols the burning
regime in pool fires under most practical fire scenarios. I) $@ot usually dominates the radiative
absorption coefficient and controls the heat feedback to thed ligp@l. Furthermore, the soot
formed in the flames affects the radiation heat trandferfurnaces and various practical
applications. Therefore, soot is not only an unwanted byproduct of combustiosomnia
combustion processes a controlled amount of soot is desired. Siocgrsatly enhances the
energy transfer from the flame to its surroundings by radiatios,ig¢ often a desired feature in

furnaces where the objective is to transfer the heat frortatime to the furnace walls. However, in
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such cases it is important to control the combustion in sualayathat the soot particles are
oxidized before the exhaust gas is released into the atmosphere.

The formation and oxidation of soot particles are highly complexgsses, involving a
large number of both homogeneous and heterogeneous chemical reacticaciditional physical
processes such as coagulation. All these processes can hieedesdth a high degree of accuracy
and reliability by using the most sophisticated soot models alaila literature. However these
models are expensive in terms of CPU time, even for simulatbbriaminar flames. In the
numerical modeling of turbulent flames, the detailed soot matelsld be used together with
other models necessary to describe reacting turbulent flodinteto a very high CPU-time even
for simple flames. Such detailed models could be used to helpfydiret conditions that reduce
soot formation, but for predictions of soot particles in turbulent premixed flames of practical
interest, it is often necessary to use simplified models tp K#U-time at an acceptable level.
Such simplified models consider only the phenomena essential foningtaufficiently accurate
predictions of soot concentrations and reliable CFD calculations atikedheat transfer.

The numerical modeling of soot formation in turbulent non premixed flas@sot rely on
the same methodology proposed for the nitrogen oxides. The main reastated to the strong
interactions between turbulence and soot chemistry, whose tehatae times are in the same
range of turbulent mixing times. Moreover, a complete decouplingaff fsom the gas-phase
computations cannot be adopted due to the effect of soot on thewietian. Before trying to
apply detailed chemistry, like in the case of NOx, the atienthust be shifted to the correct
modeling of effects of turbulent mixing on the formation ratesauft particles. Accurate closure
models for describing the interactions between soot chemastdy turbulent mixing must be

formulated, keeping the computational time at an acceptable level.

The formation of pollutant species in turbulent diffusion flamestrisngly affected by the
coupling between the highly non-linear chemical kinetics witleghdimensional, unsteady
hydrodynamics. In order to accurately predict non-equilibrium effedtse numerical modeling of
pollutant formation (especially PAH and soot), it is neagss® better understand this
interdependency of transport and kinetic mechanisms. Howeverfawtsedf turbulence on soot
chemistry cannot be easily investigated on turbulent flamesiube of their complexity and the
existence of many coupled phenomena. Unsteady counter flow diffustonedl can be
conveniently used to address the effects of hydrodynamic unsteadinghe pollutant chemistry,
because they posses much of the physics of turbulent diffusioasfland exhibit a large range of
combustion conditions with respect to steady flames. Thus, tlasedlgive insights into a variety
of chemistry-flow field interactions important in turbulent comlust Opposed counter-flow

diffusion flames (CFDF) can be exposed to harmonic oscillatiortheofstrain rate in order to



XXVI Introduction

simulate turbulent fluctuations and their effects on then#mion of pollutant species. Each
chemical species responds to the imposed oscillations accdaadthg characteristic times of its
chemistry and this allows to accurately investigate theabtarbulent mixing on the formation of

pollutant species.

In Chapter 1 the basic equations governing the conservation ef smecies, momentum
and energy for turbulent reacting flows are briefly repoated discussed. The main approaches for
the modeling of turbulence are shortly outlined, providing a firsbduction to the so called
problem ofturbulence closureThe attention is focused on the RANS approach, which is the
method used in the present thesis for the modeling of turbulent flames.

In Chapter 2 the so called chemical-source-term closure probleturbulent reacting
flows is introduced. The main issues related to the strongaatiens between turbulent
fluctuations and formation of chemical species are presem@mu B Chemical-Reaction-
Engineering (CRE) point of view through numerical investigatiparformed on an oscillating
perfectly stirred reactor. The most used approaches forabkarel of chemical source terms in the
conservation equations of chemical species are briefly summarized

In Chapter 3 an effective methodology for the prediction of NOxrioulent non premixed
flames by using Computational Fluid Dynamics (CFD) and dstaihemical kinetics is presented
and discussed. The proposed approach is based on the general obrtegactor Network
Analysis” and can be successfully applied even in complex geesetvhich are very usual in
industrial cases. The main features of a newly-conceived nwahtrid, the Kinetic Post-Processor
(KinPP), are summarized and its advantages and limitations are seldirés order to show the
validity and the accuracy of such methodology several turbulent memiged flames are
numerically investigated and the obtained predictions are presented e

Chapter 4 is devoted to the numerical modeling of soot formatioruriulent non
premixed flames. The attention is here shifted from the déthkiifetics to the correct modeling of
interactions between soot chemistry and turbulence, which areeetglex to describe, since the
soot characteristic times are in the same range of lambumixing times. Several closure
approaches are formulated and applied for the numerical sionutztjet flames fed with ethylene.
The formation of soot is numerically modeled using semi-aogbikinetic models available in
literature. Predictions of temperature, mixture fraction ayat are compared with experimental
measurements. The effect of a two-way coupling of soot and gas-phamistry on both soot
yield and gas-phase composition is investigated. Also, thet effecadiation on predicted
temperatures and soot volume fractions is studied. The magttiob is to demonstrate the
importance of correctly describing the effects of turbulentimgi on the formation of soot in

turbulent non-premixed flames.
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In Chapter 5 the methodology proposed in the previous Chapter forctprgdihe
formation of soot in turbulent non premixed flames is extendednomonodispersed soot particle
size distributions through the Direct Quadrature Method of Mom&hts modeling of turbulence-
chemistry interactions was reformulated for its dirapplication in the DQMOM procedure in
order to improve the reliability of the overall method.

Chapter 6 is focused on a deeper investigation on the role of turbulging on the
formation of PAH and soot in unsteady counter-flow diffusion flamemathematical model for
simulating unsteady counterflow diffusion flames is presentedapptied to several flames fed
with methane, propane and ethylene at different global strain rates aflzdde sange of strain rate
frequencies. From the analyses of the response of each chapeiciglssto the externally imposed
oscillations, some important information about the effectsitiulent mixing on the chemistry can
be addressed.

In the final Chapter conclusions and suggestions for further work ane give






1 Numerical modeling of turbulent

flows

In this chapter the basic equations which govern turbulent flawsfwill be presented
both in a coordinate-free form (which can be specialized to vadoaosdinate systems) and in
integral form for a finite control volume (which represehis $tarting point for an important class
of numerical methods). The basic conservation principles and lsedsta derive these equations
will be briefly summarized here; more detailed derivatiand discussions can be found in a large

number of standard texts on fluid mechanics of reacting flows (for erdfrifpl 107, 13B.

1.1 Governing equations

In this section the conservation equations needed for reacting #iosv described and
different issues which are specific to the Navier-Stokesteunsafor a multi-species reacting flow
are discussed.

Conservation laws can be derived by considering a certain sgah, which is usually
called control volume (CV), and its extensive properties, suctotat mass, species masses,
momentum and energy. The conservation law for an extensive property tietatate of change of
the amount of that property in the given control volume to extgrdatermined effects. The
governing equations can be written in a common form according tdotlmving integral

expression:

)l

vt

(7F)dv+ 7 wdds=_@( ) fnds+ ff ) d (L.1)

This equation represents the conservation of a generic yfaitithe volumeV whose

surface isS. In Equation (1.1 is the unit vector orthogonal t6 and directed outwards ands
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the fluid velocity. The first term on the left side is théeraf change off in this volume. The
second term is the convective flux of the quanfitythrough the surface of the volume control,
which is related to the flow convective velocity. On the right side the first term is the diffusion
flux of £ through the surfac&, whilst the second term is the productionfofnside the volume.
The physical interpretation of this equation is clear: #te of change of must be equal to the
net sum of all (convective and diffusive) fluxes entering ifite volume through the control
surface plus the production éf inside the same volume.

By applying the Gauss’ divergence theorem to the surface intetpatsrface integral can
be transformed into volume integrals. Allowing the control vaumbecome infinitesimally small

leads to a differential coordinate-free form of Equation (1.1):

(7 )+RE o) =Ror( )+ ( ) 12

Sometimes the conservation equations can be more convenietttiynvimiterms of the so

called total or substantive derivative, which is defined as:
— =~ +uxif 1.3)

The mass, momentum, species and energy conservation equations pridsented in the
next sections. A detailed derivation of these equations isngim many textbooks on fluid
dynamics (e.g. in]7, 44, 109, 13) and will not be repeated here. For convenience, a fixed CV

will be considered.

1.1.1 Conservation of mass
The integral form of the mass conservation (continuity) equébitows directly from the

control volume equation and states that the mass of a fluid is conserved:

v+ ruxhds=o (1.4)
t S

\

whereu is velocity andr is the density of the fluid. The rate of change of massawvotumeV

is due only to the mass fluxes through its surface. Byyeggpthe Gauss’ divergence theorem to
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the convection term, the surface integral can be transformed into a volegmi@ind the equation

of conservation of mass can be written in the following differential form:

ir .« _
H+N(ru)_o (1.5)

The Equation (1.5) reported above is written in a differeotakdinate-free form, which
does not depend on the specific coordinate system adopted. This equabertrearsformed into a
form specific to a given coordinate system by providing the ssme for the divergence operator

in such system. For example the Cartesian form of this equation in tendambézomes:

r Tru,
R 0
T (1.6)

1.1.2 Conservation of momentum

The integral form of the equation of conservation of momertakas into account the
forces which may act on the fluid in a CV, and therefore thasiforces (pressure, normal and
shear stresses, surface tension, etc.) and the body forceisy(grantrifugal and Coriolis forces,

electromagnetic forces, etc.):

1(ru)dV+ JuwndS=s_ xnds+  fd (1.7)

\Y ﬂt
wheres is the stress tensor. The volume source term has the following espress

Ns

rt=r fw, (1.8)

k=1

where f is the volume force acting on the spedieandNs is the total number os species. If only

the gravity is taken into accourt is the same for every species and it is equal to the vegctor

The momentum conservation equation states that the rate rafecbh momentum equals the sum
of the forces on a fluid particle (Newton’s second law).
A coordinate-free vector form of the momentum conservation iequist readily obtained

by applying Gauss’ divergence theorem to the convective and diffusive flog:ter
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1(ru) +N(ruu) 7 f+H8_ (1.9)

It

If the total derivative is introduced and the conservatémuation of mass (1.5) is

considered, the equation of conservation of momentum reported above can be written as
r%:r fef (1.10)

Equation (1.9) is a vectorial equation which, in the most genesal carresponds to three
scalar conservation equations for three velocity componengarticular in a Cartesian reference

coordinate system the equation for the single componertan be easily written, both in the

integral and in the differential forms (whese =s >iAi ):

V%(/‘ui)dv+ J y uxn dS:g . %n dS+(/ fd (1.11)
Ea ARG (12

1.1.3 Conservation of species
The mass conservation equation for spekieswritten as following, both in integral and

differential forms respectively:

1 R _ .
vﬂ(fwk)d\/+ JwohdsS=- jXnds+ Wdv k=1... b (1.13)
r%:%(rwk) NE w )= -Nj,+W, k=1.N (1.14)

whereNs is the number of specieg, is the molecular diffusive flux of thie speciesW, is the
mass reaction rate per unit volume (see Paragraph 1.4)aisdthe mass fraction of speciesBy

definition:
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k=0 (1.15)

k=1

Ns
W, =0 (1.16)

k=1

The molecular diffusivej, is usually written in terms of a diffusion velocity , according
to the following definition:

I =V, (2.17)

The equation of conservation of mass (1.5) can be easily aemb\by summing the

equations of conservations (1.14) for all chemical species, using thigedgii.15) and (1.16).

1.1.4 Conservation of energy

The energy conservation equation requires particular attenticause multiple forms
exist. Here the equation is written for the specific totedrgy E, which is defined as the sum of
the specific kinetic energyéK and the specific internal energﬁ (which is a function of

temperature, pressure and composition):
E:EK+0(p,T,Wk):% uxu +U( p Tw) (1.18)

The conservation equation in the integral form is:

1_[ . ~ . _ R . NS
Vﬁ(rE)dV+ s EudndS=- _afndSts_ xindS+ Qdvr ki/ll/ Kk (f X Uk}V (1.19)

where q is the heat flux and) is the volume energy source term (due for example to an electri
spark, a laser or a radiative flux), not to be confused tivéhheat released by combustion. The last
term in the equation reported above is the energy power pbthyceolume forcesf, on species

k. As usual, a coordinate-free vector form of the energy cestsen equation is obtained by

applying Gauss’ divergence theorem:
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r%f:%(f E)+Nf uE) =-Nagr R{_xu) +Qr k'N/S'i f fu W) (1.20)

The energy equation is derived from the first law of thermoahjcgwhich states that the
rate of change of energy of a fluid particle is equal to &te of heat addition to the fluid particle

plus the rate of work done on the patrticle.

1.2 Constitutive equations

The conservation laws reported in the previous section aie feslany continuum and
correspond to a system of partial differential equations. Mewethe number of unknown

guantities is larger than the number of equations in the systakingnthe system indeterminate.

Besides the main unknowr(sr,u,p, Ewk), Equations (1.5), (1.9), (1.14), (1.20) includes the

additional unknown variable(sz, jk,q). Therefore, in order to close the system, it is necessary t

introduce additional, so-callettonstitutive equations”for the stress tensos , for the mass

diffusion fluxes j, (or equivalently for the diffusion velocitie®, ) and for the energy fluxg.

These variables depend on the properties of the continuous méadigoestion and must be
expressed in terms of the main unkno(\mqo, E,M/k) in order to close the system. Moreover it is
necessary to introduce a state equation which relates the thermiclyasables of gases.

In the next section the constitutive equations for Newtoniadsfland the state equations

for perfect gases are briefly summarized.

1.2.1 Newton’s law

For Newtonian fluids, the stress tenser (which is the molecular rate of transport of
momentum) can be written using the generalized form of the Newton's ldscosity:

§=2mD- p+ N7l - pkE

wIinN
wln

Mu 1= 2 /D- tpl (1.21)

where 7 is the dynamic viscosityl is the unit tensorpis the static pressure aridl is the rate of

strain (deformation) tensor:
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D =% Rou + Rw)’ (1.22)
The tensorz. describes the viscous part of the stress tegsdfrom the (1.21):
2 .
LzZmQ-gmluL (1.23)
In Cartesian coordinates the stress tensor and the rate of stszinlecomes:
s =t - = D - 2m g pd (1.24)
ij ij ij f 3 ﬂxj i ij
1 Tu fu;
p, =2 M, M (1.25)
2 9% %

where g} is Kronecker symbolg; =1 ifi =j and g, = 0 otherwise).

1.2.2 Diffusion velocities (Fick’s law)
The diffusion velocities (and therefore the diffusion fluxes) be obtained by solving the

following system 107]:

Ns

Ns X, X r
pp:1

X = 2Kty v (m- xR,
kp:1q(p(p k)(k k)p

waw T f)  for k 1..N, (1.26)

where G is the binary mass diffusion coefficient of spedieisito speciep and X, is the mole

fraction of speciek. The system (1.26) is a linear system of diZe which must be solved in each

direction at each point (and each instant for unsteady flows). Bhisstasually costly, but in most
cases a simplified approach based on the Fick's law can be adéptedding to the Fick's law,

the diffusion velocity and the diffusive molecular fluxes can be wrigen

WV, = -Gy N (1.27)
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jk:-rx(:?(,mixﬁa/k (128)
where G, is the mass diffusion coefficient of spediaato the mixture.

1.2.3 Fourier’s law
The energy flux is usually expressed as the sum of acfirgribution expressed by the
Fourier's law and a second term associated with the difiusi species with different enthalpies,

which is specific of multi-species gas:

Ns
q=-/NT+r  Hy V, (1.29)
k=1
In the expression reported above is the thermal conductivity anéli, is the specific

enthalpy of specids

1.2.4 Equation of state
The relationship between the thermodynamic variat(lesp,L],T) can be obtained

through the assumption of thermodynamic equilibrium, which is acdeptaimost cases with the
exception of certain flows with strong shockwaves. Accordingutd dwypothesis, the fluid can
thermodynamically adjust itself to the new conditions so dyitiat the changes are instantaneous
if compared to the fluid velocity. The state of a substanabérmodynamic equilibrium can be
described by means of just two state variables. Equatiostatef relate the other variables to the

two state variables. For example, if we choosadT as state variables, two state equations allow
obtaining the pressure p and the internal ene}gy

p=p(r,T) U=0( T) (1.30)

The equation of perfect gases is usually accurate enoughefdurbulent reacting flows

studied in the present thesis:

[anp)
1
ol
—

p=rRT (1.31)
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1.3 Navier-Stokes equations for a Newtonian fluid

The constitutive equations reported in the previous Paragraplheogéth the governing
equations for a continuum, create a closed system of parfiatedifial equations for Newtonian

fluids (which are written here only in the differential form):

1.3.1 Mass conservation

%m(fu) =0 (1.32)

1.3.2 Momentum conservation
r%:rf-ﬂ p+§mmu +R0 m{fxu +{ fx)) (1.33)

1.3.3 Species conservation

Dw, _ R
Dt

r

(F xGu ) +W  k 4..Ng (1.34)

1.3.4 Energy conservation

A~

r%:-ﬂl(pu)ﬂﬂ(r:xu)ﬂill NTe b M +Qr w A ury) (1.35)

k=1 k=1

Usually for reactive systems studied in this thesis theggneguation can be more

conveniently written in terms of specific total enthalﬁgt and specific enthalp}:l , defined as:

H =B 42 (1.36)
A=0+2 (1.37)

After some re-arrangements of Equation (1.20), using the defisi{il.36) and (1.37), the

following equations of conservation of total enthalpy and specific entbalpype obtained:
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DH, _ TP « ..« N
r—2=""_Ng+N({ xu) +Q+ w  f ku 1.38
Dt ﬂt q (= ) Q k=1 k 'k (( ) ( )

DH Dp . - Ns
r—=—"-Ng+¢ :Nu+ Q+r w , fxV 1.39
Dt Dt T& Q @ (1.39)

In the Equation (1.39) reported above, the third term on the right site véstous heating

source term and is a quantity always positive:
Qdiss = é: NU >0 (140)

The Equations (1.38) and (1.39) are not always easy to implemdassical CFD codes,
Ng R
because they use expressions for enthalpy including chenical te DH?,k ¥y, in addition to
k=1

the sensible enthalpy. Sensible enthalﬁg, whose definition is reported below, is usually

preferred:

Ns

I
1
I
O
I
w0

W (1.41)

k=1

Using the species conservation equations (1.34), the equation of atimsefgr sensible

enthalpy can be obtained from Equation (1.39):

DH, _~ .DP ., cp ey 1, =0 e
2 =Qu+—+RN( RT)-Nr  Hw Vi + Quet QF w XV, (1.42)
Dt Dt k=1 ' k=1

where Q; is the heat release due to combustion:

Q.=- DHIW, (1.43)

If the Mach number is low, an equation for temperature can be cemidgnintroduced.

The derivative of sensible enthalpy can be written in terms of temperature:
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Ns
P8 D% 6 BT (1.44)
Dt . — Dt Dt
Replacing this derivative in Equation (1.42) gives:
A~ DT _ - Dp., Ns o ~ Ns
rCo—=Qy+—+N(/ NT)-r MOXNT+ Qs + Q4+ w | %Y (1.45)
Dt Dt k= k=1
where Q, is the heat release due to combustion, not to be confuse@uith
. Ns Ns Ne . Ns
Qr=- HW,=- HW, DH\W,=- HW+Q, (1.46)
k=1 k=1 k=1 k=1
1.4 Chemical kinetics
Let us consider a chemical systenNgfspecies which react througjlz reactions:
Ns Ng
niF . 4 nF forj= 1,..Ng (1.47)
k=1 k=1

where F, is a symbol for the specidsand nkfj and 7, are its stoichiometric coefficients in

reactionj. The mass formation ra| of species is the sum of net reaction ratgsproduced by

all N reactions:

NR
W =W, (m -mg)r fork=1,..Ng (1.48)

=1

whereW, is the molecular weight of speciesThe net reaction rate of reactior is written:

TR O .
n=K'O(c)" - KO (g) forj= 1,..Ng (1.49)
k=1 k=1

where K j‘ and K| are the forward and reverse rates of reagtamdc, is the molar concentration

of speciek. The rates of reactions are usually modeled using the empiricamusnlaw:
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att

f— AfTD -
Ki =AT" exp R_IT forj= 1,..Ng (1.50)

where AJ.f is the pre-exponential constamt, is the temperature exponent aE@f‘ the activation

temperature. The backwards rat€s are calculated from the forward rates through the equilibrium

constants:

K' = J forj=1,.Ng
P, kzl("lzl'"kfi) DS’ DHC (1.51)

where p,=1 bar. The DH? and DS? symbols refer to enthalpy and entropy changes occurring

when passing from reactants to products.

1.5 Modeling of turbulence

Every flow which is met in the engineering practice becomesahblesif the Reynolds
number becomes larger than a critical value. At low Reynolds ngnflosvs are laminar, but if
this number becomes larger flows are observed to become turbuléoh can be considered a
random state of motion in which the velocity and pressure chemg@uously with time. Most
fluid flows occurring in nature are turbulent. Turbulence can Berded as a state of continuous
instability in the flow, where it is still possible to seqtar the fluctuations from the mean flow
properties. It is characterized by irregularity in the flowcreased diffusivity and energy
dissipation 130. Turbulent flows are always three-dimensional and time depenelesn, if the
boundary conditions of the flow do not change in time. The range of snadesh flows is very
large, from the smallest turbulent eddies characterized bmd&garov micro scales, to the flow
features comparable with the size of the geometry. A compselee review of simulation
techniques for turbulent flows can be found 4d][and [L09. A brief overview of the modeling
techniques will be given here.

There are several possible approaches to the simulation ofemnirtbiows. According to
Bardinaet al. [5], the main approaches for the numerical prediction of turbdlems can be

classified in six main categories, most of which can be divided in subecig®g4).
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I.  The simplest approach involves the use of correlations (sucheasthat give the
friction factor as a function of the Reynolds number or thedslt number of heat
transfer as a function of the Reynolds and Prandtl numbers).appioach is
useful only for very simple types of flows, ones that can be ctearzed by just a
few parameters.

II. A more accurate approach uses integral equations which cderived from the
equations of motion by integrating over one or more coordinates. \Jsbe
reduces the problem to one or more ordinary differential equations which dye easi
solved.

lll.  The third approach is based on equations obtained by averagieguagons of
motion over time (if the flow is statistically steady)geowa coordinate in which the
mean flow does not vary. This approach is called one-pointrel@d leads to a
set of partial differential equations called the Reynolds-Aged Navier-Stokes
(RANS) equations. Unfortunately these equations do not form accket, so this
method requires the introduction of approximations (turbulence models).

IV.  The fourth type is based on two-point closure. It uses equatiotisef@orrelation
of the velocity components at two spatial points or, more oftes, Fourier
transform of these equations. These methods are rarely usexpt efar
homogeneous turbulence.

V. The Large Eddy Simulation (LES), solves for the largesescaitions of the flow
while approximating or modeling only the small scale motionsarit lme regarded
as a kind of compromise between one point closure methods andndineerical
simulation.

VI.  The most accurate methodology is the Direct Numerical SimanldDNS), in
which the Navier-Stokes equations are solved for all of theom®in a turbulent

flow.

The major difficulty is that turbulent flows contain variatioms a much wider range of
length and time scales than laminar flows. The equations desctirimglent flows are usually
much more difficult and expensive to solve, even though theyimmtarsto the laminar flow
equations. The methods close to the bottom in the list can be e@ubkichore exact, since more
and more of the turbulent motions are computed and fewer are apptedi by models, but the
computation time is increased considerad¥] |

The direct solution of the Navier-Stokes equations in turbulegime is obviously the
most natural choice and does not require any modeling effort. Howevenain problem is related

to the computational cost: the accuracy and reliability of theenigal solution is directly
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associated to the discretization of the computational domain on Wigctonservation equations
need to be solved. The computational cells must be fine enougiptiore the smallest turbulent
scales (Kolmogorov microscale). At high Reynolds number, the Kolrowgoicroscale becomes
very small and the number of required grid points increasesexzonple it can be demonstrated
that for a finite difference scheme, the number of grid peoeysired for a DNS is proportional to
Re™” whereReis the Reynolds number constructed on the integral scalee Bimoany practical
applications the Reynolds number is very higéf{10°), the required number of grid pointsli€’-
10", As a consequence the corresponding numerical problem istahiea with the actual
computational tools and power.

When modeling turbulent flows, we have to take into account th@ulence is an
unsteady, irregular and non-periodical motion in which the trarepguaantities fluctuate in time
and space in a wide range of space and time scales. Usually, for the majorgloatiaps, we are
interested in the mean values of the variables, and therdfereonservation equations for the
mass, species, momentum and energy can be averaged over dppaee \When this averaging is
performed, the equations describing the mean flow-field contain theages of product of
fluctuating velocities. In general this will result in more unknewthan the number of equations
available. Such difficulty can be resolved by turbulence mod@alitly additional equations being
provided to match the number of unknowns. Such models are designed to apf@dRerphysical
behavior of turbulence. The average balance equations for dntbilhmes can be obtained by
decomposing the instantaneous quantities into mean and fluctgatingjties and describes only
the mean flow field. Two methods of averaging, Reynolds and Favreass weighted) averaging

are commonly used.

1.5.1 Reynolds averaging
The mean quantity can be defined in many ways, depending on the flow condités [

109. Here it is defined as the ensemble average, Wwiése sample size:

_ 1 N
F(x.t)== f*(x.1) (1.52)
N =1
The value off can be assumed to be the sum of its mean quahtignd its fluctuation

partf
f(x.t)=F (x.1)¥ (x.1) (1.53)
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In this expression the mean valfieis defined as the time average /©f where the time

step must be chosen to be sufficiently large than the charactenigiof turbulent motions:

f(x.1) dt (1.54)

_ 1
f()ﬂ,t)za .

The time average of fluctuations is zero by definition:

t+Dt

7(x,t):ét £ (x,1) dt=0 (1.55)

On the contrary, the time average of the product of fluctugtems of two different

variablesf andy  is not zero:

iy (x.1)=

t+D¢

ét F (%, (%, dt 10 (1.56)

If we apply the Reynolds average to the mass balance conseregtiation, it is relatively

easy to show that the following equation results:

‘%_fm(m +r'_u') -0 (1.57)

1.5.2 Favre averages

The previous Equation (1.57) contains the unclosed velocity and deosn'eyationm,

which needs explicit modeling. Reynolds averaging for variabiesityeflows introduces many

other unclosed correlations between any quantityand density fluctuations'/ . In order to

partially overcome this problem, the Favre (or mass weighted)gevérés introduced:

F(x.0)=f (x.0# (x.9 (1.58)

The mean quantity is defined as:
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f()g,t)zrf? (1.59)
The fluctuation/" has the following properties:
rif -f
r(x.1)= (_ )
77 (x,1)=0 (1.60)
— rf’
f(x,t)=- 1o
(x.t)=-—

1.6 RANS simulations for turbulent combustion

With Favre averages for variable density flows, the RAR8ynolds Averaged Navier

Stokes) form of conservation equations can be derived as following.

Mass conservation equation

Fu) =0 (1.61)

%(Fu)ﬂﬁ(r_uu) =-Npr K-+ Nf‘u" d)f - f (1.62)
Species
%(fwk)m(r—wk):w G, +W - W) kLN, (1.63)
Energy

(i) +fifrun.) =, +22 + §RT) 40, +0-

1 - iH) e
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where: D—Ft) _Tp T

+ulp=="+uNp+uN
Tt uhp Tt UNp+uNE

In Equation (1.64) the terms related to the sensible enthalpie® d@hd éxternal volume

forces f, are neglected for simplicity.

It is seen that the Favre average makes the turbulent essilgle flow equations simpler,
with their form resembling those of incompressible flows. Tdgadons (1.61), (1.62), (1.63) and
(1.64) are now formally identical to the classical Reynoldsagyed equations for constant density

flows. However we can recognize some additional unknown termsotisalled Reynolds stress

tensor N(r_u"u") and the species and enthalpy turbulent fluﬂaéfu'wi:) and N(ru"H;)

respectively. Despite the simplifications that Favre ayeres able to introduce, the density
fluctuations or compressibility effects must still be resdivonly mathematical simplifications can
be achieved though Favre averages. These quantitiesa®ipties process of turbulent diffusion
and require the introduction of additional equations matchingatime siumber of unknowns must
be provided. This is the process known aguhieulence closurer turbulence modeling

The Favre averaging introduces another important issue, wépchsent one of the most

important problems in the numerical modeling of turbulent readkovgs: the formation ratéM
of speciek needs to be closed using an appropriabenbustion model; which accounts for the
effects of turbulence on the chemical reactions.

In the next Chapter the problem of closure of mean formationwiditbe presented and
discussed more deeply. In the next section we briefly discussdbe used approaches for the
modeling of species and enthalpy turbulent fluxes. Then a shoenpaten of closure problem of

Reynolds stresses in the conservation momentum equation will be presented

1.6.1 Species and enthalpy turbulent fluxes

The species and enthalpy turbulent fluxes are usually modeled aisilagsical gradient

assumption:
Fuw, =- Slmwk k= 1,..Ng (1.65)
K
N(ru“ﬁ;) = sﬂN A (1.66)
t
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where m is the turbulent viscosity (which will be defined in the nesdt®n), S¢, the turbulent

Schmidt number for specidsand s, a constant which is usually assumed equal to 0.85. The

gradient assumption is largely used but it could be not approjpmicgeme turbulent flows, for

which counter-gradient turbulent transport are observed.

1.6.2 Reynolds stresses
The turbulent Reynolds stresses are usually described using thdehoe viscosity
assumption proposed by Boussinesq. In particular it is assumed tifrReythelds stresses have the

same form of the viscous tensor retained for Newtonian fluids:

ruu =ruu Emg +?23r7? (1.67)

In this expressionvyis the turbulent dynamic viscosity ang is the Kronecker symbol.

The last term has been added to recover the right expression for tukégic energyk :
1 ..
k :§ui y (1.68)

The closure problem is now shifted to evaluation of turbulertosisy 7. Three main

approaches have been proposed: algebraic expressions which dqui@ any additional balance
equation, one-equation closure and two-equation closure.
The simplest approach is due to Prandtl, who, in analogy with tle¢idkitheory of gases,

evaluated the turbulent viscosity as follows:

2

/7? = _/1mix

s (1.69)

wherel ,, is the so-calledmixing length”, analogous to the mean free path of gaseous molecules,

and§ is the mean stress tensor, defined as:

S== —+-—1L (1.70)
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Various empirical relations have been proposed to miygelbut they strongly depend on

the flow geometry and cannot be easily generalized.
A more general formulation can be obtained relating the turbwiscbsity to other
guantities characteristic of the turbulence, such as the tatbkileetic energyk . The Prandtl-

Kolmogorov model in particular is an example of one equation model:
m=TC sk (1.72)

where C,, is a model constant (generally chosenCgs=0.09) and |, is a characteristic length,

x
which depends once again on the flow geometry and whose origin is experimental.

More accurate and general models can be obtained using the twmmqmproaches,
which take into account not only the kinetic energyut also the turbulent dissipation ratdn
this case, some additional differential equations need to bedsdivthe - model, initially due to

Jones and Launde8§], the turbulent viscosity is modeled according to the following expression:
m=7TC, — (1.72)

where C,, is a constant of proportionality. In order to evaluage besides the Navier-Stokes and

the continuity equations, two additional transport equations tord are needed. The transport
equation for the kinetic energy can be obtained analytib@iy the Favre averaged Navier-Stokes

equations after some algebra:
—(/7()+N(f_l!f ):N m +ﬂ N +B -re (1.73)

On the contrary, the transport equation for the turbulent digsipaate in the standard-

model is empirically derived, thus resulting in the following equation:

2 (re)+N(re ) =K m+sﬁ e +2(C,R - C,7e) (1.74)
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The source term in the turbulent kinetic energy and dissipatieneguations has the
following expression, in which the Reynolds stresses are determisied the Boussinesq

expression (1.67):

(1.75)

~U
1
N
C =
c
pral
c

The standard values of the closure constants were proposeditgeland Spalding §):
C,=0.09, s,=10, s,=1.3, C,=1.44 and C,, =1.92. The standard- model is usually of

acceptable accuracy for simple flows, but it can be quite inaccoraterhplex flows. For example
it cannot capture the stabilizing/destabilizing influenceswirling motions and buoyancy forces.

Even for a simple round jet the constants need to be adjustedexkomple C,, =1.83 for

axisymmetric round jet us usually recommended than the standardofalu®?2. In Chapter 3
further investigation about the role of model for the prediction of turbulent jet will be outlined.

Since the first formulation of this model, several modificatibase been proposed to
overcome the limitations in the computation of particular kinds of flows.

For example the RNG- model was derived using a rigorous statistical techniques@call
Renormalization Group Theory). The analytical derivation resalt®8 model with constants
different from those in the standard model and additional terms and functions in the transport
equations for and . A more comprehensive description of RNG theory and its apiplicéo
turbulence can be found iB8(Q]. The RNG model is similar in form to the standad e model,
but includes the some important modifications: there is an additierralin its e equation that
significantly improves the accuracy for rapidly strainkavé; the effect of swirl on turbulence is
included, enhancing accuracy for swirling flows; the RNG theooyides an analytical formula
for turbulent Prandtl numbers, while the standardmodel uses user-specified, constant values.
Moreover, while the standard model is a high-Reynolds-number model, the RNG theory
provides an analytically-derived differential formula fofeetive viscosity that accounts for low-
Reynolds-number effects. These features make the RN@odel more accurate and reliable for
a wider class of flows than the standardmodel.

Another modification of the- is the so calletiealizable - ", which employs a different
formulation for the turbulent viscosity and a different transgouation for (derived from an
exact equation for the transport of the mean-square vortikittuation) [L22. The term
“realizable” means that the model satisfies certain mathematicalkraoris on the Reynolds
stresses, consistent with the physics of turbulent flows. Neitherathéast - model nor the RNG

- model is realizable. The realizable is able to predict more accurately the spreading rate of
round and planar jets and to provide better results especiély flows involving rotation,

separation and recirculation.
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The most classical turbulence model is the Reynolds Styessien Model (RSM), which
is based on a second moment closure and avoids resorting toubsiri®sq hypothesis. When the
flow fields are characterized by complex strain fields ignificant body forces, the individual
Reynolds stresses are poorly represented by the Boussinesq higp(tledy, even if the turbulent
kinetic energy is computed to reasonably accuracy. The mainb&tgad the RSM consists in
solving the additional transport equations for all the componerntedReynolds stress tensor. The
exact transport equation for the transport of the kinemaimélds stresses has been reported in

many texts. In Cartesian coordinate the equation take the following form:

%(Fu;'u}')+%(r_q< Jy)=P+D-E +R +W (1.76)

Equation (1.76) describes six partial differential equations: onthéotransport of each of
the six independent Reynolds stresses (the Reynolds stress sesygminietric). If this equation is
compared to the exact transport Equation (1.73) for the turbulestikienergy, two new physical

processes appear in the Reynolds stress equations: the préssoressrelation ternP; (whose
effects on the kinetic energy can be shown to be zero) andttteon termW, . On the contrary
The productionPR,, the diffusionD; and dissipatiorE; terms are present in the turbulent kinetic

energy too. In the equations (1.76) some terms need to be modeledtidalgrathe numerical

models are needed for the diffusion teld), the dissipation ratee; and the pressure-strain
correlation P . The remaining terms are present in a closed form and ¢herttsiey do not need

any modeling. Laundest al. [77] and Rodi L15 give comprehensive details of the most general
models. The RSM approach accounts for the effects of streawlirvature, swirl, rotation and
rapid changes in the strain rate more rigorously than the dquatien models, and it is therefore
more suitable for the modeling of complex flows involving such phenonkaever the closure
modeling of unclosed terms in the Equations (1.76) (in partichiamptessure strain term) can
strongly affect the accuracy of the results, and should bedeved carefully. RSM are clearly
quite complex, but is generally accepted that they are theestrigpe of model with the potential

to describe all the mean flow properties and Reynolds stresses withediycaase adjustments.

1.7 Conclusions
In this Chapter the conservation equations of mass, momentuniesad energy for
reacting turbulent flows were briefly presented. The maipr@aches for the modeling of

turbulence were shortly outlined, providing a first introduction he o called problem of
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turbulence closureThe attention was focused on the RANS approach, which is ti@dnased in
the present thesis for the modeling of turbulent flames. In &dSRcomputations, the equations
governing turbulent, reacting flows are averaged in order to fealsible their numerical solution,
but this averaging leads to the introduction of additional unknewnst which need to be modeled
(or closed). Turbulent combustion modeling is generally focused ariabiere of species chemical
reaction rates, which will be the subject of the next Chagiéthe present the RANS approach is
practically a forced choice if the time required for thawdation is a critical parameter. However,
since computer power is rapidly increasing, the application oé mocurate methods is becoming
more affordable. RANS computations will be probably replaced iméxé years by Large Eddy

Simulation, which is becoming more and more popular in the academic community.



2 Modeling of combustion in

turbulent flows

The study of turbulent reacting flows is of paramount importancenany industrial
applications, but their numerical modeling is one of the main isgueshemical reaction
engineering. The main difficulties are related to the closdirthe chemical source term in the
Reynolds-averaged scalar transport equations. Due to the highlyneantharacter of chemical
source terms, simplified approaches must be taken into account mt@rcerectly manage the
interactions between turbulence and kinetics. In the past decselsial authors proposed
different models and methods to properly describe the efféttsbulent fluctuations on chemical
reactions and vice-versa. Some important solutions have beenldted for reactions which are
very fast if compared to the turbulence characteristicginrefor reactions which are very slow
with respect to the mixing times, but for intermediate cdsesyhich the times of chemistry and
mixing are similar, the interactions are very strong and riogleling issues becomes more
complex. No definitive solutions have been proposed, which can be arspradtical systems in

reasonably small computation times.

2.1 Introduction

In this chapter the most important models for turbulent readtowgs will be briefly
summarized, mainly focusing on the approaches that were adoptedpresient thesis. As known,
the description of the turbulence-chemistry interactions repiesee of the most difficult tasks in
turbulent combustion. Since the chemical reactions occur ogesctiles of molecular mixing and
are characterized by a strongly non-linear behavior (eslyewiéh respect to the temperature), the
effects of turbulence on the chemistry of chemical speméed to be accurately modeled. Several

models have been formulated to couple turbulence and chemistry appinepriate way when



24 Chapter 2

RANS equations are adopted for the numerical modeling of a tutbfiéene. The different
approaches can be grouped in two familie87: the Reaction Rates ApproadiRRA) and the
Primitive Variables ApproactiPVA). In the first case it is necessary to model onlyrdaetion
term in the transport equations, but a transport equation fdhelspecies must be solved; for
example, thézddy DissipationED) [88] and theEddy Dissipation ConceggEDC) models §6, 87
belong to this group. An alternative methodology is the PuimiNariable Approach which solves
the transport equations only for a small number of primitiveialsbes which govern the
temperature and species concentrations. This is the apdaoseted for example by th&teady
Laminar Flamelet(SLF) model 100, 101 or the Unsteady Laminar FlameldSLF) model 99,
104].

2.2 Interactions between turbulence and chemistry

The Reynolds averaged scalar transport equations for chemaeks (1.63) contain a

chemical source term of the form (see Equations (1.48) and (1.49)):

_ Ng Ng

r £\ r f f 3 n NS ;
We =W, (my -nf)ri=W, (dg- A) KO(6)™ KO (g)"  for k LN (2.1)
k=1

j=1 j=1 k=1

This source term is highly non-linear with respect to concemtimand temperature. The
chemical source term is unclosed at the level of the first-order mgmdnth means that it cannot
be expressed in terms of mean concentrations and temperaturen€tiasting the effects of
turbulent fluctuations). Moreover, since in the Arrhenius law tdraperature is present as an
exponential function, the chemical source term will be unclosedydirdte level of moments. The
closure problem of chemical source term occurs even forvelagimple isothermal reactions, but
becomes more and more important for turbulent combustion, wheretéangerature fluctuations
can arise.

The effects of turbulence on the formation rate of each iciaérapecies are strongly
dependent on the characteristic times of the chemistry govetimingvolution of such species.
These chemical times can be defined in terms of the eigmwalf the Jacobian matrix of
formation rates47]. For example, for an isothermal system, the Jacobian matriXds &ls square

matrix given by:

J =—1 for i,j=1,.Ng (2.2)
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where W is the formation rate of speciesind c, the molar concentration of specied-or non-

linear reaction rates the Jacobian matrix depends explioiththe concentrations and kinetic

parameters appearing in the Arrhenius law (1.50). As a conseqheneigeénvalues o will also
depend onc;, which means that the characteristic chemical times wametibn of the local

composition at each time. If the eigenvalues @yethe chemical times are defined as:

1

e, :‘nﬂ for j=1,..Ng (2.3)

If an eigenvalue is large, the corresponding chemical timle $& small; this is the case of
fast chemistryOn the contrary, when the time scale is large, the definif slow chemistnyis
commonly adopted.

Figure 1 shows the characteristic time scales of chemmadies in a typical, turbulent
reacting system. The characteristic chemical timeseeaily range over more than ten orders of
magnitude, froml0%s (fast chemistry) td.0’s (slow chemistry). The chemical time scales must be
considered in relation to the flow time scales occurring in tertiukeacting flows. These flow time
scales range from the Kolmogorov time scalehrough the turbulent micromixing time scalg,
up to the mean residence time Usually the range of flow time scales (depending on the Reynolds
number) is not more than four or five orders of magnitude, evembalent flames. By taking into
account the flow time scales, the chemical times canweéedi into three regimesiow chemistry
(for which the chemical times are larger thap); fast chemistry(chemical time smaller than)
andfinite rate chemistryin the between. The ratio between the micromixing time saadethe

chemical time scale; of specieg is defined as the Damkohler number:

tmix H—
Da, :[— for j=1,..Ng (2.4)

C.i

Fast reactions correspond to a large Damkohler number, whilersbmtions to a small
value. Closure models for the chemical source terms masuacfor the values of the chemical
time scales relative to the time scales of the flow, equivalently, must be a function of the
Damkdohler number.

For example, the characteristic time of CO is usually v@nall and therefore the
assumption of fast chemistry is justified and appropriate. allosvs to adopt simplified closure

approaches (like the Eddy Dissipation Model, for example), whadsider the formation rates of
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chemical species controlled by the turbulent mixing. In othedsyahe chemistry is so fast with
respect to the turbulent mixing, that reactions occur instantdgeodren the reactants mix
together. The combustion is said to be mixing-limited and the complerjical kinetic schemes
can be safely neglected. On the contrary, the formatidiOof is governed by very slow reactions,
with large activation energies. In this case the reactiates are controlled by the chemistry,
because turbulent mixing can be considered infinitely fast with regpestaw chemical reactions.
Polycyclic Aromatic Hydrocarbons (PAHs) and soot have cheriatic times which are in
the same range of the flow times (see Figure 1). In thée ¢he (partial) decoupling between
chemistry and fluid-dynamics (which can be applied for fastaw chemistry) is not possible. The
effects of turbulent fluctuations on the formation rates are notteasyderstand and describe. As a
consequence, for example, the flamelet model, which is largely fos industrial applications,

cannot be adopted to get reliable and accurate predictions of sodtidorma

Chemistry gﬁlp;g}nics

Perfect — |
mixing
Mean
Slow chemistry residence
time
NOx
Finite-rate
chemistry
Kolmogorov
Soot lenght
Fast
chemistry
co
Mixed - /—
Burned

Figure 1. Comparison between chemical time scales and flovd ime scales in turbulent reacting systems.

2.2.1 Oscillating Perfectly Stirred Reactor

In order to better understand the problem of interactions betwdaidénce and chemistry
and how the turbulent fluctuations affect the formation ratespeafific chemical species, a
Perfectly Stirred Reactor (PSR) can be conveniently corsidéet us to refer to a PSR fed for
example with a mixture of propane and air; the equivaleng afithis inlet mixture is assumed
equal to 2 (in order to enhance the formation of PAHs and soot).effbets of turbulent
fluctuations can bésimulated” by forcing the reactor temperature to oscillate about the mean
value T ; the imposed oscillation is assumed to be for simplicity a sidalséunction with

frequencyf and semi-amplitudeDT , while the residence time is kept fixed (see Figure 2). Of
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course, temperature oscillations are expected to induce oscillations indioetprconcentrations at
the exit. From the response of each chemical species, thes efféetmperature oscillations on the
chemical formation rates can be analyzed and better understoodtitulpg the responses of
specific chemical species are expected to be differecbrding to the characteristic times of their

chemistry.

Perfectly stirred C3H8‘ ; Air
reactor
—
_ 2100
x
MR AW ANANANAY
- 1500
g 000 200 400 Products

non-dimensional time

Figure 2. Oscillating perfectly stirred reactor fed with prape and air. The reactor temperature oscillates
according to a sinusoidal function, while the reside time is kept fixed.

In Figure 3 the concentrations of CO, £L®AHs and soot at the exit of the PSR are
reported versus a non dimensional tithgsimply defined as the ratio between the time and the
period of forced oscillations of temperature field); the meamperaturel is equal to 1800K and
the semi-amplitude of imposed oscillations is 360K (whictresmonds to the 20% oF ). The
response of CO to the temperature fluctuations seems to falevwmposed oscillations of the
reactor temperature. This result is not so unexpected, sinchateeteristic time of CO chemistry
is very small (see Figure 1). The red line is the composimresponding to the steady state
conditions, i.e. for a fixed reactor temperature equal to then malme. The response of €@
more complex, probably because this species is involved in equifibreactions, strongly
dependent on the temperature. Therefore the sensitivity ofsfiesies with respect to the
temperature is expected to be large. PAHs and soot respoase®i@ strongly affected by the
temperature oscillations: the induced oscillations are higsyyneetric and do not follow the
sinusoidal shape of the reactor temperature.

Since the reactions governing the formation of chemical spactenon linear, we expect a

difference between the mean value of composition at the (¢t which accounts for the
temperature oscillations, and the value corresponding to the raegerature of the reactor

(V seasy) » Which will be indicated in the following as the steady state valusiritplicity:
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1
t

y =2y (1) (2.5)

ysteady:y (-r) (26)

where the variablgr is used to indicate the composition (concentration or molaidrgcOnly if
the reaction rate were a linear function of the temperatheedifference betweey and y .4,

would be zero. In Figure 4 the mean and the steady state valo@scentrations at the exit versus
the reactor temperature are reported (the species asartfeeconsidered in Figure 4). As expected,

for CO and CQthe differences between andy .., are small. On the contrary, for PAHs and

soot the results are more complex to describe and explain. PAHsnt@tion shows a maximum
at ~1600K when steady state conditions are assumed; if the témmperscillations are introduced,
the mean value becomes smaller than the steady state waherange ~1400-1700K and larger

for temperature in the range ~1700-2100K. Moreover the mean profilesotdpresent any
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Figure 3. Responses of CO, GAPAH and soot to the imposed temperature osailfetiin a perfectly stirred
reactor. The mean temperature is 1800K, the senplitude of oscillations is 360K and the frequen€®p 1
Hz.
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maximum. The differences betwegn and y ..,cannot be neglected, especially at mean

temperatures around 1700K. More complex is the result for sosb. il this case, there is a
maximum in the curve obtained in steady state conditions (~1750#) corresponding mean
values (which account for temperature oscillations) do not seem to be suéfagted by the value
of mean temperature. As a consequence, for mean temperaturies #maal~1600K or larger than
~1950K the mean concentration results to be larger than théyss¢ate value; on the contrary,
between ~1600K and ~1950K the temperature oscillations reduce #re aoacentration below
the corresponding steady state value. Particularly interestitige range 1300-1500K: while in
steady state conditions there is no soot formation, if the temuyper oscillates the soot
concentration becomes non negligible. As a consequence, tudtions were ignored in
calculating the formation rates, the error would be very largkone would arrive to completely
wrong conclusions about the soot formation.

In Figure 5 the response of soot is reported also for mean tatume of 1500K and
2100K respectively. It is interesting to observe that, when thanmemperature is 1500K or
1800K, two minima exist in a single period of oscillation, whils2H0K only one minimum is

present. The explanation is relatively simple if we refeFigure 4: the soot concentration has a
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Figure 4. Comparison between steady state and mean congesiti CO, CgQ PAH and soot at the exit of
an oscillating perfectly stirred reactor. The opting conditions are the same reported in Figure 3.
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maximum at ~1750K, so, if the temperature oscillations are eehtierl500K and 1800K, the two
regions where the soot formation tends to zero are crossedebyinstantaneous reactor
temperature, while at 2100K only the region around the maximum is crossed.

The same analysis can be extended to nitrogen oxides (NOXx), whesgstry is very
slow. It is convenient to change the composition of the inlet mixtiareorder to create the
conditions which lead to a large amount of NOx in the reactor. Fer pghipose the new
equivalence ratio is fixed equal to 0.50. The NO response is rdpattéwvo different mean
temperatures (respectively 1800K and 2100K) in Figure 6. ltidieri/that the induced oscillations
are highly asymmetrical above the steady state value, eBpeai 2100K. The larger is the
activation energy of chemical reactions, the larger lagestfects of oscillations (and therefore the
non symmetric behavior). The behavior of NO oscillations ig senilar for both the temperatures
under investigation. The comparison between the mean and steady state vajumsad in Figure
7. The mean value is always larger than the steady state, Yat every mean temperature. This
result can be easily explained, since the NOx have a monotonavibehvith respect to the
temperature, while PAHs and soot do not.

From this simple analysis it is evident that, unlessctiemistry of a specific species is
very fast, the temperature oscillations strongly affeet inean formation rates. The difference
between the mean value and the value corresponding to the raksn of temperature is
particularly large for nitrogen oxides. However the effaaftscillations are more complex to
describe for PAHs and soot, whose chemistry is not as soferahe NOx. The characteristic
times of PAHs and soot are in the same range of flowgiand therefore it is not so unexpected

that the interactions between turbulence and chemistry are more iabehsemplex.
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Figure 5. Response of soot to the imposed temperature atgmils in a perfectly stirred reactor at the mean
temperatures of 1500K and 2100K. The semi-amplitofescillations is 20% of the mean value of
temperature and the frequency 100 Hz.
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Figure 6. Response of NO to the imposed temperature oszilain a perfectly stirred reactor at the mean
temperatures of 1800K and 2100K. The semi-amplitofi@scillations is 20% of the mean value of
temperature and the frequency 100 Hz.
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oscillating perfectly stirred reactor. The operaginonditions are the same reported in Figure 3.
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2.3 Series expansion closure

The closure problem reduces to finding a general method for modedngdan chemical
source term only through known variables, i.e. variables which are tracked ®¥Eheode.

The simplest approach for closing the mean reaction rdtased on series expansions.
This is the most direct and most natural approach, but itris difficult to apply to large and
detailed schemes, and it is able to illustrate the diffesilarising from the non-linear character of

chemical sourceslp7]. Let us consider a simple irreversible reaction betweefuilgF) and the
oxidizer (O):

F+sO%® (¥ 9 F (2.7)

The reaction rate can be simply expressed from the Arrhenius law as:

Tact

W, =-Ax2Thvwye T (2.8)

whereA is the factor frequency and is the activation temperature. This chemical source i&rm
unclosed at the level of the first order moments. Moreover, due exgumential linearity ifT, the
chemical source term will be unclosed at any finite lefelnoments. The corresponding mean
average, which is used in the RANS equations, cannot be expresaesinaple function of mean
mass fractions and temperature, because it is highly non linearfirst simple idea is to expand
the mean reaction rate as a Taylor series around the meanafato@ss fractions and temperature.

Even if the reaction is very simple, this expansion leads to a very conegidt:

1+% +(Fi +Q1) ﬂ +£
— e We o T uT
We =-AxF Twaw e T (2.9)
WT? wT?
+(R,+Q, +R — t—=— .
( 2 Q2 1Q) M/FTZ %TZ
where P, and Q, are given by:
N n-1)! “
Pn - (_1) k ( ) Tatt (210)
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b(b+1)..(b+ n- 1)

n

(2.11)

This equation is characterized by many difficulties. Firstatf because of the non

linearities, if only a few terms of the expansion are takémaccount, large truncation errors can
arise. Moreover, new quantities such as the covariangceg and w,T" have to be closed, using

for example additional transport equations or simplified approaEbesnore realistic and detailed
kinetic schemes the expressions corresponding to the Equatioar@@pre complex and require
many additional variables to be transported or modeled. Theréfier computational cost can
become very large. It is clear that this kind of approacinatabe followed for realistic kinetic
schemes. As a consequence the closure problem reduces to finaémgl geethods for modeling
higher-order moments of the composition PDF that are valid ovédeanange of chemical time

scale.

2.4 Eddy Dissipation model.

When the chemical reactions are fast if compared to the tatbmiging process, instead
of closing the chemical source term using the Taylor's sexgmnsion as described above, a
different approach can be followed, as suggested the first tirSpdlging L25. The idea behind
this model is that chemistry does not play any explicit rolgleaturbulence controls the reaction
rate. In fact most fuels are fast burning, and the overattiogarate is controlled by turbulent
mixing. In non-premixed flames, turbulence slowly convects/mixet dond oxidizer into the
reaction zones where they burn quickly. In such cases, the combsstioring-limited, and the

complex and often unknown, chemical kinetic rates can be safelyeynbhis intuitive concept is

called the Eddy Break Up (EBU) model. If we consider tingpte reactior + sO 3% (1 s) F,

the corresponding turbulent reaction rate can be expressed as:

_ -
Wb =Ceny—— W5 (2.12)

mix

where C_,, is the Eddy Break Up constant, which needs to be tuned forieupsrproblem. The
turbulent mixing time ,x can be assumed to be inversely proportional to the specific tatbule

dissipation rateg/ k and therefore the Equation (2.12) can be replaced by the following:
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We =CEBU7§ w2 (2.13)

A modification of this model is the Eddy Dissipation (ED) modebppesed by Magnussen
and Hjertager§8], where the mean reaction rate is related to the mean comitamd instead of
variance. In this case the mean reaction rate is takdmebyinimum value between three different

rates:

\7VF =Ar_imin WF,%,B ik
t S 1+s

mix

_e .

where A and B are two model constants. In this expression the reaction réiteitsd by the
deficient mean species. This is acceptable if the mrectare very fast compared to the turbulent
time scales. Generally speaking, this model is too simpleoteatly predict the thermal and
compositional fields for turbulent non-premixed flames, but can be wsethke first guess solution
for the application of more detailed combustion models. One ofmidie deficiencies of this
approach is that it cannot be extended to multiple reactonktherefore it is not able to manage

detailed kinetic schemes (for example for the prediction of pollutantes)eci

2.5 Eddy Dissipation Concept model.

An extension of the Eddy Dissipation model to incorporate findtie rchemistry in
turbulent flames is due to Magnussen, and it is called the Bdjpation Concept (EDC) model
[86, 87. This method is based on a detailed description of the digsipattiturbulent eddies. In a
turbulent environment, combustion takes place where thererislecular mixing, i.e. at small
turbulence scales. According to the EDC model, the chemiaatioas occur only in small scale
micro-mixed turbulent structures known as fine structures.ti#dl reactions of the gas-phase
components are assumed to take place within this reaction Hpsceepresents the smallest
turbulence scales where all turbulent energy is dissipatecheat. As a consequence all reactions
in the surrounding fluid are neglected. This assumption is the simaplification, but its validity
has been proven in many practical applications.

The fine structures are treated as a perfectly stir@ttors (PSR) with a residence time
and mass fractiong/ . Their volume fraction is a function of turbulent properties; the reactions

proceed in the fine structures, according to a detailed kinetic scramaetjrhe equal to a residence

time "and areffective volumeV:
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‘=g n 1/2 _ ne 1/4 o 015
= 41; g/—213F V —g/*/ ( . )

Based on the mass transfer between the fine structurede@ndurroundings, the mean
reaction net mass transfer rate of a spdciestween the fine structures and the surrounding fluid

can be expressed as:

_ ; =
We =—ZL (W] - ) for k=1,..N 2.16
ra-gy : (220

where is the density and the laminar kinematic viscosity. The basic assumption isctiemical
reactions are quenched if the characteristic chemicabtforelimiting species are longer than
The correction factor designates the fraction of the fine structures that is thesaiiiciently and
may react. This factor accounts for finite rate chemistry effects when the fégmistry
assumption is used. By treating the reacting fine structooedly as a well stirred reactor that
transfers mass and energy only to the surrounding fluid, evenyicilekinetic mechanism can be
linked with the EDC combustion model. The reaction rates afpaties are calculated on a mass
and enthalpy balance for the fine structure reactor. Theichkreactions and mass transport can

be described by the following algebraic equations for species conservatitmadhmththalpy:

r

m(m/;' M)Ii): W*k for k= 1""NS (217)
/
rroo N fOrN
mk 1(Wka' WHS)= Q (2.18)
/ =

where Q" is the net power per volume that is transferred betweenirtbesfructures and the
surroundings by other mechanisms, such as radiation. From le |aSgtwtions (2.17) and (2.18)

it is possible to calculate the mass fractiofis and the enthalpy-]; in the fine structures as a

function of the known quantities? and H. Then the mean reaction rates of all species can be

calculated by using either the mass transfer rate expresg@dlby or the chemical reaction rate
(2.17) in the fine structures.

The EDC model can incorporate detailed chemical mechanistosturbulent reacting
flows and can be used when the assumption of fast chemistry aidintHowever, typical

mechanisms are invariably stiff and their numerical irgtgn is computationally costly. Since the
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chemical reaction rates in the fine structures are functadnall the mass fractions and the

temperature, a set of nonlinear, coupled, algebraic equations masbtduk s

2.6 Steady Laminar Flamelet Model

The mixture fraction is one of the most important quantitiedéscribing non premixed
combustion. In a two-feed system with equal diffusivitiesdibrspecies, the local stoichiometry
can be conveniently formed into a mixture fraction variable uslagental mass fractions. The

elemental mass fractidfy for the elemenitis defined as:

Z= mw i=12.N, (2.19)

where /m, is the mass ratio of the elemerih speciek, Nsis the total number of species axgis

the total number of elements. In chemical reactions the indivihedies mass fractions are not
conserved due to production and consumption, but the elemental massdractoconserved,
because they can be changed only by mixing. Therefore the elemastfmactions variables are
useful quantities for describing the non-premixed combustion propere particular the

individual element conservation property results in the following:

Ns

mW, =0 i =12.N, (2.20)

k=1

If the species equations (1.34) are multiplied/Ay and summed over all the species and if

we assume equal diffusivities for every species, the following equation can be obtained (in

Cartesian coordinates):

| |
ﬁ(fzk)Jfﬂ—)g(f uz)

r e (2.21)

_ T
% i

If we consider a two-stream problem having an inlet of fuebstrand a second inlet with
an oxidizer stream, the elemental mass fractions can be lmthasuch that all the conserved
scalars are linearly related with identical boundary conditidiss variable is called mixture

fraction and is defined in this case as:
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N

-Z

X

O

(2.22)

N
N

k,F = “k0

where the subscript refers to the fuel stream and the subsaipod the oxidizer stream. It is easy
to demonstrate that the conservation equation for the mixtactdn is the same as the elemental
mass fraction. Therefore the mixture fraction is a consergaldrs whose transport equation is

governed by simple convection and diffusion terms, without a source term:

1 1 1 4
—(rz)+—(ruz2)=—r G—
72U =g 7 Gy (2.23)

The transport equation for the Favre mixture fraction can be obtained fromdag(2a®3)

reported above:

1(72)+i("_ Z) T m¥
Tt X x s X

Usually a transport equation for the variance of the mixturetiéra is needed for the

(2.24)

application of presumed PDF methods or for estimating the moagniof effects of turbulent

motions on the chemical formation rates:

Urps)s dfryze)a ] 2" o m 2

_€ 4
-GF= 7
™ s T S¢ T C;Drk (2.25)

where the last two terms are the generation and the dissipatiomespectively. The consta@f

appearing in the dissipation term can be derived by turbulentrapanalysis and is usually set

equal to 2; the constal, is usually assumed to be equal to 2.86.

The molecular diffusivity in Equations (2.24) and (2.25) is muchlemglan the turbulent
diffusivity and has therefore been neglected in the equatigpsrteel above. Therefore the
assumption of equal diffusivities appears to be reasonable.

If the system is not adiabatic, an enthalpy balance equation must be solved:

>

HreA) e un) =k 28 g (226)

=
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where épis the specific heat of the mixture, a@y is a generic source term that can account for
the non-adiabatic behavior of the system (for example radiatiahlbeses, heat exchange with
walls and with a second phase if present, etc.).

The main idea behind presumed PDF approach consists in evalli&itegriperature and

the composition fields from the temperature and composition pomdsig to each value of mean
mixture fractionZ , mixture fraction varianc&” and enthalpyﬁ for a non-adiabatic system. If
the enthalpy losses are negligible the average value ofddlar / can be evaluated by the

following integral:
f= P(Z)%(2) 9z (2.27)

where P(Z) is the mixture fraction PDF and(Z) is the relationship that links the mixture

fraction and the scalar concentration or temperature. If teerayis not adiabatic, the joint
composition-enthalpy PDF should be used. However, in order to simphfyptoblem, it is

assumed that enthalpy fluctuations are independent on the enthapystethat heat losses do not
affect the turbulent enthalpy fluctuations. As a consequenceXReoPthe mixture fraction is used

to compute the mean values according to the following integral:
f= P(2)% (z, H) Xz (2.28)

Several presumed shapes of PDF have been employed for the mixture fractiaigukapar
the double-delta PDF, the clipped Gaussian PDF and-BigF. The double delta PDF represents
the distribution as a summation of two delta functions, corresponalihgo partially mixed and

reacting environments:

0.50 Z2=272-NZ"

P(z)= 0.50 Z2=27+\Z? (2.29)
0 elsewhere
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The clipped Gaussian PDF and thé?DF are more accurate distributions. The clipped
Gaussian PDF is based upon the clipping of a Gaussian function,t sbethmobability is finite

only in the allowable region of mixture fraction:

P(2)=a,0(2) {1 -2, -a) 2P va 0 (1-2) (2.30)

whered(Z - Z,)is the Dirac delta function centereddnZ,; the variablel ; is defined as:
le= G(z)dz (2.31)

while the free parametees,, a, are function of the mea@ and the varianc& ? of the mixture

fraction. Some additional details can be found in Appendix A.
The -PDF is the most used approach for modeling the mixture fracfiorn ®hich is

described by the following function:

z*(1- z)™
‘74 (1- 7)™ dz
0

p.(2)= (2.32)

The -PDF contains two parameters that can be expressed throughixiiuee fraction

mean and variance by:

z(1- z)
a=z ——1-1 (2.33)
Z 2
b=(1- Z) # 1 (2.34)

The -PDF is widely used in many codes to approximate the mixtatidn PDF for
binary mixing. This choice is motivated by the fact that in mainthe canonical turbulent mixing
configurations the experimentally observed mixture fraction PDF is wetbaimated by a-PDF.

Thus if transport equations for (2.24) and (2.25) are solved, ltlegorésumed PDF will be
known at every point in the flow domain. It is evident that thsidbassumption consists in

assuming that the instantaneous thermo-chemical state diihésfrelated to a conserved scalar
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guantity known as the mixture fraction. In this way the spdc@sport equations can be reduced

to the transport equations for the mixture fractibrand one for its varianc& > and, if the system
is not adiabatic, to an additional equation for the enthalpy.

The temperature and thermo-chemical variables are extrixotada flamelets library, in

which the temperature and composition corresponding to each afatnean mixture fractiorZ ,

mixture fraction varianceZz® and enthalpyﬁ are stored. The mean values of scalars in each
computational cell are calculated by interpolation between trghlbaiing stored values. In this
way the turbulence chemistry interactions are pre-processgaaculations do not need to be

repeated at each iteration, thus resulting in a relevanhgafi computational resources. The

detailed chemistry treatment is included in the functfc(ri, Fl), which can be evaluated with

different options, as reported in the following.

2.6.1 Mixed-Burned approach

The simplest approach is the so-caltedxed-burned” or “flame sheet” approximation.
Such approach assumes that the reactions are infinitelynistraversible. In this case no kinetic
information is needed and the composition can be computed directly tlemreaction
stoichiometry, since reactants and products cannot coexist.appi®ach cannot be used for
detailed kinetic schemes and is usually too poor to give &etts/ results, even for the simplest

cases.

2.6.2 Equilibrium approach

A slightly more accurate approach is the so caftedquilibrium” assumption. By
minimizing the Gibbs free energy of the gas mixture for easlyread value of mixture fraction,
variance and enthalpy (for non-adiabatic systems), it is pessibévaluate the temperature and
composition of the mixture in equilibrium conditions. Also in thisec#igds not necessary to have
any kinetic data, because the system is considered at eguililmonditions; only the species
present in the system have to be specified. This is a simple reaction modelisvidnigbly used by
commercial codes for the numerical prediction of turbulemn-premixed flames. The

parameterization is based only by the mixture fraction and itange if there is no heat loss. In

case of non-adiabatic flames, the parameterization must berpedan terms ofZ, Z? and H .
Due to the fast chemistry assumption, this model is not ableacgrrect prediction of chemical
species whose chemistry is slow if compared to the chastitetirbulence times. This is

especially true for soot particles and nitrogen oxides.
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2.6.3 Flamelets approach

In most cases the non-equilibrium effects must be taken into adcormtrectly describe a
non premixed flame. In such situation the finite rate chemistrg tede considered trough an
appropriate approach, as the Steady Laminar Flamelet ModE),(&hich considers a turbulent
flame as an ensemble of discrete laminar flames. The Sidelns able to take into account the
stretching of the flame (mainly due to the turbulent straif)psg main effects are strong
deviations from equilibrium conditions. In particular, the reactrate is nearly zero at low
temperatures and it becomes significant only near the simefiic surface defined by the
stoichiometric mixture fraction valugs. As a consequence the reaction is confined in a thin
reaction zone, whose thickness is smaller than the Kolmogorov scale.

With few simplifications, the governing equations for species angpérature in one-

dimensional laminar diffusion flames can be written in mixture fractionespa ¢ 09:

) ~
1/‘0 iﬂ M24+ / __]'M rc _lM_ _l 1- _1 ﬂi+/‘c &_ﬂ /,\— =0 (235)
2 Leg Mz 21z Lé 1z 2 Le 1Z /I 1ZC,

1 A4 17 ™. e T 191G . % 1 o W,

“rCere- Aw+ L =y 26 M =0 .

2f PC ‘HZZ o I |+ 2 ‘HZ ‘HZ + - Le P, ‘ITZ +Qad (2 36)

The last term in the equation (2.36) quantifies the heat losadigtion from the diffusion
flame, usually modeled with an optically thin radiation model. In bgtratons (2.35) and (2.36)
Le is the Lewis number of species defined as the ration between thermal and molecular

diffusivities:

Le =—=
€ 716G (2.37)

The scalar dissipation ratein the laminar flamelet equation is a functionzdfand is
usually modeled as:

c=c,xf(2) (2.38)

wherecg is the scalar dissipation rate corresponding to the stoichi@m®irture fraction and
f (Z) is a model function which can be derived from the one-dimensianater-flow diffusion

flame layer model:
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t(2) =exp(- 2 erf (22 ) 2) (2.39)

While the mixture fraction and its variance are deterthiftfem the transport equations
(2.24) and (2.25), the mean scalar dissipation rate at stoichiomenditions can be evaluated by

the following expression:
¢, =C, f v (2.40)

Its variance is usually assumed to be constant, or, more comn®gBt to zero, in order
to simplify the application of the joint PDF for the caldida of average values of scalars

(temperature and composition). When, decreases, chemistry tends to reach equilibrium

conditions; on the contrary, whes), exceeds a critical value, the flamelet is quenched.

The average value of each scalar can be then evaluatedheojoint PDF of mixture

fraction, scalar dissipation rate and enthalpy:

f= ' P(ze A)k(ze L H) Wz @, dH (2.41)

00 -¥ st

If mixture fraction, scalar dissipation rate and enthalpy areideresl to be statistically
independent (uncorrelated), the joint-PDF reported above campéfigid as the product of three

marginal PDFs, assuming a functional form for each of them:

f=_ P(Z)Plc)P(M%(Z  H dza, d- (2.42)

Usually a -PDF is used for the mixture fraction, a log-normal PDF for shelar
dissipation rate and a Dirac delta distribution for the enthalpy.

Also in this case it is convenient to store the flamelletutations in a look-up table, where
the temperature and composition of the system is related tmeha mixture fraction, mixture
fraction variance, scalar dissipation rate and enthalpy iéssecy. Following this approach, the
chemistry is pre-computed and the thermo-chemical state afigtere can be read from the look-
up table, once the mixture fraction, mixture fraction varianceaschdsipation rate and enthalpy

have been computed by the CFD code. It is hecessary to point out that the SLF lis tuopiadulict
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large non-equilibrium effect caused by aerodynamic straining rdmtion is assumed to respond

instantaneously to the strain, relaxing to equilibrium as the straixes|

2.7 Unsteady Laminar Flamelet Model

The steady laminar flamelet approach models local chemicaeauaiibrium due to the
straining effect of turbulence. In many combustors the sisagmall at the outlet and the steady
flamelet model predicts all species, including slow-formisigecies like NOx, to be near
equilibrium, which is often inaccurate. The cause of this inaoyuis the disparity between the
flamelet time-scale, which is the inverse of the scalasip@tion, and the slow-forming species
time-scale, which is the residence time since the speEiged accumulating after mixing in the
combustor. The Unsteady Laminar Flamelet Model (ULF) canigirsbw-forming species, such
as gaseous pollutants or product yields in liquid reactorse mxeurately than the steady laminar
flamelet model. Computationally expensive chemical kineticsemhgced to one dimension and the
model is significantly faster than EDC or PDF (see nexadtaph). To account for the unsteady

effects, the one-dimensional laminar diffusion flame equations bec&®esd4:

w _1 1 Tw 1w 1 e 1 1 e G 1/

B e i = = e = B = T

i Le 1122 *W 29z'¢ Lé 1z 2 Le A 12¢C, (2.43)
AT 1 A PT Mo rcﬂTﬂ?:P Ns 1
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r P ﬂt 2f § ﬂzz o i |+ 2 ‘HZ ‘ITZ o L¢CP| Qad (244)

The main difference with respect to the SLF equations is theradation term on the left-
hand side. The time-dependent formulation is able to incorporate gesct®t occur at a time
scale different than the diffusion time scale in mixtugetion. The time dependent formulation
facilitates to incorporate processes that occur at a ditféiree scale than the diffusion time scale
in the mixture fraction.

The scalar dissipation at stoichiometric mixture fractiay X is required by the flamelet

species equation. Depending on the functional dependency of scalpatiigsin time, different

unsteady phenomena taking place at that particular time scaldecaaptured. Usually it is
calculated from the steady-state field at each time steppasbability-weighted volume integral.
The unsteady laminar flamelet model can be used to predict slowafpimtermediate and product
species which are not in chemical equilibrium. Typical exampfeslow-forming species are gas-

phase pollutants like NOx, and product compounds in liquid reactoreedBiging the chemistry
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computation to one dimension, detailed kinetics with multiple speand stiff reactions can be

economically simulated in complex 3D geometries.

2.8 Reaction Time Flamelet Model
Both the SLFM and ULFM models account for the heat loss tsftecough an optically-

thin radiation model, as the formulation reported in Equations (2.36)(244) do not allow
parameterizing the heat loss effects at the subgrid saaé The heat loss effects are particularly
important on the emissions of many pollutant species, espgeniaibgen oxides and soot. The
Reaction Time Flamelet Model (RTFM) is a subgrid scaletir@a model formulated with a NO
formation reaction time scale and a heat loss parameteadourately accounting for the
unresolved scales3§]. The following equations are solved to parameterize the Space in the
RTFM model:

w 1 Tw
~-=—IC -+ 2.45
ﬂtNo 2 T|ZZ W ( )
A T 1 A T s .
¢ ==rCc —- Aw,
r PﬂtNo 2f IC ﬂzz - i |-g Qad (246)

where t,,is the NO formation time scale ands the normalized heat loss parameter, which is

defined as:
(2.47)
In the expression reported above, the enthalﬁiesl—]a and H ?,a are evaluated as:

Ng N T

H= wDH}+ u, C,dT (2.48)

k=1 k=1 Tre

H,= wDH%+ u C,dT (2.49)
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Ns

HY.=  m DHY (2.50)

k=1

where T, and , are the temperature and composition corresponding to adiabaticiaundit

respectively. The solutions of the above equations are parazaeltby(z,tNo, g) .

The real challenge in solving the RTFM equations arisespecifying the scalar
dissipation profiles with respect to time. Different time dejgeh phenomena can be captured by

modeling this term.

2.9 Transported Probability Density Function

As reported in the previous sections, the Favre-averaged spamiegions leads to
unknown terms for the turbulent scalar flux and the mean reactien The turbulent scalar flux
can be modeled with reasonable accuracy by gradient diffusiatifg turbulent convection as
enhanced diffusion). However the mean reaction rate, which isaigahighly non-linear, is very
difficult to model. The EDC and flamelets model in some cases cherattle to correctly describe
a turbulent flame. An alternative to Favre-averaging theisp@nd energy equations is to derive a
transport equation for their single-point, joint Probability DgnBunction (PDF). In other words
the PDF approach trays to calculate the shape of the joint &k from its transport equation.
PDF represents a very general statistical descriptiotufbulent reacting flows and it is applicable
to premixed, non premixed and partially premixed combustion. Thedomposition PDF of the

scalar involved in the reacting system is defined as the Ipilitp@f the scalar/, of laying within

the rangey, andy, +d/ ;:

f(Yixt)= Py <f(x0)y 4, (2.51)

The advantage of such formulation is that the chemical souroectn be treated exactly

by means of the joint composition PDF:

+¥

W= WA vt) o (2.52)

0

The closure problem is then solved if we find an appropriate &drttne joint composition

PDF, or if we are able to compute it.
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The transport equation for the joint PDF of velocities ardbss can be derived from the

Navier-Stokes equations and the convection-diffusion equét@s [

=

1 1 1 ; 1, [1W
(ri)+qclrut)rg b s h)=-gr (il )f+5 é ngl >; (2.53)

where f, is Favre joint-PDF of compositiory; is the composition space vectar,is the fluid
velocity fluctuation vector and,, the molecular diffusion flux vector. The notati(én.} denotes
expectations, an<jA| B> is the conditional probability of eveAi given the ever occurs.

The PDF, denoted bfy, can be considered to be proportional to the fraction of the timehinat

fluid spends at each species and temperature state. Thé RIaENst1 dimensions for théNs

species and temperature spaces. From the PDF, any theemical moment (e.g., mean or RMS
temperature, mean reaction rate) can be calculated. Itshfgot solve the transport equation for
the joint composition PDF of each scalar closing exactly tiemeccal source terms with no
assumptions on the functional form of the PDF.

In Equation (2.53), the terms on the left-hand side are closed, wiske ¢mathe right-hand
side are not and require modeling. The terms on the left-handegidesent the accumulation, the
convective transport in the physical space (due to the mearitydleld) and in the composition
space (due to the chemical reactions) respectively anbecanaluated exactly. The terms on the
right-hand side, representing the transport in the composipiace due to the molecular diffusion,
and in the physical space due to the fluctuations of velocity, need to be closed.

The principal strength of the PDF transport approach is thatighg/4mon-linear reaction
term is completely closed and requires no modeling. The two tarrtige right-hand side represent
the PDF change due to scalar convection by turbulence (turbuldat fo®), and molecular
mixing/diffusion, respectively. The turbulent scalar flux term islaged, and is usually modeled

by the gradient-diffusion assumption:

,. i
r{uy )t =- r’gq—ﬂ; (2.54)

where m is the turbulent viscosity ani¢ is the turbulent Schmidt number. A turbulence model is
required for composition PDF transport simulations, and this determjines

The term which describes the micromixing can be closed usingetiffenodels proposed

in the last decade89]. For example according to the IEM approach:
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<lmijk}/>ff='%(y' £)t (2.55)

where¢ . is the micro-mixing time scale. The correct description of mgixthrough a numerical

model is critical because combustion occurs at the smallgsicular scales when reactants and
heat diffuse together. Modeling mixing in PDF methods is natgsttforward, and is the weakest
point in the PDF transport approach.

The PDF hadNs+1 dimensions and the solution of its transport equation by conventional
finite-difference or finite-volume schemes is not tractableebd, a Monte Carlo method is used,
which is ideal for high-dimensional equations since the computatiosalincreases just linearly
with the number of dimensions. The disadvantage is that staltistiors are introduced, and these
must be carefully controlled.

To solve the modeled PDF transport equation, an analogy @& mith a Stochastic
Differential Equation (SDE) which has identical solutions. Mante Carlo algorithm involves
notional particles which move randomly through physical space due tiolgp@onvection, and
also through composition space due to molecular mixing and reactiopafti@es have mass and,
on average, the sum of the particle masses in a cell eqeatelfthmass (cell density times cell
volume).

Transported PDF codes are usually more CPU intensive than afpeoaches, for
example moment and presumed PDF closures, and not always dablérdor engineering
applications. In fact Monte Carlo methods are usually employedofoing the PDF transport
equations. Therefore the PDF is treated indirectly by trackifigite but very large number of
notional particles through the computational domain. Of course thputational cost becomes
large very fast if the number of scalars is large. In most applicaticresztion look-up table is used
to store pre-computed changes due to chemical reactions. C@seatch efforts are focused on

smart tabulation schemes capable of handling larger numbers of cheeitiaks

2.10 Conclusions

The so called chemical-source-term closure problem in turbulestting flows is
introduced. The main issues related to the strong interactiongedreturbulent fluctuations and
formation of chemical species are presented from a CheRezection-Engineering (CRE) point of
view through numerical investigations performed on an osoijgpierfectly stirred reactor. The
response of chemical species to the imposed fluctuations pktatare appeared to be strongly

affected by the characteristic chemical times. In partidhiaformation of nitrogen oxides, whose
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chemistry is very slow, resulted affected by the turbulenttfatons in a simple way. The
response of PAHs and soot was more complex, because the etistiadimes of chemistry are in
the same range of characteristic mixing times; as a consamube interactions between the
chemistry and turbulence are complex and very difficult to describe.

The most widely used methods for closing the chemical sourge itethe Reynolds-

Averaged scalar transport equations were briefly summarized.



3 NOXx predictions in turbulent non

premixed flames

In this chapter an effective methodology for the prediction ofx N® turbulent non
premixed flames by using computational fluid dynamics (CFD) andletttehemical kinetics is
presented and discussed. The proposed approach is based on the et of “Reactor
Network Analysis” and can be successfully applied even in cong#ernetries, which are very
usual in industrial cases. In order to show the validity and tearacy of such methodology

several turbulent non premixed flames are numerically investigated.

3.1 Introduction

Turbulent non premixed flames are largely used in many practicabustion devices to
convert chemical energy into work, due to the high efficienageleheat releases and safety
reasons. However diffusion flames produce more pollutant sp@oigmrticular nitrogen oxides
and soot) than premixed flames. Since combustion devices need dotralspays more stringent
limitations concerning the emissions of pollutants, the designe®f burners relying on non
premixed flames cannot neglect the issues related to thmation of such pollutant species. This
explains the increasing demand for computational tools capableacdaterizing the combustion
systems in a reliable, accurate way, also in terms of paliigpecies. However, even with the
continuous increase of computer power and speed, the direct couptiataidéd kinetics, which is
usually required to obtain accurate predictions of most pollutantscomplex CFD is not possible
(especially when considering the typical dimensions of the conigmabgrids used for complex
geometries and industrial applications). The computational cgsifisantly increases with the
number of cells Nc) of the computational grid and also with the second or thingder of the
number of reacting specigdd. Moreover, the turbulent flow of most practical combustion devices

leads to and involves strong interactions between fluid miaimd) chemical reactions. The direct
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use of detailed chemistry in turbulent calculations appearsra difficult task. In most cases,
reliable, accurate predictions of pollutant emissions frombulent flames require simplified
approaches, specifically conceived for each class of pollutantesp

If the main interest is the analysis of combustion systemsrirstef emissions of pollutant
species whose characteristic times are large, like nitragédes, it is possible to follow the
approach proposed in this thesis, based on a post-processing pro&aflutant species only
marginally affect the main combustion process and consequently dgnificantly influence the
overall temperature and flow fields. Consequently it is feadiblevaluate the structure of the
flame with simplified kinetic schemes first and then post-p®ties CFD results with by using a
post-processing technique which uses a detailed kinetic schemes ffte@amethodology applied in
the present thesis, through a newly-conceived numerical toatpthalled Kinetic Post-Processor
(KinPP). TheKinPP model, which can be applied for evaluating industrial burndogeances,
is able to accurately predict the formation of differeniytahts, such as NOx, CO and can be

extended, with appropriate modifications, to other by-products.

3.2 The Kinetic Post-Processor (KinPP)
The general concept of “Reactor Network Analysis” (RNA) dlasady been employed by

various authors to post-process CFD results and evaludiaration of pollutants, using detailed
kinetic mechanisms for various applications by using a diffdea of description and various
numerical methodologie<t2, 43, 98, 124 The Kinetic Post-ProcessoKiGPP ) is based on the
same methodology and, as previously mentioned, operates by assunti@gpieeature and flow
fields to be those predicted by a CFD code and solves the oyastalinrsof mass balance equations
in a complex reaction network with detailed kinetic schemea Bith new generation computers,
the direct coupling of detailed kinetics and complex CFD remaivery difficult and expensive
task, especially when considering the number of grid points usuadlyired by industrial
applications. For example, when referring td-1¢° grid cells and 100-200 reacting species, the
dimensions of the overall system of mass balance equations becoméhanged-107.

The kinetic post-processing procedure applies two major siogtldns which make this
numerical approach feasible and advantageous over the direct cafpimgtailed kinetic scheme
inside the CFD code:

i. The first feature is the transformation of the original patational grid into a
reactor network. Knowledge of the thermo fluid dynamic field ,vaduated by the
CFD code, allows several adjacent and very similar teltse lumped or grouped

into single equivalent reactors. In other words the solution ofGRB code
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provides the detailed flow, composition and temperature fields, and this
information allows critical and non-critical zones in the overdcting system to

be identified. The description detail can be reduced in sevayainee without
significantly affecting the results. The grouping or clusigief several kinetically
similar cells into a single lumped reactor reduces the mhinas of the overall
system;

il. a second way of making the numerical computations more stableiaid ¥ to
define an average and fixed temperature inside the diffeeactars. The fixed
temperature inside these reactors reduces the extremameanity of the system
which is mainly related to the reaction rates and to the coulpdihgeen mass and

energy balances.

3.2.1 Grouping of cells and grid sensitivity

The temperature, composition and fluid dynamic fields obtained thrdw@ICED code
allow the identification of the critical zones in the combustibanaber, i.e. the specific regions
where large temperature and/or composition gradients are pri#sisntonvenient to retain the
original detail of the CFD grid in these zones. However,elarglumes of the system are less
critical from a kinetic point of view, in particular coldn@or non-reactive zones. As a
conseguence, the detail of the grid can be locally reduced byritigsd@d combining several cells
into a single equivalent reactor. Of course, the lumpedwdlime is simply the sum of the
volumes of the grouped cells. The original grid size is thusfoaned into a network of several
reactors where the links between the different reactorglgicombine and reflect the original flow

field as evaluated by the CFD code. This allows the total numbequivalent reactors to be
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Figure 8. Predicted CO and NO emissions in the exhaust gases atiofuof the number of reactors used
in kinetic post-processing procedure.
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reduced and makes it feasible to handle the mass balancéoesiuay using detailed kinetic
schemes with a large number of species. The origifal@0cells can be conveniently grouped
into 10-10* equivalent reactors, maintaining a more than reasonable piescrof the flame
structure and the reacting system.

The mesh-coarsening algorithm was designed in order to prewessible dangerous
situations such as the creation of geometrical irregiglardnd/or non-smooth transition between
zones with very different volumes. The interlinking flows @waluated on the basis of the
convective rates exchanged between the cells belonging to ffieeenli reactors. The mass
diffusion coefficients for the coarse mesh are calculated ri@eagent with the original diffusive
flow rates. Temperature and initial compositions in the equivalentoes are the volume averaged
values of the combined cells. Different clustering levetssequentially adopted and calculations
are iteratively performed by increasing the number of cell®upe final convergence, i.e. up to
the point where a further increase in the reactor network diorensnakes no significant
difference in the final solution. The accuracy and conveericdhe solution together with the
effect of the coarsening of the mesh need to be monitored and thetsegpeianalyzed later in this
work when numerical procedure is discussed. Figure 8 shows thel tgfiea of clustering on
NOx and CO predictions in the exhaust gases for a flactheith syngas (which will be described
in the following). The original number of computational cells in @D simulation was ~30000.
From Figure 8 it is possible to observe that for a number d¥a&egut reactors larger than ~5000
the predicted CO and NOx emissions are not affected by therioigst&his allows to have a
reliable prediction of pollutant emissions without using thgioal number of computational cells

adopted in the CFD calculations. In Figure 9 the NO massdraatiaps in the same flame are
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Figure 9. NO mass fraction map as a function of the number oftoes used in the post-processing
procedure by the KinPP.
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reported as a function of the clustering degree, in order terhésualize the effects of clustering
on the numerical predictions. The results obtained on a coaderaetwork can be conveniently
used as the starting point for the application of post-processimggure on a a network with a

larger number of reactors.

3.2.2 Reaction rate evaluation

As already reported, thKinPP uses the temperature field as obtained by the CFD
computations. A fixed average temperature is assumed in easfalequireactor and the rates of
all the reactions involved in the kinetic scheme are ewadualn turbulent combustion conditions,
these reaction rates cannot simply be calculated as a functitime ofnean temperature and
composition, mainly due to the highly non-linear dependence of reacties on temperature.
Temperature dependence of rate constants is usually descidoetthev modified Arrhenius

.

Consequently, during turbulent combustions, temperature fluctuatigregtioular have a
significant effect on the average rates of reactionk high activation energy. This effect is very
important for the reactions involved in NOx formation and needttaken into accourg]. The
average fluid dynamic temperatuifeis different from the equivalent average temperature from a
kinetic point of view, T, . In other words, the average rate value (which accountergperature
fluctuations over the time) is very different from the teac rate calculated at the mean

temperatureT :

t

k(T () dt

-0 1 T
=k

(3.2)

~1

This difference obviously increases for large temperatueuations and for reactions

with high activation energies. To tackle this problem with seable computational efforts, the

Taylor expansion of the reaction rate arodhis used in the post-processing procedure:

k(T) = k(T) + %% g (3.3)

n
n=1 T
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Figure 10. Correction coefficient of the rate constants versus titensity of temperature fluctuations at
average temperatures of 1500 and 2000K. Continuous fefesto series truncated at the eighth order. (a)
activation energy = 20,000 cal/mol; (b)activation energy=40,0al/mol;(b) activation energy=70,000

cal/mol.

A few mathematical arrangements allow the following to be deduced:

b?R?- bR+ 2ERT x(b - 1)+ E?‘sz

K=k(T)x1 +
(M 4R?

T? - =
= * *(T) & *() (3.4)

where C¢ is a correction coefficient due to the temperature fatatns. Because of the high
fluctuations and slow convergence, the series expansion needs to docoynto the eighth order
terms. Of courseCc value changes for the various reactions due to the different actieatogies.
Figure 10 shows the values of the correction coefficient &metion of temperature
fluctuations respectively for three different activation giesx (20000, 40000 and 70000 cal/mol)

at average temperatures of 1500 and 2000 K, and assuming a sinuloddahtion
T'(t)=Ty>sin(t). As expected, this coefficient is higher at 1500 K and incseagith the

activation energy. These figures also show the resulésnalat with different truncation orderS;
coefficient estimation converges when accounting the first 8rstef the series (up to the eighth
order). These results have been proved to be fully consisténtheie obtained through rigorous

computation:

t

k(T + T,'sin(t))dt

k(T)xC, =9 ; =Kk)

(3.5)

where T, is defined as the equivalent kinetic temperature. The a@necoefficients calculated

using this approach also agree with those predicted by theeddelth function 45 or by the

more accurate but computationally more expenstRbDF model 47], as reported in Figure 11. It
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Figure 11. Correction coefficient of the rate constants versus the sitenf temperature fluctuations. The
correction coefficients are calculated using the sinusoidattfan approach proposed in this thesis, a Beta-
PDF and a 2 Dirac delta approach. The mean temperatuasssmed equal to 1500K.

is evident that for reactions with low activation energy thH#eminces between the three
approaches above mentioned are very small and they seempraxctieally equivalent. However,
when the activation energy becomes larger, the correctiorigierffestimated through the double-
delta function is smaller than the correction coefficigmtsdicted by the sinusoidal function
approach or by the-PDF. Since nitrogen oxides chemistry is governed by slowio@a@te. with
high activation energy), the correction coefficient for sugdictions can reach very large values
and must be carefully evaluated.

To further clarify the physical meaning of these correctionsshiaeild point out that the

equivalent average kinetic temperatirg becomes 2630 K instead of the average temperature

T =2000K , when assuming the higher activation energy Bii¢/ T =0.50. Similarly, T, would
become 2030 K when the average temperature is 1500K. Figure 12 #pastelws the kinetic

temperatures for three reactions with different activattemperatures as a function of the
temperature fluctuation, when the average temperature is 15@8Kexpected, the kinetic
temperature is always larger than the mean temperaturdesanty increases with the fluctuations

of temperature. Larger activation energies lead to largeetik temperatures for the same
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Figure 12. (a) Average kinetic temperature versus the intensity of temperéitwtuations; (b) average
kinetic temperature versus the intensity of energy activationmEas temperature is equal to 1500K.
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temperature fluctuation. In panel b of Figure 12 the kinetic tesiye is reported as a function of
the activation energy for two different values of fluctuatiomensity. The curves increase
monotonically with the activation energy; of course the kinetiaperature is larger when the
fluctuations are larger.

The evaluation of the correction coefficient requires the terhperavariance. If not
directly available from the CFD simulation, the temperatumamae calculation is based on an
approximate form of the variance transport equation obtained asgwequal production and

dissipation of variancedp, 13:

C, =2.86,C, = 2. (3.6)

A more accurate approach, which was extensively used in this,thessists in solving a transport
equation for the temperature variance, which is analogobe timetnsport equation for the variance

of mixture fraction:

R A Ay

where the constan@; andCp are the same reported in Equation (3.6) are 0.85 B5|.

The proposed approach neglects the effects of composition fiocimaon the average
reaction rate, but takes into account only the effecteraperature fluctuations. Such approach is
justified, because in most cases the weight of composition fliarisadn the mean reaction rate is
very small if compared to the temperature fluctuationsaAsxample, let us consider a simple

second order reaction with respect to the concentration, whose reatgion ra
r=AT?exp B 2 (3.8)
RT ’

where C is the concentration of a generic species. The sensitivithisfréaction rate to the
temperature or concentration fluctuations can be easiipasd. If we consider the dimensionless
perturbationg/. for the temperature and; for the concentration, the ratio between the reaction
rate calculated at the perturbed value3 ahdC and the reaction rate evaluated at the unperturbed

values can be considered a measure of this sensitivity:
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Figure 13. Effects of temperature and concentration oscillation oseaond order reaction. The ratio
between the reaction rate calculatedTdt) = Tmea{l+ ) OF () = Gnean (1+ ) is plotted versus for two
different activation energies.

r(T(1+4;).c(1+ )
r(T.C)

=(1va)" exp 2 L (1)’ @9)

This ratio was plotted in Figure 13 versus the perturbatiamegamposed on temperature
and concentration. It is clear that the reaction rate i® mensitive to the temperature fluctuations,
especially for large activation energies. The concentratioitlatiens are therefore expected to

play a minor role on the average reaction rate.

In order to better understand these aspects, the temperatupedéctly stirred reactor,
fed with methane and air in stoichiometric amounts, can be eliyefored to follow harmonic
oscillations (to simulate the turbulent fluctuations). Theregponding NO mass fraction profiles
versus the time are reported in Figure 14, at two differ&@memperatures (respectively 1500K
and 2000K). The NO profiles oscillate around a mean value, whiofported as a blue, dotted
line. The NO mass fraction corresponding to the mean temperBtuwhich does not take into
account the fluctuations of temperature and composition, is restdee green, dotted line. The
difference with the mean value is very large, especiallfHertemperature of 1500K. If only the
temperature fluctuations are considered through the proposed apfseacBEquation (3.4)), the
“corrected value” reported as the red line is obtained. Thereifce between the exact mean value

and the corrected value is due to the composition oscillations.
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Figure 14.NO mole fraction versus the time in an oscillating perfestityed reactor fed with ethylene and
air in stoichiometric proportions. (a) Reactor mean temypure equal to 1500K; (b) reactor mean
temperature equal to 2000K.

3.2.3 Mass balance equations

CFD results are used to define the overall system byidegrthe mass balance equations
of all the chemical species involved in the detailed kinefieme as well as providing the initial
composition guess.

For all the equivalent reactors, the steady mass balaneachbfspecies () accounts for

convection, diffusion and chemical reaction terms:

NF.c u—
m >/, -mwh + o 8., ¥, xW 0= k 1=.Ng,c E.N, (3.10)

n=1

wherem, is the total convective flow pertaining to the reactor

The mass diffusion term is the sum of all the contributionsapémg to the adjacent

reactors and is computed in the following form:

i = - xRy (3.11)

S¢

where Sg is the turbulent Schmidt number amgthe turbulent viscosity. Laminar diffusion is
neglected because it is usually overwhelmed by turbulent trangpdeast for high Reynolds

numbers.§, . is the surface between timesurface of reactoc and Ng. the number of faces of
reactorc. The mean formation raté/kycof speciek in reactorc is calculated by taking into account

the equivalent kinetic temperature:
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W, =W, (nrkj -”ij)ﬂc fork=1,.Ng ,c= 1,..N. (3.12)
j=1
=kt S vk Ale v .
M. :Ki,cE)(Ck) i - Kj’CE) (c)™ forj= 1,.N, c= 1,..N. (3.13)
=1 =1

where the forwardK/, and reverseK| mean kinetic constants are evaluated according the

expressions (1.50) and (1.51) respectively, but using the kinetjgetatareT,  instead of the

mean temperature. The effective voluxffeavailable for chemical reactions is evaluated according
to the EDC modeld7], as reported in Equation (2.15).

3.2.4 Numerical method and control of convergence

After the clustering procedure, the dimension of the overall mystehich is now
conveniently reduced, becomé&g ~ Ns (Nc is the total number of lumped reactors). As an
example, Figure 15 shows a typical Boolean structure of the whalgx system for a simple
structured 2D grid as well as the structure of the single block.

The global Newton or modified Newton methods are not robust enouglvéotbe system
using CFD results as a first-guess. It is therefore adameto approach a better estimate of the
solution by iteratively solving the sequence of individual t@acwith successive substitutions.
Each reactor is solved by using a local Newton method with thgilppe use of dalse transient’
method (time stepping) to improve the initial guess or to apprteeisolution. Only when the
residuals of all the equations reach sufficiently low valeas a modified global Newton method
be applied to the whole system. Otherwise the previous procediteeated to further improve the
residuals.

The Newton method involves the solution of a linear system ofabebian coefficient
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Figure 15. (a) Example of a Boolean structure of the whole matrixeaydor a simple structured 2D
computational mesh. (b) Zoom of the diagonal regiaudse in panel a). (c) Zoom of the single block
structure (square in panel b).
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matrix. In order to increase the computational efficiency, spexiehtion is devoted to the
evaluation of the sparse Jacobian coefficients. The derivdteate equations are evaluated
analytically rather than numerically.

The bottleneck of this very large system comes both in memory allocatian £PU time
when a Gauss factorization method is applied to the whole sy$tems, Gauss factorization is
applied only to the main diagonal blocks, while an iterative meihagplied to the other terms.
This approach saves the memory allocation and makes thesdithis overall system viable. In
this case too, if the global Newton method does not converfgsa transient’'method is applied
to ensure a better approach to the solution of the whole sy§teanglobal Newton method not
only increases efficiency but, more importantly, ensures the etenpbnvergence to the solution.
In fact, it is necessary to speed up the convergence procedweslaerin the case of direct
substitutions. Moreover, it has to be clearly underlined that higintiatteis required in the
convergence check. In fact, in the case of direct substitution, convergegenerally controlled by
the typical normalized error sum of squares:

N f (D) 2

E= S
o fi(n)

(3.14)

whereNy=Ns~ N is the total number of variablgs (mass fractions) and the suffi) (refers to

the iteration. The request thAthas to be less than a fixed minimueh {6 a necessary but not

sufficient condition. A smalE value may just be the result of convergence difficultaar than
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Figure 16. Numerical procedure to solve the mass balances for the reaetovork resulting from the
clustering procedure.
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the numerical solution. Th&inPP complete numerical procedure is shown schematically in
Figure 16.
In order to demonstrate the validity of this approach, thrifereint syngas turbulent jet

flames are used as typical test cases. The main results ateddpdhe following.

3.3 Experimental data

The kinetic post-processing procedure was applied to three edifféurbulent non-
premixed flames fed with syngas. All flames consist of arakfiiel jet surrounded by a co-
flowing air stream. The geometry of the nozzle and the compositidnedfuels are reported in
Table 1.

The first two flames (Flame A and B) are described byldBaet al. [7, § and were
experimentally investigated in the framework of the Inteomal Workshop on Measurements and
Computation of Turbulent Non-premixed Flames. The composition measote were made at
Sandia National Laboratories, Livermore, California; velooigasurements were obtained at ETH
Zurich, Switzerland46]. The flames are unconfined and the fuel composition is 40% CO, 30% H
30% N, (%Vol). The burner has a central duct constructed fronigbtréubing with squared-off
ends with an internal diameter of 4.58 mm for Flame A and 7.7Zanfame B. The thick wall
of the tubing (~0.88 mm) creates a small recirculation zbaedids the flame stabilization. The
computational grid was refined in this zone to better resolve the dettiks oéar-nozzle flow. The
central fuel jet mixes with the co-flow air stream, réaglin a turbulent unconfined diffusion
flame. The jet fuel velocity is ~76 m/s for Flame A and 45 m/s for FlamieeR;d-flow air is ~0.70
m/s velocity and both the streams are at a temperature of #92Kesulting Reynolds number is
~16700. Experimental results include axial and radial profileseafmand root mean square (rms)
values of temperatures and major species concentratiavallass velocity statistics and Reynolds
stresses. Radial profiles of nitric oxide and OH radical coretgon are also available at different
locations.

The third flame (Flame C) was experimentally investigéte®rakeet al [40]. The fuel is
fed in a central tube (3.2 mm internal diameter and 1.6 mmthiakness), centered in a 15cm X
15cm square test section 1m long, with flat pyrex windows on the fdes.sThe fuel molar
composition, very similar to the composition of Flames A and B, is 3€T%29.9% H, 29.7%

N, and 0.70% ClH Ammonia was added in different amounts up to 1.64%; in the absénce o
ammonia, methane was not included in the fuel mixture. The aviralggow velocity was 54.6
m/s with a resulting Reynolds number of ~8500; the inlet flowelocity was 2.4 m/s. The inlet

temperature of both the streams is ~300K. Several radialgsraff velocity, temperature and
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species concentrations are available at different distdnme the fuel inlet. The NO concentration

was experimentally analyzed only at a distance of ~100 diameters downefréee nozzle.

A 4.58 76.0 16700 7§ 40 30 30 - -
B 7.72 450 16700 7,§ 40 30 30 - -
C 3.20 546 8500 40 39.7 299 297 0.7 0-1.64

Table 1. Main data about the turbulent, non-premixed flames figd syngas

3.4 Flame modeling
The flames were simulated with the commercial CFD code MUB.2 @45. A 2D

steady-state simulation of the physical domain was considered dhe &xial symmetry of the
system. The simulations were conducted with a two-dimensionalorooalf grid with ~33000
rectangular cells for Flames A and B and ~38000 cells fanél&a. The grid points are not evenly
spaced, but are more dense near the axis of the system (indiegttibn) and near the nozzle of
the burner (in the axial direction), in order to improve the prediaif the spreading rate of the jet,
which affects the shape of the flame. The width and the lerigtire@rid were chosen in order to
avoid any effect of boundaries on the flame, which can be consideredfimed, as it was in the
experimental work. For the spatial resolution the Second-Ordemd@®cheme was adopted. The
segregated implicit solver was used with the SIMPLE procefibureressure-velocity coupling.
PRESTO! (PREssure Staggering Options) algorithm was used for pregsypelation #5].
Turbulence was modeled via the RANS approatb7] 109. The flames under
consideration are simple jet diffusion flame, in which the e¢fét spreads due to the turbulent
diffusion, allowing the fuel to mix with the surrounding oxidizer andcteNo swirl motion is
introduced and no bluff-body is employed to stabilize the flame. Agsrsequence, the fluid
dynamics of the system is quite simple and no recirculation zmmether complex flow patterns
arise. Therefore the standard model seems to be a good choice for modeling the turbulence,
without resorting to more complex, expensive models. However itels recognized that the
standard - model poorly predicts the velocity field in axisymmetric rogets: in particular it
tends to overestimate the spreading rate (or equivalertlgidbay rate)13g. Also for the flames
under investigation the standard model over-predicts the diffusion of the central jet and predicts

the axial velocity on the centerline lower than the one actmadlgsured. In order to avoid such
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inaccuracies, several possible approaches were compared, resvekfereported in the Paragraph
3.6.

As far as modeling turbulence-chemistry interactions is caede several approaches
were considered. The attention in particular was focused orfiollogving models, which are
widely used by the combustion community for simulating turbulent nonipeeinflames: the Eddy
Dissipation Model (ED), the Eddy Dissipation Concept Model (EDQ) the Steady Laminar
Flamelet Model (SLFM).

3.5 Kinetic schemes

The reactions adopted for the ED simulation are very simpée adrrespond to the
complete oxidation of syngas (CO + 050 CO,, H, +0.5Q  H,0). The kinetic scheme used in
the EDC and SLF simulations, however, is more accurate and tsoofik2 chemical species and
32 chemical reactiongl§]. The steady flamelets library was obtained using the BNU package
and stored in look-up tables describing the dependence of the flararl¢he scalar dissipation
rate and the mixture fraction. This kinetic model can sigmifily improve the predictions of the
temperature and compositional fields but it is unable to claizetthe flame in terms of pollutant
formation. A library of 20 different Laminar Flamelets hvilifferent strain rates of up to about
1000 $" was used in the CFD calculations.

The Kinetic Post-Processor is applied with a more detaileektiki scheme, which permits
the prediction of the nitrogen chemistry and ,Nformation in the flame J13. As already
mentioned, the detailed schemes of hydrocarbon combustion are uargelyahd computationally
expensive in terms of their direct application in the CFD coatjuts, especially when

considering complex geometries and when the focus is on pollutants formation.

3.6 Preliminary analysis

3.6.1 Effect of turbulence models

The Flames A and B investigated in this work showed a strongndepee on the
turbulence model employed in the CFD code. It is well known thatCfRB simulations of
axisymmetric turbulent jets require particular attention,abee the most common turbulence
model used in RANS simulations, the standar@model, tends to give a poor prediction of the
velocity field (round jet anomaly). This model is able to cdlyepredict the decay and the
spreading rate of a planar jet, but the predictions for aryraxigtric jet are not so accurate; in
particular the decay rate tends to be largely over-pred[digd. All flames investigated in this

work are affected by this problem: the result is that tkial avelocity is lower than that
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experimentally measured and therefore the diffusion of the tgetrds over-predicted. To
overcome these difficulties, which obviously result in a poodiptien of the velocity field, but
also of the thermal field, it is possible to follow differenpagaches, which are briefly summarized

in the following.

i. The simplest methodology consists in applying a correction to therieahpi
parameters in the transport equation for the dissipation fatierbulent kinetic
energye (Equation (1.74)). The last two terms of this equation represbats
production and dissipation terms respectively. The default vafuesnstantsC,
andC, in these two terms were experimentally obtained on turbelesdr flows
with air and water. In order to obtain a faster decay ofuhmilent kinetic energy

, the value ofC; (which refers to the production term) can be slightly increased
the value ofC, (which refers the dissipation term) can be slightly deegtadn

the first case the constant value is modified from 1.44 to 1360 §4; in the
second case the constalit is decreased from 1.92 to 1.88) The main effect

of this modification is an increase of the turbulent dissipatate, a decrease of
the turbulent kinetic energy, leading to lower turbulent diffugivilThe
modification of constant€; andC, is a quite common practice to achieve a better
description of turbulent axisymmetric jets, but the conclusabhwut the effects of
such modifications cannot be generalized and must be limited tcaieeunder
investigation.

il. An alternative approach to the modification of the const&itsand C, was
proposed by Pop&(] who suggested the addition of a source term in the transport
equation for the dissipation rate of turbulent kinetic energy, to take inboi@icihe
effect of vortex stretching on the scalar dissipation and fthrereon effective

viscosity. The resulting modified e equation proposed by Pope is theifadtow

e 1 ,ml, e . 8,
o m+se T + % Erk+ Jl’k (3.15)

The value of the constant proposed by Popg; is0.79, while the standard values
of C; andC, are employed. In Equation (3.15)is the non-dimensional measure

of vortex stretching, which is defined as follows:

J ww (3.16)
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where:
T
! (3.17)
ﬂ_ )
1

In the case of axisymmetric flows without swirl, the vortésetshing invariant

becomes:

olx

T 1
e 3.18
T (3.18)

where and are the axial and radial component of velocity respectivadyxa

andr the axial and radial coordinates. The modified Equation (3.15) has been
implemented in FLUENT by adding the Pope’s source term via Dsfined
Functions to the usual transport equation for

iii. The third approach simply consists in considering a different turbalenodel,
which is able to overcome the deficiencies of standaelin the round jet
simulations. For example, the realizable model proposed by Shiét al.[127
was intended to address the inaccuracies of traditio@ainodels by adopting a
new eddy-viscosity formula and a new model equation for dissiphased on the
dynamic equation of the mean-square vorticity fluctuation. Thadahhas been
extensively validated for a wide range of flows, including tiotghomogeneous
shear flows, free flows including jets and mixing layers, oeamnd boundary
layer flows, and separated flows. In most cases the performances afdbehave
been found to be substantially better than that of the standard model.
Especially important is the fact that the realizable model, according to its
authors 127, should be able to resolve the round-jet anomaly and correctly predict

the spreading rate for axisymmetric jets.

The approaches briefly summarized above were compared without considerifigahefe
radiative heat transfer using the same grid and the same bpuwatalitions. In order to have a

more complete analysis, also the Reynolds Stress Model (RE&Myvas considered, without any
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modification In Figure 17 the temperature profiles calculatédguthe different approaches for
solving the round jet anomaly are reported along the axis and alongifferent radial locations
and compared with the experimental data. It is well evidenttiieastandard -e model tends to
overestimate the decay rate, as suggested by the peak aamperhich is too close to the fuel
inlet. However the simulations employing the modified model show a too large decrease in the
decay rate with respect to the standard model. This resulstemperature profile which is
everywhere higher than the experimental one, both for the peglertaimre and in the tail of the
flame (here the temperature profile shows a very poor agrgenwith experimental
measurements). Theerealizable model seems able to give a better predictiontabdhavior is
clearly between the standarde and the modified -e However also in this case the peak
temperature is a little bit too close to the fuel irdat the tail of the flame is hotter (but not so
much as for the modified-9. The best agreement with the experimental data has been dbtaine
using theRSMwithout any modification. However the results obtained by udirgyrhodel are
very close to those obtained with therealizable model, which is computationally less expensive.
The axial profiles for the mixture fraction and CO2 masstifva (reported in Figure 18) obviously
confirm the observations reported above. Therefore, tlerealizable model was chosen to

perform the numerical simulation reported in this Chapter.

3.6.2 Grid Sensitivity

The calculations proposed in this chapter were performed oncused non uniform 2D-
axysimmetric mesh, which is very fine in the region closthéofuel inlet and which consists of
~30,000 computational cells.

To investigate the sensitivity of the solution with respec the employed grid, the
simulations have been repeated on different grids: in partiauiaer structured mesh and a non-
structured mesh with triangular cells were considered for thipaoson.

Figure 19 shows the temperature, mixture fraction and main speoi@sgas obtained
using the base grid and a structured grid consisting in about 96ell60 Also in this case no
important differences can be observed. Similar results havedigained for the triangular mesh

(not here reported).

3.6.3 Effect of different kinetic mechanisms
Two different kinetic mechanisms have been used and compared toucotize flamelet
libraries: the kinetic scheme previously described (CRECKeme) 48] and the GRI 3.0 kinetic

mechanism §8]. The non-adiabatic flamelet library has been calculated utiegPrePDF
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application available in FLUENT4p]; the strain rates considered are from 0.001 Hz to 200 Hz;
moreover the equilibrium flamelet was taken into account.

In Figure 20 the results obtained using these two differentikisehemes are reported for
the temperature, mixture fraction,® and CQ mass fraction profiles along the axis. It is evident

that the differences are negligible, both for the temperature and thechgamical species.

3.6.4 Effect of Radiative Heat transfer

The radiative heat transfer, as also reported@ [s not important in this flame due to the
relatively low temperatures and the absence of soot. TherdiesOrdinates model available in
FLUENT [45] has been applied to better investigate the effects of iauiah the temperature
profile. The results reported in Figure 21 confirm the prevamnsiderations: the main differences
when the radiation model is taken into account consists in a |medk temperature (~30K), which
is closer to the fuel inlet, and a lower temperature indleof the flame. The differences in the

mixture fraction profile and for the main species in the combustion pracesegligible.
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3.7 NOKx predictions in Flames A and B

3.7.1 CFD results

Figure 22 shows the temperature fields of flame A and Brastausing the EDC model.
Panel a shows a comparison with experimental measurements pirédune along the axis of
symmetry. The comparison is satisfactory for both flames and shbats the maximum
temperature for the larger flame B is shifted downwards180 mm due to the difference in the
diameter of the nozzles used for the two flames. In fact lmgubkie nozzle diameter to scale the
axial profiles of the two flames, it is possible to obtain very similaptrature profiles (Figure 22)
and also major species concentration profiles (not here repdiett)i§ interesting to note that the
scaling by nozzle diameter does not work for OH and NO, whiclmare heavily influenced by
the local fluid-dynamics and residence times. This makes thefulu®r the evaluation of
turbulent combustion models. As a consequence of the similarityeéetihe two flames, the
discussion will focus on Flame A, and only OH and NO will be discussed for Flame B

A comparison between experimental and predicted axial velocity profiteslial direction
for Flame A at several axial locationdd = 20, 40and60) is shown in Figure 23a. The velocity
predictions are satisfactory and the above-mentionedrealizable model results in improved
predictions that more closely match the dataset. Howevsrstill clear that the CFD simulation

slightly overestimates the jet decay rate. In Figure 23b the radidegrofiturbulent kinetic energy
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Figure 22. Temperature profiles along the axis: comparison between expetal measurementsg,[§ and
numerical calculations (a) in physical space and (b) ie tfimensionless axial coordinate. Predicted
contours of temperature in physical space and in dimens®abdal coordinate (c). The results refer to the
EDC simulation.
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are compared with the experimental measurements at the saamhdoeations. The agreement
seems satisfactory, especially for location close to fuel nozzle.

Figure 24 shows a comparison between the experimental (FlamedAomputed profiles
of temperature and mass fractions of major species for tee thfferent turbulent combustion
models. The ED model, coupled with the simplified kinetic mechamgentioned in Paragraph
3.5, gives unsatisfactory predictions, both for the temperature and abon@ddields. The best
agreement with experimental measurements is obtained forxBenkodel: the temperature and
compositional profiles can be considered very satisfactory.siipe of C@and HO profiles is
similar to the one of the temperature; & generally slightly over-estimated while®and CO
are predicted more precisely. SLF model overestimateaxibétemperature profile, especially in
the post-flame zonex{d>40) and this fact represent a serious problem for the corredigtion of
pollutant species with tHeinPP .

Hewson and Kersteir6]] studied Flame A using a RANS approach and overpredicted the
temperature in the flame tail by 50-150 K. According to thairkythere are two possible reasons
responsible for temperature overprediction in this flame: negiecadiative heat losses and
underprediction of the dissipation rate. They estimated that radigtim expected to play a major
role in this flame, because the time scales for radiatie¢ lbeses are long relative to the flame
evolution time. Thermal radiation, which is taken into accountis work using the Discrete
Ordinates modeHMp], affects the peak temperature only by about 30-40 K.

A sensitivity analysis on the SLF simulations confirmed that predicted temperature
profile is mostly affected by the turbulence model used, white#sly insensitive to the grid and
the numerical schemes or to the kinetic mechanism used to gettexdlamelet library. In fact,
different turbulence models affect the jet penetration but tie scalar dissipation rate and thus
turbulent mixing. Higher mixing rates noticeably shorten thedaas already discussed elsewhere

[61]. In fact, better temperature profiles in the flame tai e obtained adopting SLF with RSM
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or the standard k-turbulence models, but the consequence is the overestimation of theatemgper
close to the nozzle. A further discussion on SLF modeling goes belgerstope of this work,
which is focused on the NOx chemistry in syngas flames.

It is evident that any model overestimations of the flameé&sature affect the prediction

of pollutant species with th€inPP .
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Figure 24.Flame A: temperature and mass fraction profiles alorggatkis and at several distances from the
burner surface in radial direction (d is the internal diater of the nozzle, x is the axial distance from the
nozzle outlet):-- EDC model;-- ED model;-- SLF model.

3.7.2 KinPP results

Moving from these fields obtained with the EDC model for Flainend B, the Kinetic
Post-Processor is applied with the detailed kinetic scherpeettict NQ formation in the flame
also. The predicted NGspecies maps are reported in Figure 25 for flame A. The isgmifrole

played by NO in the flame front and formation of N@ the post-flame zone can be observed.
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Two main NQ-forming reaction paths are relevant in these syngas flahersnal NO and
the nitrous oxide mechanism {B)). The NO formation through nitrous oxide is initiated by the
third order reaction N+ O + M = NO + M which is followed by several & reactions with O,
OH and H radicals, ultimately leading to the formation of B N. The selectivity of this
process is ruled by the local temperature and composition of the.flehe NOx is formed mostly
via the NO mechanism and, to a limited extent, through the thermal mechéiimmut 25% for
Flame A). The significant role played by the nitrous oxide mesham syngas combustion is a
consequence of the significantly enhanced production of O radli@ds [

The thermal mechanism is initiated and controlled by the sedcZkldovich mechanism through
O + N, = NO + N, which is followed by N + &= NO + O and N + OH = NO + H.

Figure 26 shows a comparison of NO measurements and predictiongtedoags of the
flame and the effect of temperature fluctuations on NO foomatihe effect of temperature
fluctuations is relevant especially for Flame B where tire@nhal mechanism accounts for about
half of the NO formed.

The agreement on these absolute values is satisfactory, everh ttlerg are some
discrepancies. The shape of the radial NO profile in flaaneoirectly reproduced at the various
distances from the burner surface and is in very good agreemithntneasurement results at

x/d>30, as reported in Figure 27. NO concentration is, however, slightlyestimated close to the

nozzle.
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Figure 25. Flame A: predicted contours of NOx mass fractions. Theltsesefer to the post-processing
procedure applied to the CFD predictions obtained usiegEDC model.
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numerical results obtained from the KinPP. The red linesewebtained considering the effects of
temperature fluctuation on reaction rates; the green linesentigg the temperature fluctuations; the purple
lines were calculated neglecting the thermal mechanism.
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Figure 27. Flames A and B: comparison between numerical predictiodsexperimental measurements [
8] of NO mass fraction in radial direction at several aXatations.

The importance of temperature fluctuations on the formation ofgeir oxides can be
better understood from the results reported in Figure 28. The NO @ndhhks fraction maps are
compared with the predictions obtained without considering theatmn due to the temperature
fluctuations for the evaluation of mean reaction rates (whieans that the correction coefficient
Cc was assumed equal to 1). It is evident that if the effetteemperature fluctuations are
neglected, the NOx are largely underestimated.

The interactions between turbulence and NOx chemistry are moretamipfor Flame B,
where the fluctuations of temperature are more intensehentl®x thermal mechanism plays a
significant role. As a result, the temperature fluctuationg laagreater impact on NOx emissions,
as shown in Figure 29, which compares NOx instantaneous measuremdnfgedictions at
different axial locations. The measurements of Figure 29 agéesshot NO measuremen& pnd
are shown in scatter plot as a function of the mixture fractialifferent axial locations of Flame

B. The mixture fraction is calculated here from the local composition tisenBilger formula 15].



NOx predictions in turbulent non premixed flames 75

2502-05 1.002-05
2.468-05 9.508-05
2338-05 9.008-05
2208-05 £.508-05
2.072-05 £.002-05
1.948-05 7 508-05
181805 7.002-05
1 B8e-05 £.502-05
1.552-05 £.008-05
1.428-05 5.508-05
1.20e-05 5.002-05
1182-05 4.508-05
1.048-05 4.008-05
9.082-05 3508-06
[
776205 9w 5w 5 o g “ 3.00e-06
3 c | = [ = c
6.478-06 5 B o 35 %6 250806
& = 5% £ = o2
5.15e-06 g3 a3 5 B aE 2.00e-08
3.88e-08 £E g5 g5 £ 1.50e-08
g2 = 3 o= =
2502-05 -= o= 2= o= 1.008-05
1.288-05 5.002-07
0.002+00 0.002+00
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NO predictions, obtained using the Kinetic Post-Processor, arpatechwith the scatter

plot measurements of NO using a red line. It is quite evithanthe predicted NO mass fraction is

in good agreement with the average NO at highwhile close to the nozzle NO tends to be

overestimated. It is interesting to note that the predictegid@le obtained when suppressing the

effect of temperature fluctuation€4=1, green line) lies at the lower boundary of the scatter plot,

especially close to the fuel inlet.

Figure 30 shows the comparison between single-shot OH measureghamis predictions

obtained directly in the CFD calculation (with the EDC turbutmrhbustion model) (green line)

and using th&inPP (red line). The agreement between measurements and modietiprs is

satisfactory. The difference between the two mod€isRP and EDC) is due to the correction

coefficients Cc, which are introduced in th&inPP to account for the effect of temperature

fluctuations. It is quite evident that the effect is lessviie than in the case of NO shown in

Figure 29, as a consequence of the lower apparent activatiogy esfeOH radicals formation

process.

As reported by Barlowet al. [10], a realistic target for the agreement between, NO

measurements and predictions#$5%, due in part to uncertainties regarding measurements,
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boundary conditions and model assumptions. Measurements were not takesioger to the
nozzle because of considerations of spatial resolution, and bettdution is expected for larger
x/d ratios, especially for the smaller flame.

In Figure 31 the effects of clustering degree on the predictedhmam NO and BD mass
fractions in the flame are reported as a function of the numbeguivalent reactors employed in
the kinetic post-processing procedure. It seems evident that 7000-10g@@frseare enough for
obtaining a reasonable estimation of NOx emissions from thes flanthout reaching the original

number of CFD cells (in this case more than 30,000).
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Figure 31. Predicted maximum NO and,® mass fractions in the flame as a function of the bamof
reactors used in kinetic post-processing procedure (Flame A).

3.8 NOKx predictions in Flame C
3.8.1 CFD results

Flame C was simulated by using the realizable model, which showed on Flames A and
B more accurate predictions for the turbulent round jet witpeet to the standarde model. The
three different models for the description of turbulent combustd@ EDC and SLF), already
adopted for the previous Flames, were applied and comparedns ¢éwvelocity, temperature and
main species.

Unfortunately no data on the velocity field were available tlis flame. Figure 32
compares the predicted and measured radial profiles of tatapg HO, CQ, and CO, in greater
detail. These data refer to the flame without ammonia; ¢hecity, temperature and composition
profiles of the main species are not affected by the smid#chamounts of ammonia and methane.
The thermal field is properly predicted by the EDC and SLF madealgferent axial locations, but
the ED model gives unsatisfactory agreement especiallgrgérl distances from the fuel inlet
section. Comparisons between experimental and predicted valueaifospecies are slightly less

satisfactory than for the previous flames. The, G®le fraction profiles tend to be overestimated
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by the EDC and SLF models. The ED model, which makes use ofpdifed kinetics, does not
represent the CO/Gxonversion correctly. CO, on the other hand, is generally undeatst at

distances of more than 20 diameters from the fuel inlet.
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Figure 32.Flame C: temperature and mass fraction profiles aloregatkis and at several distances from the
burner surface in radial direction (d is the internabdieter of the nozzle, x is the axial distance from the
nozzle outlet) with 0.80% of total amount of added:NH EDC model;-- ED model;-- SLF model.

3.8.2 KinPP results
The KinPP was applied to the CFD results obtained by using the EDC matiadh
shows the best agreement with the experimental dat. The NO @pnanbis fraction maps are

reported in Figure 33, together with the temperature field used to derieeptteeiictions.
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In Figure 34 the calculated temperature and NO mass fracti€ilepiia radial direction at
x/d=100 are compared with the experimental measurements. The rehols a satisfactory
agreement. In particular the peak value and the shape of thescsgem to be well caught. In
Figure 35 the calculated radial profiles of NO at the akiahtion x/d=100 are reported for
different amounts of added ammonia in the fuel stream. As exhahte larger is the amount of
NH; in the syngas, the larger is the amount of NO in the flame.

Figure 36a compares the predicted and experimental peak valNé? @brresponding to
the axial locationx/d=100, for various amounts of added BIH4Q]. The agreement is very
satisfactory, even though the predicted results tend to slightlyrestoieate NO formation with
larger amounts of added NHThis agreement is quite clearly confirmed by the comparisons
reported in Figure 36b in which total NO (and NONO + NQ) formation is related to the NH
feed. It is clear that the predicted results are veryectosthe experimental measurements and
therefore not only is the adopted kinetic scheme capable refctigrdescribing NOx formation and
NH3 consumption, but the CFD simulation of the flame was propedgpgd. The difference
between NOx and NO is mainly due to the successive formatiorOgfaen the temperature is

decreasing, as reported in Figure 37.
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Figure 33. Flame C: predicted contours of temperature and NOx massidres. The results refer to the
post-processing procedure applied to the CFD predictionsindt using the EDC model.
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Figure 34. Flame C: comparison of experimental measurements andcpicedi in radial direction at
x/d=100 with 0.80% of total amount of added INt&) Mean temperature; (b) NO mole fraction.
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150 0.35
B NO - Experimental
140 L L 0.3 — NO- Numerical (EDC)
= 130 - \"\ # NOX - Experimental
5 L — % 025 - m \ —— NOX - Numerical (EDC)
o
£ 120 k] \.\ \
32 9 0.2
g E —
g 1 S \
.E /./ Z 0.15
& 100 y g \\ =
) n/ E 01 -
z 90 4 B Experimental | =
20 — Numerical (EDC) | 3 0.05
70 t t t 0
04 0.6 0.8 1 1.2 14 16 18 04 0.6 0.8 1 1.2 14 16 18

total amount of added NH, [%]

total amount of added NH, [%]
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3.9 Conclusions

Detailed kinetic schemes are usually too large and connpnadly expensive for their
direct application in the CFD codes for the numerical simulaifamrbulent flames, especially in
the case of large 3D grids needed by industrial applicationghisoreason three different flames
have been here analyzed with a newly conceived, effective nainéoim: the Kinetic Post-
ProcessorKinPP ). Since pollutant species only marginally affect the maimcgire of the flame
(i.e. temperature and flow field), the CFD results obtainitid simple kinetic schemes can be post-
processed using large, detailed kinetic schemes, able to atgyeddict also the formation of
different pollutants, such as NOx, CO, SOx and other by-products.

A good prediction of the flame structures is obviously a necessadition for the correct
application of the KPP. The reliability of the KPP resitsterms of pollutant predictions is
strongly dependent on the completeness and consistency of timalo@§D simulation. Therefore
the choice of the most appropriate turbulent combustion model isahpant importance for the
application of the post-processing procedure. In particular the riaaheesults presented in this
Chapter show that the EDC (Eddy Dissipation Concept) model idalgiee satisfactory results
when coupled to the usualeturbulence model (with the correction for the axis-symméditis);
the agreement with experimental data, both in terms of tetye and main species
concentrations, appears to be very good. Unfortunately the EDC risodeiputationally very
expensive. On the contrary, the SLF (Steady Laminar Flamelet) model hasedredmnputational
cost and in general is able to accurately predict the tertyperfield of turbulent flames. However,
the application of this model to the turbulent flames investiate this work is not fully

satisfactory: the flame temperature is over-predicted, in patiouthe tail of the flame.
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As a consequence th&nPP was applied to the CFD results obtained with the EDC
model. The results of the NO formation and reduction are promiginigthe agreement between
computations and experiments is satisfactory. The successtlittime of flame structures and
NO, formation in these flames supports the proposed approach for the kineficquestsor.

TheKinPP code already is a very useful tool for the optimal designwfmeners with a
particular attention to pollutants formation. Prediction obtsfmrmation in turbulent diffusion
flames will be the natural extension and application of thos tA further step in the study was to
investigate the detailed effects of the chemical mechaniEmis detailed knowledge will be useful

in developing improved combustion devices, such as low-NO wood stoves and wastaiorgn



4 Soot modeling in turbulent non

premixed flames

In this chapter an effective methodology for predicting thren&dion of soot in turbulent
non premixed flames is proposed and discussed. The attentioticalpey focused on the correct
modeling of interactions between turbulence and soot chgmistrich are taken into account

through several approaches.

4.1 Introduction

The problem of soot formation in combustion devices is gaining rigipgrtance due to
its negative effects on human health and for the increasitrihgent limitations concerning the
emissions of pollutants from combustion devices. Moreover, soot tiormasignificantly
influences thermal radiation which controls the burningmegin pool fires under most practical
fire scenarios. In fact, soot usually dominates the radiatdg®rption coefficientZ] and controls
the heat feedback to the liquid fuel. Furthermore, the sooteid in the flames affects the radiation
heat transfer in furnaces and various practical applicatigns [

The formation and oxidation of soot particles are highly complekgsses, involving a
large number of both homogeneous and heterogeneous chemical reasticadditional physical
processes such as coagulation. All these processes can hieedestth a high degree of accuracy
and reliability by using the most sophisticated soot models alaila literature. However these
models are expensive in terms of CPU time, even for simulatbbriaminar flames. In the
numerical modeling of turbulent flames, the detailed soot matelsld be used together with
other models necessary to describe reacting turbulent flodingeto a very high CPU-time even
for simple flames. Such detailed models could be used to helgfydigret conditions that reduce
soot formation, but for predictions of soot particles in turbulent premixed flames of practical

interest, it is often necessary to use simplified models tp KFU-time at an acceptable level.
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Such simplified models consider only the phenomena essential foningtaufficiently accurate
predictions of soot concentrations and reliable CFD calculations atikedheat transfef7f].

Specific approaches are used to model soot formation. Infféuot, thermal field and most
chemical species can be successfully modeled using non-equilibiamistry through flamelet
libraries and presumed probability distribution functions (PDF) stmae approach is not able to
describe soot formation, due to its comparatively slow chegmistd because the soot volume
fraction cannot be simply related to the mixture fractié®.[As reported in Brookes and Moss
[2]], the soot is closely correlated with the mixture fraciwoy in a limited temperature range,
corresponding to the soot peak values. On the contrary, at lowervslwhe fractions the
temperature PDF is broader and in some cases can alsdshodality. This behavior is due to
the competition between the growth processes and the oxidation pyoghich occur at different
positions in the flame (especially at different mixturectian locations) and therefore at different
temperatures. The dependence of soot on the mixture fractioensneere complex: from one
hand the nucleation and growth rates show a weak correlation wihixhee fraction, but, on the
contrary, the oxidation rate is strongly correlated to the mixtucidrathrough the OH radical. In
order to partially overcome these difficulties, individualanale equations must be introduced and
solved for soot properties. In this way it is possible to tat@ account the interactions between
turbulence and chemistry with a higher level of detalil.

Despite intensive research over the last decades, naeith@rsal theory, nor models have
been developed for soot predictions that are applicable toatifffuels and a wide range of flow
conditions. If the soot formation in laminar diffusion flames can teslipted with reasonable
accuracy, this is usually more difficult in turbulent diffon flames. In general, in order to achieve
a satisfactory agreement with the experimental data thelimpdenstants have to be adjusted for
the particular problem under investigation. The main approachgogwed by in the last two
decades are briefly summarized in the following.

Kollmannet al.[75] applied a PDF-transport model to simulate the reactirmuktent flow
in a sooting ethylene diffusion flame. An additional transport t@udor soot mass fraction was
introduced and solved using a source term simply expressed as iarfusfctemperature and
mixture fraction.

Bai et al. [4] expressed the chemical source terms (growth and oxidatidhg transport
equation for soot volume fraction using a flamelet libranyegated with a detailed kinetic scheme
and normalized by the local soot volume fraction to account fosulface dependence of growth
and oxidation processes. The agreement between numerical prediatidnsexperimental

measurements in terms of soot emissions was good, but the temperaturgehasier predicted.
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A similar approach has been used by Roditcheva and1&6j for the prediction of soot
formation in methane/air turbulent jet flames. The differemcthis case is the introduction of a
second transport equation for soot particle number density.

Kronenburget al. [76] predicted soot concentration in turbulent methane-air jetefta
using the Conditional Moment Closure. Using this approach dseiad of the soot oxidation terms
is more accurate if compared to the traditional flameletebapproaches: in fact it is well known
that the laminar flamelet theory currently does not alloeugate closure of the oxidation terms in
soot transport equations.

The unsteady flamelet model was used by Pitsclal. [10§ to describe chemistry-
turbulence interactions and predict soot formation in a tenbunon-premixed jet-flame fed with
ethylene. The transport equations for the soot particle numhbsityles introduced in the flamelet
library and solved using the method of statistical moments.

Wenet al.[13€ predicted the soot formation in a turbulent kerosene/air fleongaring a
conventional acetylene-based nucleation model with a polyaromgtiocarbon (PAH)-based
nucleation model. The soot formation was modeled using two transporioeguat soot particle
number density and volume fraction and semi-empirical modelsdetat the mean values of
temperature and concentrations of soot precursors. The sansa@ppras used by Mgt al. [85]
to investigate the effects of different soot inception, growth, coagulahd oxidation source terms
in two turbulent ethylene/air jet flames. The best agreemétht measurements was obtained
assuming the soot growth rate proportional to the square rothtec$urface area. A new soot
inception submodel based on the naphthalene formation rate was proposed add appli

Zuccaet al. [147 simulated the soot formation in turbulent diffusion flames bypting
kinetics and fluid dynamics computations with the solution efgbpulation balance equation via
the Direct Quadrature Method of Moments (DQMOM). Semi-empirical modetds used to model
the soot formation and evolution, but the effects of turbulenceesdbt reaction rates were not
taken into account: all soot formation rates correspond tovbeaged values that are directly
calculated based on the averaged species concentrations andatarepier the turbulent flame.
The main advantage of this approach with respect to theasimithod followed by West al.
[136 consists in removing the hypothesis of a monodispersed soobulism, and therefore,
depending on the number of nodes used in the DQMOM formulation, more accurate des@fption
soot distribution are possible. The agreement with the expetahdata is excellent, but it is not
clear if the semi-empirical models used for describimgt $ormation can be extended to different
fuels and to different flow conditions. Moreover no indication isegiabout the importance of
turbulent closure of soot source terms.

In order to solve the important problem of the closure of sowmastin soot transport

equations, some authors proposed the solution of a transport equatiba foint scalar PDF of
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mixture fraction and soot properties. Using this approach the atiorelbetween the mixture
fraction and the soot properties is automatically accommodatitha competition between mean
surface growth and oxidation, which traditional presumed pdf approactiesaribe only through
ad hocscaling, can be better captured. In particular Aksit and NRsproposed a Lagrangian
Monte Carlo solution of the joint scalar PDF transport equationnfixture fraction and soot
properties in a methane flame, coupled with a semi-empirical Infiod¢he description of soot
formation. Unfortunately this approach is computationally very expersd the presumed PDF
approach may continue to offer advantages in most practical apptie. On the contrary,
Lindstedt and Louloudi §1] applied the method of statistical moments in the context of a
transported PDF simulation to predict the soot formation in different ethylene flames. The
results show a good agreement with the experimental measuseamehhighlight the importance
of accurate modeling of turbulence-chemistry interactionstlier correct predictions of soot

formation in turbulent flames.

In the present work the soot volume fraction in two turbulentpremixed flames fed
with ethylene 72] and methane2[] is predicted using a two-equation model. The major species
and the temperature field are calculated using the flanagptoach; for this purpose a non-
adiabatic flamelet library, depending on the mixture fractibajrsrate and enthalpy defect is built
and stored. Two additional transport equations for the sootlganiumber density and the soot
volume fraction are solved in the CFD code. The associated staurag are calculated using a
semi-empirical model, able to take into account nucleatiorfacirgrowth, coagulation and
oxidation phenomena. The effect of soot radiation is taken into acemimg a simplified
approach, which consists in adding a source term related to tladicadrom soot to the energy
balance equation. Three different approaches for the closuseur€e terms in the transport
equations for soot particle density and soot mass fractionsramaléded and compared. The main
objective is to demonstrate the importance of correctly describingfdwtsedf turbulent mixing on

the formation of soot in turbulent non-premixed flames.

4.2 The soot population balance equation
The formation of soot particles in a reacting system candmeled through a Population
Balance Equation (PBE). Let us define a property veztel(xl,xz,...,xn), whose elementg are

some properties of the soot particles (for example volume, agea fractal dimension, etc.) and

are calledinternal coordinatesto distinguish them from the usuekternal coordinate®f the

physical space. The number density functlit(rx; X; t) can be introduced so that:
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n(x;x t)xdx ... dx, dV =fx; x} od o (4.1)

is the expected number of particles in the infinitesimal voldWewith internal coordinates in the

range (X +dx,);....(x, +dx,) . The total number of particles in the system is:
Ny (1) = . Xn(x; x;t) xdV >dv (4.2)
whilst the total number density is:
N(t) = i n(x; X t) dx (4.3)

In order to obtain the value oi(x; X; t) in any point of the computational domain a

population balance equation must be solved. The PBE is a constatiéynent written in terms of
the number density function and can be derived as a balanceoadwata given control volume
[91, 141

W+NXXV n(x;x;t) +N g rfsa(; x? I'(;x; z() (4.4)

In the equation reported above the first term on the leftisittee accumulation term; the
second and third terms represent the convection in the physical #ralstate space respectively.
The term on the right hand side is a source term, which takesadécbunt several phenomena
leading to discrete changes in the population properties (nedeagrowth, coagulation,

fragmentation, etc.). Moreovey, is the rate of change of external coordinates gnd the rate of

change of internal coordinates.
In turbulent flows, after applying the usual Favre averading, Equation (4.4) can be

rewritten more conveniently as:

n(x;xt fn{x; x 1
—(ﬂt L% (Uilx)m(x:x ) _ﬂl G (ﬂX ) 5{x; %} (4.5)
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where G is the turbulent diffusion an«éUi|x> is the expected value of the particle velocity

conditioned to the property vectar. The source term in the right hand side accounts for all the

processes affecting the evolution of the population (i.e. both theectver term in the particle
state space and the source terms in Equation (4.4)).

Soot particles are usually small enough to be considered ramedtby the fluid, i.e. the
velocity of the dispersed phase is equal to that of thénumus phase. As a consequence, the

system can be treated as monophase and no multiphase modeling iedreguider these

conditions the expected value of the particle veloéiilﬂx> is simply equal to the expected value

of the fluid velocity.
The property vectorx can have theoretically an arbitrary number of components, but

usually only one or two internal coordinates are considered. licydartfor soot particles a single

internal coordinate is enough to have satisfactory predictiohen\he internal coordinate is the

sizeL of the particle, the functiorm(x; X; t) is called the Particle Size Distribution (PSD). From

this PSD any information about the soot properties can be obtdmegghrticular the volume
fraction (or equivalently the mass fraction) and the soot mean pati@heter.
Assuming that the soot particles are small enough for considénegsystem as

monophase, the population balance equation for the soot particle size tistrilmcomes:

In(Lixy, T o T In(Lxd) |
i g wn(bxy s e S(bx) (4.6)

The solution of Equation (4.6) is not trivial. Several procedusa® lbeen proposed, but
the most commonly employed methods are based on three differentéipgs that are briefly
summarized in the following:

- Monte Carlo methodsthe number density function is approximated by a very large
number of notional particles by a Monte Carlo algorithm; thénrdaawback is the
large computational time needed for calculating the evolutiothef particle size
distribution;

- classes methodsre based on the discretization of the number density furictian
number of classes, each of them representing a portion of pladapon with internal
coordinates in a particular range;

- moments methodthe solution is obtained by solving a balance equation fondbeu

of moments of the particle size distribution (thus obtaining intlirdormation on the
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distribution itself). In the present thesis the soot formatmredicted using this

approach and therefore some additional details are given in the following.

4.2.1 Method of moments

For a generic monodispersed number density function, the moment ok esdiafined as:
¥
m(x 9= _xn(L x§xd 4.7)

If Equation (4.6) is multiplied bw* and integrated, the following balance equation for the

moment of ordek is obtained:

m(x), 1 _1 AIm(x)
TR u,xm, (% 1) o G o ='( x}) (4.8)

The Standard Method of Moments (SSM) solves a set of transpa@tiens for a number

of significant moments of the distribution. This approach isibéa only is the source term

SKm( X t) in Equation (4.8) can be written using the moments which arkela Unfortunately this

is possible only for very simple systems or assuming pdaticforms of the particle size

distribution.

4.3 Modeling of soot formation

The soot formation in turbulent flames is usually modeled us@ng-empirical models for
describing the main processes of nucleation, growth, coagukatidroxidation of soot particles.

The corresponding rate expressions can be written in terms bf/glome fraction f, (or mass
fraction n,,,) and total number densityy, assuming a monodispersed distribution. Under such

hypothesis the population balance equation can be conveniently sbheedt the Standard
Method of Moments by considering only the moments of order irgrand thream (if particle
size is chosen as the internal coordinate), which are l¢iretated to soot particle number density
and soot volume fraction. This approach is used for the numeniidlodology presented in this
Chapter for predicting soot formation in turbulent flames. A maceurate approach, which
removes the restrictive hypothesis of monodispersed paritteedstribution, based on the Direct
Quadrature Method of Moments (DQMOM), is presented and applied in Chapter
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Two additional transport equations are solved in a CFD code dicps®ot formation and
evolution: the first equation accounts for the transport ofglantiumber densityn, (which is the
moment of zero order of the patrticle size distribution);gbeond equation describes the transport

of the soot volume fractiorf, (which is related to the moment of order three of the parside

distribution). The particles are assumed to be spherical argiztheistribution simply represented
by an average diametdg. In other words, the particle size distribution becomes a simphc

delta function, centered on the average diameter. As a consequence:

m= L ()di=" E&(L 4)d =¢ (4.9

0

From the hypothesis of spherical shape it is relatively asptain the relation between

the soot volume fractiorf, and the moment of order three:
W, =% “1on, (L)dL -—%ng (4.10)

Therefore a transport equation for the soot volume fraction igqilsrfequivalent to a
transport equation for the momeamy of the particle size distribution. The relation between the soot

volume fraction and the particle diameter is explicitly reported belowdiovenience:

d, = 3/2% (4.11)

For numerical convenience two density weighted variables ameducted: 7 for the

particle density and,, for the soot mass fractio@1]:

PN, (4.12)
r.f
£y =—5‘;" N (4.13)

The transport equations for these variables are given by:
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Fﬂ;;. oy 117;; :% G ﬁ‘l[b.(N +S, (4.14)

_ﬂ‘[];tM +u %}2" =% G n]ﬂ)’;" +S, (4.15)

It is relatively easy to recognize in the varialfie the soot volume fractiom, . The
source terms can be written as a sum of different contributions:

S, = Quoeaion ;. osguiato (4.16)

5, = Guceaton . growh.. - cpicato (4.17)

It is assumed that the influence of oxidation on the nucleationobfpswticles is small and
therefore the oxidation term is not included in the first equafigf |

For turbulent flames the effects of turbulent fluctuations should be tat@account in the
evaluation of these source terms. The simplest approach, whichebasfollowed by several
authors 85, 136, 14P solves the transport equations and neglects the effectsbafdnce. In the
present thesis this simplified approach is compared with tffereint closure models, which

accounts for the effect of turbulent fluctuations on the soot sourcs.term

4.4 Semi-empirical kinetic models
4.4.1 Nucleation Rate

Soot nucleation is described by the so called acetylene-routd; wghimased on a simple
one-step reaction:

C,H,%® 2C + H, (4.18)

The corresponding source terms are expressed in the usual Arrhenius form:

nucleation _ 3 Toua! T
0 - Aﬁucl xe m >Q2 H2 (4-19)

S'Clucleation - MP Sno (420)
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In the expressions reported abofg is the frequency factorT,, is the activation
temperatureCeon2 is the concentration of acetylene aglis the molecular weight of soot primary

particles. The rate parameters proposed byet al. [84] are adopted and summarized in Table 2.

Knucieaton 2.857 16103 8400 8yl
Kerowtn 42000 10064 - g4
Koxidation 108500 19778 - 719, 84

Table 2. Reaction rate constants for soot formation and oxaatiConstants
are in form of Arrhenius expression k=A-exp(1]. Units are [K, kmol, m, s].

4.4.2 Growth Rate

According to Frenklachkt al.[49], the soot particle growth is determined by the addition of
acetylene and on the number of active sites on the surfacemisgsa monodispersed spherical
particle distribution, the soot specific surface area canxbeessed as a function of the soot

particle number densityy and to the soot volume fractién

Ao = (360)" i £2° (4.21)

The surface growth rate is given by:

SRS Arowtn e Co iz >f( As\)ot) (4.22)

A range of area dependencies have been proposed in the lgpetoording to the most

common approaches the functiois assumed linearly proportional to the soot specific surfaze ar
f (Ace) = Ao OF to square root surface aref(A,,)=+A... Although the square-root

dependence of the soot surface area does not seem physicedigt,cibrcan be related to the
surface aging phenomena and active-site surface deactiv@diom[this work the model proposed

by Liu et al.[84] is used and is reported in Table 2.

4.4.3 Coagulation Rate
The coagulation rate depends on soot particles density; assumimgnadispersed

distribution of spherical particles:
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c%agulation =p ni (423)

According to Brookes and Mos21] and Syecet al.[129, s related to the temperature:

b= A\:c[);g;lationﬁ (424)

AV

where Acgaguiaion IS @ semi-empirical constant. The value proposed by Brookes ansl [Ripds

used in the present work:

m3

on=2.25x10° ————
A:oagulatlon SkaOk/T(

(4.25)

4.4.4 Oxidation Rate
The oxidation rate strongly depends on the hydroxyl radical (OH) ahdtGlso O radical
can play an important role. The rate of oxidation is usuaumed proportional to the soot

specific surface area:

Sﬁ)ﬂxidation - mx % (426)

In this work the model of Leet al.[79] is adopted and soot oxidation is described using a

one-step reaction:

C

soot

+Lowm co (4.27)
2

The soot oxidation term takes the form:

s T/ T p02

m, = Axe ™ T (4.28)

This model was also used by Lai al. [84], Wen et al. [136 and Maet al. [85] and
implicitly assumes that soot oxidation in a diffusion flaimecontrolled by @ into the zone of
active soot oxidation at temperatures high enough to react witmdd form OH, which is

recognized as the main oxidizing species in the stoichiomeait/kide of the flame. On the
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contrary, Q becomes more important as any surviving particles entereoxigh regions where

temperature is still higrsH].

4.5 Flamelet library and enthalpy defect

Using the laminar flamelet model, the thermochemical stad@ @idiabatic turbulent flame

is completely determined by the mixture fractigh and the scalar dissipation rate;
vy (Ze ).

The mean valug’ can be obtained using the bivariate PBZ, c,):

+¥ 1

y= y(zZe )®(ze ) 92 & (4.29)

00

A presumed PDF approach is used in the present thesis. According to Bilgénd result
of integration with respect to the mixture fraction is ey insensitive to the details of the PDF
shape, if it is chosen on physical grounds. UsuallP®F or a clipped Gaussian PDF are adopted.
As reported by several autho&v[ 101, 10}, the integration with respect tq can be described by
a log-normal distribution.

The effect of radiation cannot be disregarded especially in sofiinges, due to the
mutual sensitivity between temperature and soot formationvdribances radiation. The coupling
between the flamelet library and the radiative heat teansfthe turbulent flames cannot be easily
described. As reported in Bray and Pet&é® and in Hossairet al.[66], the radiation heat loss in a
laminar flamelet can be very different from the radiatioathess in the real, turbulent flame. In
the first case the radiation heat exchange occurs as thiadjatve emissions to the surroundings
within a thin region of high temperature. On the contrary taxtiarom the turbulent flame is
influenced by local properties and global effects arisinghfproperties at distant locations. These
effects, which can be very important, can be taken intoustanly if an equation for the enthalpy,
containing the source term due to the radiative heat tramsfdirectly solved in the CFD code.
Therefore, according to the approach first suggested by Brapetads 18], the coupling between
the flamelet library and the mean scalar variable in thbutent flame can be achieved by

introducing an additional parameter, which is calledethibalpy defect

fH =ﬁ - HAD: |:|' HAOX+ Z(|:|FUEI_- |:|ox) (4-30)
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where H is the actual enthalpy in the turbulent flame ahg, and H ., denote the enthalpy of
the oxidizer and the fuel streams respectively. Once thelpyttiefect is introduced, the average

value of every state quantity in the laminar flame can be recovered by introducing a proper

joint-PDF ofZ, gandf,:

+¥+¥ 1

y= y(Ze £ )Pz £ ) dZcd f &, (4.31)

¥ 00

A common simplification is based on the assumption of statistical independe

P(Z cq.fu)=P(2)xPc o) H 1) (4.32)

The PDF of enthalpy defect is not easily accessiblehareiexperimentally nor
theoretically. Therefore, in absence of information, starfirign the consideration that any
reasonable account of heat losses represents an improveitiergspect to the assumption of an
adiabatic flow, the solution proposed by Bray and Pefiddisgnd adopted by several authos§,
92] has been used in this thesis. The effects of enthalpy ddimttidtions are completely

neglected and therefore the correspondR(gH) is assumed to be a Dirac delta function centered
on the local mean value of the enthalpy defégt. The final form of the joint-PDF
P(Z, cy.f,)becomes:

P(Z cof )= P(2)xPlc o) [ \, 1- ) (4.33)

where P(Z) is a -PDF(or a Clipped Gaussian PDF) aff{c,,) a log-normal distribution.

The flamelet profiles can be organized in shelves, usingntialey defectf,, as a library

parameter32). Each shelf represents a different value of the enthalfacidand contains entries
referring to different values of scalar dissipation rateranging from the equilibrium solution to
the extinction plus the inert state. Each of these shedvesmpletely independent: the number of
scalar dissipation rates, the number of points in the miXtaction space and in the mixture
fraction variance space can be different from one shelf tthanone. In this way each value of

enthalpy defect can be described with a sufficiently largeegegf accuracy. The mean enthalpy

H , used to obtain the enthalpy defect, is calculated from its conservatiation:
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Frtu-—== G_— +Qu (4.34)

The radiation termQ,,, is calculated using the optically-thin approximation, but more

accurate solutions are possible. Once the value of the mézady is obtained from the equation
reported above, the value of the enthalpy defect can be cattdtateach grid node. Mean scalar
variables are then calculated using the flamelet profilesxeSa limited number of shelves are
available in the library, interpolation is required to caltedathe mean scalar variables. A linear

interpolation is employed, as suggested by Marracino and Le®®rafid Hossairet al. [66)]:

y = e A R 4 (4.35)

wherem denotes the library shelf index such that the enthalpy defect at a e@tetiveen

mandm-1land where/  stands for:

+¥ 1

Y= Y (Ze f )Pz ) dZ2a | (4.36)

00

The flamelet library with enthalpy defect can be constructeohdgifying the source term
in the flamelet equation for the enthalpy or by modifying thelave enthalpy. In this work the
second approach has been followed. The flamelet equations are solved in tine fraxtion space
and the same value of enthalpy defect is enforced at both tharfdebxidizer sides. If equal
diffusivities for all the species are assumed this assamptarrants the enthalpy defect to be
uniform across the flamelet thickneS][

The approach summarized in this section has been successfullyniemied by Marracino
and Lentini P2], Giordano and Lentini 53] and Hossainet al. [66]. However the flames
investigated by these authors were characterized by a amalint of soot. On the contrary the
formation of soot particles in the flames studied in the ptesenk is large §{, ~1 ppm) and
therefore the effects of radiation are expected to be veppriant. As a consequence the

temperature and concentration fields are largely affected by thiobeat



Soot modeling in turbulent non premixed flame3

4.6 Radiative heat transfer

The sooting flames studied in this work can be succégsfiddeled using the optically-
thin approximation 21, 76, 82, 84, 92 although this approximation is known to slightly
overestimate radiation, because it neglects re-absorption. Argada this model, the radiation

source term in Equation (4.34) becomes:
Qus =-4sxaXT" -T.) (4.37)

where Te,, is the environment temperature which is assumed to be 300 Wisinmodel only
contributions of H,O, CO,, CO, CH, and soot are considered, according to the following

expression:
A= Pyro@nzot Peoz@coet Pooycot Fu@py s (4.38)

wherep; is the partial pressure of speciesdf, is the soot volume fraction. EvenHtO, CO, and
soot are the most important radiating species in combustion environments, &lanavatd carbon
monoxide were included in the computation

The extinction coefficients foH,O, CO,, CO and CH, are derived from calculations
performed by the RADCAL softwar®9)]. The following expressions, which are valid in the range

between 300K and 2500K, were used to calculate the Plank mean absorptiorectefic

1.1239><16_|_ 9.415% 10 2.9988<i[0 0.5138%°10 1.868#
) ) 5

8,20 = 023098 === = = = = (4.39)
a .o, =18.741 1.21_?_1><16+ 2.71_325< 10 1.9:_(;)5(} 119 5._??1@1310 5+§1695 (4.40)
a, cns =6.6334- 0.0035686I + 1.6682 fox* + 2.561%20T% - 2.6558“10°" (4.41)

a,c0=GtaT+oT+qP+¢T (4.42)

where the values of coefficientsare reported in Table 3.

The extinction coefficient of soot is evaluated according to Sahii: [
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Ay, soot = 12321

soot

I+ 4.8<10 (T - 200D (4.43)

where 7, is the soot density (here assumed to be 1800°ginal &g, 500t UNILS arem™.

soot

Co 4.7869 10.09

1 -0.06953 -0.01183
C 2.95775-1d 4.7753-16
Cs -4.25732-10 -5.87209-106°
Ca 2.02894-10" -2.5334-10*

Table 3. Coefficients in Equation (4.42) for the evaluation of
the mean Planck absorption coefficient of carbon monoxide.

4.7 Closure of soot source terms
One of the major issues in the modeling of soot formation isltdseire of the soot source
terms in the conservation equations for soot particle number ylegsind soot volume fractiok.

y Yty

In general the mean source term can be expressed using the propelDR)iﬁ(-,P Coof My, f\,):

¥ Y YY1

S= S zZcwfun m xR Z o w0 ) xdZod, Fd, dm ¢ (4.44)

0 0-¥ 00

The form of this joint-PDF is unknown, both experimentally and #texily, and

therefore simplified approaches must be used in order to obtain the @btueesource term.

4.7.1 Mean Properties
The simplest approach consists in evaluating the source téng tlee mean flame
properties and totally ignoring the effects of turbuler&®. [In this case the joint-PDF can be split

in the product of five PDFs of a single variable:

P(Z,cofuum. ) @A 2 He,) K ) Rm) B (4.45)

Moreover each PDF simply becomes a Dirac delta functionreshten the mean value of

each independent variable:
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P(Z'Cst'vamJ't/)@(Z -Z)d(cst 6‘sn)ak(fo' ny(m "B‘) ﬂé\t '\];) (4.46)

4.7.2 Uncorrelated closure

A different solution assumes that mixture fraction and enthdifect are completely
uncorrelated with soot propertiesy(andf,). This solution was adopted by many authdrsZl1,
116 and assumes that the influence of scalar fluctuations in thpltgese are dominant. The joint-

PDF can be split in the product of two different PDFs:

P(Z,cofum, ) @A Zc o ) H m, §) (4.47)

Moreover, the soot properties are also assumed statistically independe

P(Z,cofum, t) @A Ze of ) H m) R ) (4.48)

The single PDF for the soot volume fraction is unknown. Twodiidta functions can be

used to obtain the closure. The final form of the joint-PDF is theréferiollowing:
P(Z1 Cof M, t/) @P( Zc H)dx( g 'rg')dx( ¥ '\];) (4.49)
where:P(Z,c,.f,) @P(2) e ,)dA , f 4.

A very large flamelet library must be constructed and dtagng a large number of

enthalpy defects. For eadh, about 20 steady flamelets were calculated at differeninstaaes,
from equilibrium conditions( ¢, =0) to the extinction valug c, = c,,) (which is affected by

f,,). A finite-difference C++ code and a fully-implicit methodsbkd on the BzzLibrarie2$, 24,
was used to build the flamelet library adopting detailed chgmi&l3. The integration in the
mixture fraction space must be performed in a very accurayedwe to the possible presence of
singularities of the -PDF at Z=0 and Z=1. The approach proposed by Lai al. [83] is
adopted, as it warrants higher accuracy than traditiondgdode BQ]. The integration in the scalar
dissipation rate is easier and was preformed following the agpno@posed by Lentini8Q].

Some additional details about the library construction are reported in Appgend
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4.7.3 Correlated Closure
The third approach assumes that the soot propemesnd f, are perfectly correlated

with the mixture fraction. This approximation can be consideresfaetory in the regions where
the soot formation is fast. In this case the soot is asedorth a limited temperature range and is
therefore closely correlated with the mixture fraction, as exatally observed by Sivanathu and
Faeth 123. On the contrary if the soot concentration is low, the PRfadens and in some cases
becomes bimodal. The bimodality is associated with the sootlyrwd oxidation phases, which
are characterized by two different temperature ranges.
The soot mean properties can be usually described in the mixation space by

functions of constant shape, but different magnitude (depending asirtlie rate and enthalpy

defect values). This behavior can be successfully exploitéuki correlated approach by imposing
the profiles of soot particle number density, and soot volume fractiorf,, (obtained from a
laminar flame calculation, as discussed in the following}tten mean soot properties (obtained

from the transport equations in the CFD code). The joint-PBPEZ,c,.f,,m, f) can

successfully be replaced by the PIDQZ cst,fH). As a consequence the mean soot properties are

calculated according to the following expression:

+¥+¥ 1

rTIO = rr!)( Z'cst’fH)xF( ZC st”t H) >dZa1 st de (450)

¥ 00

+¥+¥ 1
f, = f (Z,cf i) P(Ze o ) ¥Z & |, fox,, (4.51)

¥ 00

In order to correctly take into account the dependence of growltloxadation phenomena

on the soot particle specific ardg,, the normalized profiles of soot particle number density

my' (Z ¢4.f,,) and soot volume fractiofy" (Z, c,,,f,,) , obtained from laminar calculations, must

1 st 1 ¥sty
be introduced in the expressions reported above. In particularpdssible to express the soot

particle number density and soot volume fraction profiles as a functibie abrmalized profiles:

Y (Z, ¢y f
%(Z' cst’fH) :w m (4.52)
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2zt

fy (Z, cst’fH) - £N (4.53)
v

\

Normalized profiles of soot particle number density' (Z, Cspr) and soot volume

fraction f," (Z, c,.f,,) allow one to calculate the soot mean properties in the turbulent flame:

1y Yty

_+¥+¥lrn(l)\l(z c fH)

m)— r;};\jsp xm) H ZCst’fH) dZ d(st fd)ﬁ
Y (4.54)
:_N rn;\l(z’cstfH)xP(chtf’ H) >dZ(Hst fd(H
rT]O ¥ 00
+¥+¥ 1 N
= WBE) g pze,r) @ o, 0
T (4.55)
:_VN 1:VN (Z 'CstfH)xP(Zc stf’ H) >dZ d st fd(H
V ¥ 00
Also in this case:
P(Z c,fy) @P(2) R )dA 7 =) (4.56)

The normalized profilesm'(Z c,.f,) and f"(Z,c,.f,) are obtained from two

additional transport equations fax andfy, which are included in the laminar flamelet library

[105:

Im__| ¢ T Aim 1 €
ﬂt 2Gf 12 (rrrb\/soot)-l- 12 1-2 rGf 2 Q + STO (457)
—ﬂfM =- 2 l ¥ M _ﬂ _C

r e /ZGf 7 (1 WVaoo)* 7 ﬂzr G, 2G +S,, (4.58)

where f,, is the soot mass fraction which is simply related to the weldmaction by
fu =1/ wulf - The Equations (4.57) and (4.58) allow the accurate descriptialiffefential

diffusion effects in the flamelet library for soot particldhe soot diffusion velocity/,, is
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computed assuming that only thermophoretic diffusion oc&fsahd neglecting the interaction of

soot with other species in the gas phase:

u | c T
V.  =-0.55— —
soot T 2Df ﬂX (459)

where is the kinematic viscosity of the gas mixture. The constrnaif a non-adiabatic flamelet
library for the correlated approach, accounting of course fderdift enthalpy defects, is not
trivial, because of the assumption of non-unitary Lewis numbessnplified solution is adopted:
since only soot particle density and mass fraction are ckawmatd by a non-unity Lewis number,

constant enthalpy defects are assumed in the mixture fraction space.

4.8 Kinetic mechanism

Numerical results presented in this Chapter were obtained tisengletailed kinetic
schemeC1C30704which describes pyrolysis and oxidation reactions of light hydbore [L13.

The scheme consists of 69 species involved in 1136 elementatiomea Thermodynamic data
and transport properties are taken from the CHEMKIN Databyd$ev[th improved values for OH
and HQ formation enthalpy 48]. Reverse rate constants are calculated via forwaes rand
equilibrium constants.

This detailed kinetic mechanism is the core of a lasgeeme, based on a modular and
hierarchical structurel37], which has been validated in a wide range of pyrolysis and combustion
conditions both with pure fuels and hydrocarbon mixtures up to sursoghteal transportation
fuels [110, 111 This kinetic scheme has been also extended to also intladdnetics of soot

formation and oxidation, with the discrete sectional metb&d114.

4.9 Experimental flames

This work analyses two different turbulent flames, experimentallysiiyated by Kent and
Honnery (Flame A) 7121 and Brookes and Moss (Flame B)1]. For both of them accurate
measurements of temperature and soot volume fraction dtabdéeaThe main data for the flames
investigated are summarized in Table 4.

Flame A is a non confined turbulent jet flame, in which ety is burned in air at
atmospheric pressure; the fuel is injected trough a nozzle avdtiameter equal to 3 mm at the
temperature of 322 K. The fuel mean velocity is ~52 m/s; #selting Reynolds number is

~14500. The experimentally measured length of the flame is ~460 rhioh worresponds to
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~153D (where D is the fuel inlet diameter). Experimental reguttade axial and radial profiles of
temperature and soot volume fraction.

Flame B is a confined turbulent jet flame fed with methahe. fliel is injected in a central
tube (4.07 mm internal diameter and 1.6 mm wall thickness). Thagevéuel flow velocity was
20.3 m/s with a resulting Reynolds number of ~5000. The flame isnednin a Pyrex tube of
internal diameter 155 mm. The inlet temperature of fuel anid a290K. Axial and radial profiles

at different distances from the fuel inlet are available fmptrature and soot volume fraction.

Fuel Ethylene Methane

Fuel Temperature [K] 322K 290K
Nozzle Diameter [mm] 3.00 4.07
Fuel Velocity [m/s] 52 20.3

Reynolds Number 14460 5000

Flame Length 153D 130D

Stoichiometric Mixture Fraction 0.064 0.055
References [72] [2C]

Table 4. Operating conditions for the two flames investigated

4.10 Construction of the Flamelet Library
About 10 different enthalpy defects, ranging from 0 to -550 kJ/kgcfwis the minimum

value observed in Flame A) and from 0 to -400 kJ/kg for FlameelBe wonsidered. Each flamelet
was solved using about 70 non-equispaced points and a mixture fractenmcesspace described
by 32 non-equispaced points. The resulting flamelet librariesvang large: more than 200
flamelets for Flame A and Flame B were calculated, post-procesdesicaed.

In Figure 38 and Figure 39 an example extracted from the flaniedary calculations
from Flame A and Flame B is reported. The temperature ama spacies mole fraction profiles
are reported at several scalar dissipation rates. As exptw peak temperature tends to becomes
lower when the scalar dissipation rate is increased. The loehafvichemical species is more
complex is: for example the OH shows a super-equilibrium concentrathen the scalar
dissipation rate as an intermediate value between 0.10 and 5 mzheO contrary, C®

concentration decreases in a monotonic way when the scalar dissiptgiorcreases.
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Figure 38. Flame A: temperature and species profiles versus the miftaotion at different scalar
dissipation rate.
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Figure 39. Flame B: temperature and species profiles versus the miftaotion at different scalar
dissipation rate.
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Figure 40. Flame A: temperature and species profiles versus the miftaction at different enthalpy
defects and equilibrium conditions.

Figure 41. Flame B: temperature and species profiles versus the miftaction at different enthalpy
defects and equilibrium conditions.
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More interesting is to investigate the role of enthalpy defed¢he temperature and species
profiles, as reported in Figure 40 and Figure 41. As expectedyeadathalpy defect can cause a
strong reduction in the temperature peak. For example, when thepgntefect is equal to 200
kJ/kg (which can be found in both the flames in the region wheredtieamount is large), the
peak temperature decreases of 150K with respect to theatidigalue. The concentration of main
species tends to become smaller when the enthalpy defaogés With the exception of GOThe
trends are very similar for both the flames.

If the uncorrelated approach is adopted, the soot source term&afmucl growth,
coagulation and oxidation) must be extracted from the flambletry in order to obtain the mean
source terms which take into account the effects of turbfllerttiations. In Figure 42 and Figure
43 the soot source terms profiles of nucleation, growth and oxidateomeported versus the
mixture fraction at several scalar dissipation rates iakedic conditions. Typically the maximum
value for soot nucleation and growth does not correspond to the equiliboiditions, but it is
obtained for an intermediate value of scalar dissipation Ta® oxidation rate is located in a very
narrow region of the mixture fraction space, near the stoichiometue.va

The soot particle number density and volume fraction profilésemmixture fraction space
must be calculated if the correlated approach is chosen toths®ot source term.In Figure 44
and Figure 45 the soot particle number density and soot volume fractéles are reported
versus the mixture fraction as calculated through the flaregleations for Flame A and Flame B
respectively. It is pretty evident that the peak valued) bbiny andf,, are strongly dependent on
the scalar dissipation rate. As expected the soot formatiotistto decrease when the scalar
dissipation rate becomes larger. Flame B, which is fed wliylezte, produce a ticker sooting zone
than the Flame A, fed with methane, whilst the peak valdewsr. Moreover the differences
between the shapes of soot volume fraction profiles for the two Flamgergrevident.

If the soot profiles are normalized using the peak values,pbssible to show that the

curves corresponding to the normalized profiles tend to collapseach other, as evident from
Figure 46. As a consequence the normalized profifesand soot volume fractiofy' are relatively

independent of the scalar dissipation rate.
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Figure 42. Flame A: profiles of source terms in the
soot properties transport equations at adiabatic
conditions for different values of scalar dissipation
rate: nucleation rate (a); growth rate (b); oxidation
rate (c).

Figure 43. Flame B: profiles of source terms in the
soot properties transport equations at adiabatic
conditions for different values of scalar dissipation
rate: nucleation rate (a); growth rate (b); oxidation
rate (c).
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Figure 44.Flame A: soot particle number density (a) and soot volinawtion (b) profiles versus the mixture
fraction as predicted by the flamelet calculations at défféiscalar dissipation rates.

Figure 45.Flame B: soot particle number density (a) and soot volinaation (b) profiles versus the mixture
fraction as predicted by the flamelet calculations at diffesealar dissipation rates.

Figure 46. Normalized soot volume fraction profiles versus the mexttaction as predicted by the flamelet
calculations at different scalar dissipation rates: (dafe A; (b) Flame B.
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4.11 CFD simulation of experimental flames

The flow field solutions are obtained by using the FLUENT 6.3 comalezode #5]. A
2D steady-state RANS simulation of the physical domain wasidmes due to the axial
symmetry of the system. For the Flame A, a structured 60x180 roaingrid was used on a
rectangular 75x1000 mm domain, while for the Flame B a structured 80x@3€rinal grid was
used on a rectangular 77.5x1000 mm domain.

The Favre averaged Navier-Stokes equations together with- thealizable model are
employed to calculate the reactive flow. The buoyancy effecblan taken into account in the
turbulence model. For the spatial resolution the Second-Ordemd@®dheme was adopted. The
segregated implicit solver was used with the SIMPLE procdduttbe pressure-velocity coupling.
For the pressure interpolation the PRESTO! (PREssure Sitag@@ptions) algorithm was used.
The interaction between chemistry and turbulence has beenitakeaccount through the steady

laminar flamelet approaci(0, 101

4.12 Combustion regimes

The application of the steady laminar flamelet model is possifilie for some particular
combustion regimes. The flamelet regime requires the chemmcaltc to be smaller than the
smallest turbulence time scaje In this case the flamelet structures are not affectadrbulence.
Following the approach proposed by Lent®][ it is possible to identify a characteristic chemical

time, which accounts for the energetically significant reactions:

2 _ 2
= Zalls Za) (10 Zs) (4.60)

ext

and the following reference length and velocity scales:

I = (e )" (4.61)
V=(ult)” (4.62)

In the expressions reported abowe,, is the extinction scalar dissipation rate (which is

assumed to be ~170 Hz for the Flame A and ~27 Hz for the Flanamd) is the molecular

kinematic viscosity.
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Three different turbulent combustion regimes can be eaddwntified on the plane

log Jk 1¥) vs lodl, I , Wherel, is the integral length scale (here assumed equaltde):
|

- theflamelet regimewhere turbulence do not affect the flamelet structures;

- theperturbed flamelet regimevhere the flamelets interact with turbulence;

- the thickened flame regimavhere the chemical time is larger than the largest
turbulence time scale and therefore the flamelet strucsucempletely destroyed by

the turbulence.

Figure 47 shows the combustion regimes for the two flames usinmuwons lines. The
curves refer to the axial locations along the flames and thelintensional abscissdD is used as
a coordinate along them. As expected, for both the flamesvtdere that the combustion regime
is laminar very close to the fuel inlet; however the flahetgime is reached very soon, at about
x/ D=2. The same Figure also shows the curves representing tlwaltgfmw regime of soot
formation. The chemical time for soot formation is estedataccording to the following

expression:

(4.63)

This result confirms that soot formation occurs at timescaihich are longer compared to
the timescales of local mixing of fuel and oxidizer, therefboannot be treated as a species which
is connected to thin laminar flamelet structures. This presltigepossibility to directly use steady
laminar flamelets (which require widely separated timescand rapidly adjust to local flow
conditions) to model soot formation and oxidation.

A different criterion for the validity of the laminar flate& concept was proposed by
Bilger [14] and Peters]01]. Of course also in this approach the flamelet conceptnesjthat the
reaction zone be embedded within the smallest scale of turbulecKolmogorov scalé, but

this condition is expressed by the following criterion:
8e; xKa <1 (4.64)

where  (which is defined as the ratio between the oxidation layer thsskaed the diffusion layer
thickness in the mixture fraction at extinction) has been estimateel@dl6 for methane-air flames
[119 andKa is the Karlovitz number, which represents the ratio between the cheimieaddalec

and the Kolmogorov time scatge. Therefore, according to this criterion, for a methandtame
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the flamelet concept can be appliedK#f<190. In Figure 48 the Karlovitz number for the two
flames is reported: it is observed that the value fomtbthane flame is everywhere smaller than
190. Also the more stringent criteridda<100, derived from the analysis of premixed flames, is

satisfied.

Figure 47. Regimes of turbulent combustion for Flame72&] [and B [21]. Continuous lines represent fast
reactions (combustion), dashed lines soot formation éaticin).

Figure 48.Karlovitz number (left side) and combustion regimes {riitie) for turbulent diffusion Flame A
[72] and B[2]].
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4.13 CFD results

4.13.1Flame A

The temperature and enthalpy defect maps calculated using thweelsted approach are
reported in Figure 49. The peak temperature is ~1820K, whichescigllent agreement with the
experimental measurements. The radiative heat transferyismportant in this flame, mainly due
to the large amount of soot. In particular the enthalpy defect pask value of ~550 kJ/kg at the
axial location of ~400 mm. Since acetylene it's the main poatursor in the simplified kinetic

schemes here adopted for soot predictions, its map is reported in theigarae F

Temperature [K] Enthalpy defect [J/kg] Acetylene mole fracton

Figure 49. Flame A: temperature, enthalpy defect and acetylene mole famtiotours calculated using the
totally uncorrelated closure model.

Figure 50. Flame A: comparison between experimental measurements adregomp field and numerical
results obtained using the totally uncorrelated closure hode
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Figure 50 compares the predicted axial temperature profiids the experimental
measurements. These results refer to the simulation obtained theintptally uncorrelated
approach for soot predictions. The predictions of temperature amdislds obtained using the
mean properties and the totally correlated approach are shomilar srend and do not need a
discussion. Figure 50 allows to evaluate the effects of bothasmbgas radiation: in particular the
peak temperature is modified by soot radiation by approximatehp-200K. Soot radiation acts
mainly on the rich side of the flame because soot only exidteifuel-rich regions; on the lean
side, gas radiation is particularly strong in the tail of fthme, where water and carbon dioxide
concentrations are higher. The agreement with the experimmegsurements can be considered
satisfactory, both along the centerline and in the radial directAlso the peak temperature which
appears aroundk =210mm at an off-axis radial position is well predicted. Only in taage
x =250, 380mm the temperature is slightly overpredicted and this canttead overprediction
of soot volume fraction. The same kind of result was also olbdayePitschet al. [106. No
experimental data are available for the mixture fraction;dvawthe stoichiometric value of 0.064
is reached along the centerline in the current calculatibns=151D (whereD is the fuel inlet
diameter), which is in quite good agreement with the simulatioi&by and Honnery72], where

x =153D, and with the numerical results by Pitsthal.[106], where x =147D.

Figure 51. Flame A: comparison between
experimental measurements of temperature field and
numerical results obtained using the totally
uncorrelated closure model. Radial profiles at x=138
mm, x=241 mm and x=345 mm.
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In Figure 51 the temperature profiles are reported alongthial direction at several axial
locations and are compared with the experimental measuremezui®é these results mirror the
predictions reported in Figure 50. If both gas and soot radiasioaken into account, the

agreement with experimental data is very satisfactory.

4.13.2Flame B

The calculated flame height and flame width are sensttivéhe inlet conditions, in
particular to the turbulence intensity, which is not availablihé experimental data. Following the
suggestion proposed by Roditcheva and BAiq[ the inlet turbulence intensity was calculated
usingu’/u=0.08, whereu’ andu are the rms and mean axial velocity component respectively.

In Figure 52 the temperature, enthalpy defect and acetylene fnaaiion maps are
reported, as predicted by the uncorrelated approach. Similar resuéisobtained using the mean
properties and the correlated approaches. The radiative lsse®t so large as in the previous
flame (the peak value is ~370 kJ/kg), mainly due to the samatlunt of soot, but cannot be
neglected in the tail of the flame (where the temperasuséll high and the concentrations ofH
and CQ are large). The peak value of acetylene concentrationaselat ~400 mm from the fuel
inlet, while the maximum of temperature is found at ~500 mm.

Figure 53 compares the predicted axial temperature profiis the experimental
measurements. The importance of radiation for this flarsigyigficant, but less critical than in the

case of flame A: in particular without considering the raalia the peak temperature is

Temperature [K] Enthalpy defect [J/kg] Acetylene mole fracton

Figure 52. Flame B: temperature, enthalpy defect and acetylene mole famtiotours calculated using the
totally uncorrelated closure model.
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overpredicted by approximately ~150K. The agreement with the ex@@daimmeasurements can
be considered satisfactory, both along the centerline and india¢ dections (see Figure 54), but
unfortunately no data are available in the tail of the flamé therefore a complete comparison is
not possible. The stoichiometric value of mixture fract{@W055) is reached along the axial
direction atx/D=135, in good agreement with the experimental measurements. Hovirere the
comparison between predicted and measured axial and radiakgrofilmixture fraction (not

reported in this work), the decay rate of the round jet seems tah#yslinder-predicted.

Figure 53. Flame B: comparison between experimental measurements of &unpdiield and numerical
results obtained using the totally uncorrelated closure hode

Figure 54. Flame B: comparison between experimental measurements of &unpdiield and numerical
results obtained using the totally uncorrelated closure ehd®ladial profiles at x=350 mm and x=425 mm.
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4.14 Soot predictions
4.14.1Flame A

In Figure 55 the predicted soot volume fraction (using the unatecetlosure) is reported.
The peak value and its location are in excellent agreementthtbxperimental data. The peak
value of soot particle number density is located, as expected, sathe location of acetylene
concentration peak and is closer to the fuel inlet than dbé wlume fraction peak. The soot
particle mean diameter is ~25-30 nm in the core of the flametelndis to increase at larger
distances from the fuel nozzle. The oxidation seems to have a mieoin this flame. This is

confirmed by the maps reported in Figure 56, which refer to the niociegtowth and oxidation

Soot volume fraction Particle number density [n¥]  Particle mean diameter [nm]

Figure 55. Flame A: soot volume fraction, particle number density padicle mean diameter contours
calculated using the totally uncorrelated closure model.

Nucleation rate [kg/m’] Growth rate [kg/m?] Oxidation rate [kg/m?]

Figure 56. Flame A: nucleation, growth and oxidation rate contowalculated using the totally
uncorrelated closure model.
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rates. It is evident that the mean value of oxidation rate is about two ofdeagnitude lower than
the growth rate. Moreover oxidation is not particularly importarthie tail of the flame and this
explains why the soot particle mean diameter does not have a maximum aloxig.the a

Figure 57 and Figure 58 show a comparison between the measured sowt ¥i@ction
and the model results obtained using the three different apprdactrassing the soot production
term. When the closure is simply obtained using the mean propéntissyeglecting the effect of
turbulent fluctuations, the soot volume fraction is over-prediatetithe position of the peak value
occurs prior to the experimental data. As a consequence, a@sasotit radial profiles are
overestimated in the initial part of the flame. In partictie calculated maximum value of soot
volume fraction along the axis is ~2.40 ppm, while the experimemalsurement is ~1.60 ppm.
As expected from the temperature profiles, the soot concentratespecially overestimated in the
rich region of the flame. A similar result was also found bigcdh et al. [106, who offered an
explanation in terms of a small overprediction in the decay rate of the axiafterfraction profile.
However in the present work this problem in the peak locatiomseleie to the soot source term
closure model, which, in the case of the mean propertiesrelosannot take into account the
turbulent fluctuations. This explanation is confirmed by resultsindéd using the uncorrelated and
correlated closure approaches (reported in the following), which ahwmstter agreement with the
experimental measurements in terms of soot peak value locatienoverall agreement with the
experimental data can be considered reasonable in view ofntpéfisations related with this

approach.

/

Figure 57.Flame A: comparison between experimental measurements afodomie fraction and numerical
results obtained using different closure models.
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Figure 58. Flame A: comparison between
experimental measurements of soot volume fraction
and numerical results obtained using different
closure models. Radial profiles at x=138 mm, x=241
mm and x=345 mm.

The agreement with the experimental measurements can bevedprusing the
uncorrelated closure. As shown in Figure 57, the shape of thigeprofaxial direction is well
described and the peak location is correctly predicted. Themmumaxiamount of soot is slightly
under-predicted, but also along the radial direction the agreementdaabkes

Finally, the soot volume fraction calculated using the cormlagproach is in good
agreement with the experimental data, although the maximum isaklghtly under-predicted.
The radial profiles are also correctly described. Some impodiietences can be observed by
comparing these results with the predictions obtained with the nefeted approach, in particular
in the tail of the flame. Using the uncorrelated closure thewsmoine fraction becomes negligible
at ~700 mm from the fuel inlet due to the oxidation reactionsofttinfately no experimental
information is available in this zone of the flame and theeefois not possible to single out the
right model.

Figure 59 compares the source terms for nucleation, growth andioidésoot particles
along the axis of the flame. The nucleation and growth ra&teliaectly related to the acetylene
concentration and therefore the shapes of their profiles eme similar. On the contrary the
consumption of soot due to the oxidation reactions is particuladyngstonly in the tail of the

flame, where the oxidation rate becomes larger. It is possiblebserve some significant
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differences between the models, in particular for the oxidatien Téne approach based on mean
properties show a small oxidation rate in the first part effflome with respect to the other models.
This behavior clearly explains the shape of the soot volunatidnadiscussed above. On the
contrary the oxidation rate cannot be considered negligible when tbeelated approach is used.
The main consequence is the reduction of the peak soot volumerfraatue, which leads to a
better agreement with the experimental data. Moreover thetaxidate is slightly smaller in the
tail of the flame and this explains the slower decreaseoaf soncentration in this zone. The
correlated approach predicts an oxidation rate which is sn&llEnywhere if compared to the
results obtained from the mean properties and uncorrelated closure modete@n&s@uence a non
negligible amount of soot can be also observed in the tail ofaheef The nucleation and growth
rates are very similar for the uncorrelated and correleliesiire models. Some differences with

respect to the mean properties closure model can be observed in théh@ilahe.

Figure 59. Flame A: comparison between predicted
C nucleation, growth and oxidation rates along the

flame axis. Mean properties closure (a),

uncorrelated closure (b), correlated closure (c).

4.14.2Flame B
In Figure 60 the predicted soot volume fraction profile iorep. The total amount is
about one order of magnitude lower than for Flame A and the peak igaloeated at a larger

distance from the fuel nozzle. The soot particle mean diamaterssa maximum value of ~20 nm
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in the same location of peak temperature. This behavior, whistataobserved in the previous
flame, can be explained in terms of soot oxidation, which is irapofor this flame, leading to the
reduction of soot particle diameter. This observation is confirpyeithe maps of soot nucleation,
growth and oxidation, reported in Figure 61. The soot oxidation rate taithaf the flame is only

one order of magnitude lower than the growth rate, while in Flartine Aifference was two orders

of magnitude.

Soot volume fraction Particle number density [n¥]  Particle mean diameter [nm]
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Figure 60. Flame B: soot volume fraction, particle number density padicle mean diameter contours
calculated using the totally uncorrelated closure model.

Nucleation rate [kg/m’] Growth rate [kg/m?] Oxidation rate [kg/m?]

Figure 61. Flame B: nucleation, growth and oxidation rate contowalculated using the totally
uncorrelated closure model.
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Figure 62 and Figure 63 show the comparison between measured andegradiot
volume fraction. Also in this flame the soot volume fractisrargely over-predicted using the
closure simply based on mean properties. The axial position gbtitgeak is anticipated by ~50
mm. Along the radial direction, not only are the mean valueshef predicted results and
experimental data different, but also the shape. The experimeotfitépshow a slow decrease of
soot volume from the axis location.

Using the uncorrelated approach the agreement is more acaloag the axis, in
particular when compared with the previous results. The pedike better agrees with the
experimental location. The agreement for the radial profiléssis accurate: also in this case the
shape of these profiles is different from the experimental omsvekier similar results were
also obtained by several autho?4[114.

The results obtained using the correlated closure are in poegragnt with experimental
measurements: the peak value is over-estimated by a fa2t60, as for the mean properties
closure. However, the peak location is now correctly predictedttanaghape of radial profiles
seems to be in a better agreement with the experimentalAdptassible explanation is related to
the oxidation rate, which, in the case of a correlated closure, kscaeny small, both along the
centerline (as shown in Figure 64) and in radial direction. A®resequence the soot volume
fraction is overestimated along the axis, but at the same time the soot coosusmtuced in the
radial direction and this explains the better agreement betwe@ndtiicted and measured shapes.

The uncorrelated closure seems therefore able to give armi@ele prediction of soot
formation in this flame. Unfortunately it is important to strdhat the reliability of this kind of
predictions strongly depends on the sub-models used for describiegtiarg growth, coagulation
and oxidation of soot particles. A different set of such sub-modeld cesililt in different results

and bad predictions.

N

Figure 62.Flame B: comparison between experimental measurements afadoote fraction and numerical
results obtained using different closure models.
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Figure 63.Flame B: comparison between experimental measurements afodomie fraction and numerical
results obtained using different closure models. (I) meeaopeapties closure (continuous line); (11)
uncorrelated closure (dashed line); (Ill) correlated closutet{ed line).

rate [kgfmis]

axial coordinate [mm)

Figure 64. Flame B. Comparison between predicted
nucleation, growth and oxidation rates along the
flame axis. Mean properties closure (a),
uncorrelated closure (b), correlated closure (c).

4.15 Sensitivity analysis to the nucleation rate
The purpose of Figure 65 is to compare several nucleation madélg, obviously the
same surface growth, coagulation and oxidation models, to investiga sensitivity of soot

properties to nucleation for Flame B. The uncorrelated approachh vahiowed the best
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agreement with the experimental data, was used to closetineesterms in the soot transport
equations. All nucleation models are based on the acetylene-route:

C,H,%®@ 2C_+ H, (4.65)

For most models the corresponding expression for the reaction rate is:
— 3 Toue /T
SmO - Aﬁucl xe I >Q2 H2 (466)

Four different values for the rates of nucleation are taM®naccount in the present work;
they are summarized in the Table 5.

A s 0.004857  2.857 54 54
T .o [K] 7548 16103 21100 21100
M, [kg/ kmo] 8400 8400 144 1200
de [nni 2.40 2.40 0.65 1.20
References [82] [84] [21]] [13€]

Table 5. Constants in the soot models

ALy l:;f—g_n: 6-10 6.54-10
T [K] 46100 46100

M, [kg/ kmo] 144 144
d, [nm] 0.65 0.65
Reference [9€] [129]

Table 6. Constants in the soot models

However a slightly different model can also be ugsj 129:
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C.
S‘no = Aucl xe-TnUd/T xz\/_T 2Nz (467)

oT

where C,; is the total concentration. Two different nucleation rates hase tempared and they

are summarized in the Table 6.

In Figure 65a the nucleation rate of soot particles along tiseésaséported for the different
nucleation models. The peak values predicted by the six models hetedadap be found in the
same locations, as a consequence of the linear dependence on the acetgtamieaton. However
the predicted values show very large differences: for exanimenucleation rate proposed by Liu
et al. [84] is about three order of magnitude larger than the correspondilug predicted
according to the model proposed by Sgedl.[129, along the whole axial direction. This result is
expected as a consequence of the large differences in tharter{frequency factor and activation
temperature) in the semi-empirical models adopted for mod#lmgwucleation rate. However,
despite the very different nucleation rates, soot volunatidrais largely unaffected, as reported in
Figure 65b. Very similar results (not shown) can be observed tstngiean properties closure
approach. A similar results has been also observed bgtMR[85] for a turbulent non-premixed

ethylene/air flame. The sensitivity of soot formation irstflame to the nucleation models was

Figure 65. Flame B. Main results of sensitivity
analysis to the nucleation model: a. Comparison of
nucleation rates along the axis (a), the soot volume
fraction profiles along the axis (b), soot particles
mean diameter along the axis (c).
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found to be negligible if the surface growth rate of soot glagiwas assumed proportional to the
square root of the surface area (as assumed by the rBdpelHich is used in the present work).
On the contrary, if the surface growth rate was assumed taperpional to the soot surface area
or proportional to the soot particle number density the resdte completely different and the
soot volume fraction in the flame was strongly affected by niheleation model adopted. A
possible explanation of these interesting results is tlakevedependence of the nucleation rate on
the soot surface area when the surface growth rateusmadso be proportional to the square root
of the soot surface area. Some differences can be obsentkd soot particle mean diameter
(Figure 65c): this result is expected, due to the differemc#®e soot primary particles diameters,

which range from 0.62 to 2.4 nm, depending on the nucleation model.

4.16 Conclusions

The principal objective of the analysis presented ia @hapter is to demonstrate the
application of a two-equation model for soot predictions in a turbulent non-premixed tlaplect
with a steady laminar flamelet model for the description afntiaéand gaseous species fields. A
simple semi-empirical scheme for the description of soot ntimheagrowth, oxidation and
coagulation was adopted using three different closure methottsefgource terms in the transport
equations of soot. Neglecting the effects of turbulent fatains of both temperature and
composition on the soot source terms results in an overpredictibe ebot volume fraction. The
perfectly correlated approach gives good results for the ethilange A, which is characterized
by a large amount of soot, but it is unsatisfactory for thenamet Flame B. The best agreement
with experimental data for both flames can be achieved ubmgotally uncorrelated approach.
This activity confirmed that the coupling between the soodyction rate and the radiative heat
loss must be carefully taken into account to accurately model the fonneésoot.

The predicted soot amount in the turbulent flame was found to bveblahsensitive to
the semi-empirical model adopted for describing the nucleation gwode deeper sensitivity
analysis to the growth, oxidation and coagulation models could be &yl usa future work to
investigate the role of individual soot formation rates teiheine the optimal parameters for a

two-equation soot model that can be used in the simulation of turbulent norxguidtaimes.






5 Soot modeling in turbulent non
premixed flames - DQMOM

The methodology proposed in the previous Chapter for predicting imation of soot in
turbulent non premixed flames is here extended to non monodispersedpatiote size
distributions through the Direct Quadrature Method of Moments. fbhmmation of soot is
numerically modeled using semi-empirical kinetic models #rel attention is focused on the

accurate closure of source terms in the transport equations of soot.

5.1 Introduction

Modeling soot formation in practical combustion systems stithaias a non trivial
problem, mainly due to the strong interactions between the compdexisthy and the turbulence
and the difficulties related to the formulation of reliabled accurate models for describing the
inception, growth, coagulation and oxidation of soot particles. A emplecoupling of soot from
the gas-phase computations, which can be successfully applied foethetion of nitrogen oxides
[32], cannot be adopted due to the strong effect of soot on theadiation. If the thermal field
and most chemical species can be successfully modeled using nloriequichemistry trough
flamelet libraries and presumed probability distribution fioms (PDF), the same approach is not
able to give good predictions for soot emissions, due to its cotiedyaslow chemistry and
because the soot volume fraction cannot be simply related to itterenfraction. As clearly
demonstrated by Kent and Honne®?]| if a single relationship between the soot volume fraction
and the mixture fraction is assumed, the results could be verylpaander to partially overcome
these difficulties, individual balance equations must be introdutgdaved for the soot particles:
in this way it is possible, trough the source terms in tegsations (which are strongly dependent
on the temperature), to account for the interactions bettugenience and chemistry with a higher

level of detail.
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In this Chapter the soot volume fraction in turbulent non premixed $lasnaumerically
predicted using the Direct Quadrature Method of Moments feingpthe conservation equations
of moments related to the soot particle distribution. The sarbalent non-premixed flames fed
with ethylene (experimentally investigated by Kent and Honnrg]) and methane
(experimentally investigated by Brookes and MdB)[already presented in the previous Chapter
are investigated. The major species and the temperature ffeeldabculated using the flamelet
approach; for this purpose a non-adiabatic flamelet librdepending on the mixture fraction,
strain rate and enthalpy defect is built and stored. Additional transport equasznibitig the soot
particle size distribution are solved in the CFD code. d$sociated source terms are calculated
using a semi-empirical model, able to take into account nucleatidace growth, coagulation and
oxidation phenomena. The effect of soot radiation is taken into acemimg a simplified
approach, adding an additional source term related to the saohe/draction in the energy
balance equation.

Two different approaches for the closure of source terrtigitransport equations for soot
particle size distribution have been used and compared. For turbulent flamiésdiseoé turbulent
fluctuations should be taken into account in the evaluation ofdhees terms in the population
balance equation and consequently in the transport equations fdtsvaigl weighted abscissas.
The simplest approach, which has been followed by many autl&%s IB6, 14D, solves the
transport equations and neglects the effects of turbulentee Binalysis presented in this Chapter
this simplified approach is compared with a more appropriatomodel, which accounts for
the effect of turbulent fluctuations on the soot source terms (uncorrelasede).

Results clearly show that the steady flamelet model apprsaghié to correctly predict
the thermal and mixture fraction fields. On the contrary theuce model to take into account the
turbulence effects on the soot source terms plays an importardrréhe prediction of soot amount
in the turbulent flame investigated. In particular the bgseement with the experimental data has
been obtained using the so-callettorrelated modewhich consists in assuming that the mixture
fraction and the enthalpy defect are totally uncorrelated tivétsoot properties. Moreover the soot
predictions seem to be strongly dependent on the growth and oxidationsnuseéel for the

simulation, but on the contrary the nucleation model has a small effect evothmass fraction.

5.2 Modeling of Soot Formation using DQMOM

The formation of soot particle in the turbulent, diffusivenikes investigated in the present
work can be described by the following Population Balance Equation (RB&ady introduced in
Chapter 4:
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n(Lxt), 1 4 on(L 9 _1 C‘Hn(L,x,t)
it % fix fix

LX) (5.1)

where n(L, X, t) is the particle size distribution (PSD), is the internal coordinate (which is

assumed to be the soot particle size) SlﬁdL X, t) is the source term, which accounts for different

processes (nucleation, growth, coagulation and oxidation) and is therefore thetisnrofreeveral

contributions:

S( L' X t) = $ucleation+ %rowth+ §ggregation+ %xidatic (52)

The solution of this PBE inside a CFD code is not triviatl aisually is very time
consuming if Monte Carlo methods or Classes methods are employrdngAthe many
approaches introduced in recent years, the method of momentsckeasd particular attention,
due to the limited number of scalars which need to be transport@dCFD code. However the
Standard Method of Moments can be applied only for very simpteragsinvolving for example
nucleation and molecular growth with linear growth rate. The nsaimeiis related to the so called
closure problem: the source term in Equation (4.8) usually esjuitoments which are not
transported in the CFD code. The Quadrature Method of Moments KQM®D the Direct
Quadrature Method of Moments (DQMOM), which is used in the pregenk, are two convenient

approaches for the solution of this closure problem.

5.2.1 Quadrature Method of Moments
According to QMOM 94, 95, the particle size distribution(L, X, t) is approximated by a

linear combination of Dirac delta functions (quadrature approximation):

n(L;xt) ) woxd L-L(x9) (5.3)

=1

whereN is the number of nodes used in the quadrature approximatjoand L, are respectively
the weight and the local abscissa of njgde L - L, (x,t) is the Dirac delta function centered in

L;.
The moment of ordet of the distribution can be easily obtained from the weights and local

abscissas:
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N

m(x9= n(Lxfxkd. (5.4)

=1

Given the first2N moments of the particle size distribution, it is possible toutale the
values ofN weights and\ abscissas of the quadrature approximation having the sash&@Nr
moments. This can be obtained by forcing the moments of quadegpreximation (given by
Equation (5.4)) to yield known values of the moments. The resabihg 2Nnon linear system is

very bad conditioned, but can be conveniently solved through the Prodigeebie (PD)
algorithm B4].

5.2.2 Direct Quadrature Method of Moments
Another approach, which can be extended to multivariate distributionsstsoinsdirectly
solving the transport equations of weights and local abscisssstggoposed by Marchisio and

Fox [91]. The latter approach is called Direct Quadrature Method mh®hts and is based on the
solution of the following transport equations:

W, W Tw

r—Lt+ruy—=— G— +§" 5.5
i T G x J (5.5)
! =" 1 o4

r i +ru ™ fx G fx +§ (5.6)

wherezj are the weighted abscissas, defined as:

Zj = WX (5.7)

The source term$" and S’ are obviously related to the source term in the population

balance equation; the relation can be obtained solving the following fiysi@m:

(1- k) " LixS" + kN 'xS =5 +( (5.8)

=1 i=1

where S, is the source term for thé& moment:
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+¥

c — k .
g—_¥LxS(Lx)dl (5.9)
and C, is a correction term, due to the quadrature approximation:

_ N L. qL.
C = k(k 4) x *tw—L—L
k G\ ( ) =1 ] ] ﬂxl ﬂx

(5.10)
For example, iN=2 in the monovariate case, the following linear system, with eaplal

to 4, allows to calculate the source terms in Equations (5.5) and (5.6):

1 1 0 0
0 0 1 1 N
S22 2L, 2,
28 - 23 3z al

(5.11)

R RN
|

NI

+ 4 .0l

S
G,

If the particles are assumed to be spherical, the soot padi@ineter is given by the

following expression:

1/3

d = wl (5.12)

N
soot " L3- (5 13)

f, =% Cwl (5.14)

The linear system (5.8) can be solved only if the sourcest§mwhich result from the
summation of several contributions, are known and expressed in térmeights and local
abscissas; we call these approximate expressions by the sfﬁ%ol In the following the
definition of such source terms due to nucleation, molecular growatlz@agulation will be briefly

discussed.
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5.2.3 Nucleation

Nucleation of new soot particle must be carefully managedubecahen the abscissas of
the quadrature approximation are null (as occurs in the regions tieeecare no particles), the
linear system (5.8) becomes singular and cannot be solved. éativedf solution of this problem

consists in assuming that nucleation produces a uniform distribuftiouclei of sizeO£ L £d

nucl ?

whered_  is the maximum size of the nuclei. Using the PD algorithh jon which the standard

nucl

QMOM is based, it is possible to evaluate tidocal abscissas corresponding to the uniform

distribution of the nuclei. For example:

Nop L=02113d,, 1o

- L, =0.7887d, (5.15)
L, =0.1127d,

N=3 L, =0.5000d, (5.16)
L,=0.8873d,

If She*" js the nucleation rate of soot particles (see Equation (4th®)source term of

moments due to nucleation of this uniform distribution of nuclei4g]|

_ _ dk )
N) — p ucleation 517
S » $ K+1 So ( )

5.2.4 Molecular growth

The source terms of moments due to the molecular growth redjuireate of continuous

change of the particle sizg(L):

S=k, L'y () d (5.18)

Applying the quadrature approximation (Equation (5.3)), we obtain:

sM=k wirq L) (5.19)
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The use of the expression reported above requires the rate ofodbfalaral abscissas

G(Lj) , which is usually not directly available, but must be derived Bouorce term for soot mass

fraction related to the molecular growth. Under the usual assumptispherical particles, the

mass of a single particle and its time derivative can be expressed as:

m,=r

soot

VP =r soot% dSF (520)

am. _, Pg2d% (5.21)
at 2" dt

The (5.21) gives the rate of change of the mass of tiggessoot particle, which can be

easily related to the soot growth re8g°"" (see Equations (4.17) and (4.22)):

(5.22)

Therefore, combining the (5.21) and the (5.22), an expression for thef red&tinuous

change of the particle size can be obtained:

dd 2 rowth 1 2 rowth 1
> = 25, > = S (5.23)
dt rsoot rrp dP r soot Asoot
where A, is the specific soot surface area, defined in (4.21).

The rate of continuous change of the particle §1(d=.j) is assumed equal wd, /dtand as

a consequence the source term due to the molecular growth in the equatiomsesits becomes:

=N N 1 N 12 xidation 1
§"=k wiig )=k V;VI‘-S}C“)—At (5.24)

j=1 j=1 soot

5.2.5 Coagulation
The coagulation rate is usually defined through the collision raBjiusf the aggregates

involved in the collisions, which can be evaluatedldf
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Vv 1/D;
Ro=kip o (5.25)
0

where k, is the fractal pre-factor, which is usually assumed equal tp andV, are the radius
and the volume of primary particles respectively dnd the fractal dimension. The quantity in

brackets is the number of primary particles in the aggeedbsoot particles are assumed to be
spherical, the fractal dimension becomes equal to 3 and thearoliglius is simply the radius of
the sphere.

The coagulation of two particles of sizesand L, gives rise to the following source term:

(E+E)°b(R, R) { 1) if L) dLoy+

- (5.26)
Lo(R, R, ) (L) (L) ddi,

where b(Rg- Fg) is the frequency (or kernel) of coagulation of two particléh wollision radii

R. and R. ; the terms on the right side are the birth and the detlrespectively. Applying the

guadrature approximation (5.3), the following source term is obtained:

N

(G+5) b wy- N kg wy (5.27)

24 i i=1j=1
where: 5, = b(R. . R, |

5.2.6 Oxidation
The oxidation of soot particles can be treated in the same wayrfaice growth; as a

consequence the corresponding source term in the DQMOM equations becomes:

_ N ] N 2 growth 1
S0k werd )=k i (5.28)
j=1 j=1 rsoot A

'soot
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5.3 Semi-empirical kinetic models

The semi-empirical models for evaluating the nucleation, sugems&th and oxidation of
soot particles are the same already adopted in the previouseCh@pt the contrary, a more

accurate model for describing the coagulation of soot particles iseadop

5.3.1 Nucleation Rate
Soot nucleation is described by the so called acetylene-routd) ¥ghiased on a simple

one-step reaction:
C,H,%%® 2C_+ H, (5.29)

The corresponding source terms are expressed in the usual Arrhenius form:

nucleation _ Tnuc
0= Aexp - e X Gy (5.30)

The rate parameters proposed by éiwal. [84] are adopted and summarized in Table 5. In
the present thesis it is assumed that nucleation producesoanumiistribution of nuclei of size
Of£g£d

where d is the maximum size of the nuclei, which is related to thenelier of

nucl ? nucl

primary particlesd ,, through the following expression:

dnucl = 41/3d pp (531)

5.3.2 Growth Rate
According to Frenklaclet al.[49] the soot particle growth is determined by the addition of
acetylene and on the number of active sites on the surfaceoifeeponding surface growth rate

is given by:

T row!
Si™ = Avoun€XP - 2 X Gy xF( Ay (5.32)

The soot specific surface arég,, can be expressed as a function of the moment of order

two of the particle size distribution:
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N

Ag=pxm, 0 WG (5.33)

j=1

A range of area dependencies have been proposed in the lgpetcording to the most

common approaches the functidn is assumed linearly proportional to the soot specific surface
area A, or to square root surface arga,, . Although the square-root dependence of the soot
surface area does not seem physically correct, it can bedétathe surface aging phenomena and

active-site surface deactivatiodd]. In this work the model proposed by Létial. [84] is used and

is reported in Table 5.

5.3.3 Coagulation Rate
In the present thesis, since the soot particles are assunbedperfectly spherical, the collision
radius (5.25) becomes the soot particle radius. The source terrtieefmoments of the particle
size distribution due to the coagulation can be evaluated through theidbq(5.27). The
coagulation kernelp; depends on the Knudsen number, which is the ratio between the mean
free-path of gas molecules and the particle radius. The coaguletiosl is evaluated by the Fuchs
interpolation formula %1], which is valid in the transition regime between the free oude

(Kn 1) and the continuum regimn 1). The complete expression is reported in Table 7.

5.3.4 Oxidation Rate
The oxidation rate strongly depends on the hydroxyl radical (OH) abdiGlso O radical
can play an important role. In this work the model of eeal.[79] is adopted and soot oxidation is

described using a one-step reaction:

C

soot

+%o2 %%® CO (5.34)

The rate of oxidation is usually assumed proportional to the soot specificesarea:

SOX = rr!))( %OOt (5'35)

T Po
= exp - = x—= 5.36
My = AgeXp -2 X (5.36)
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This model was also used by Lai al. [84], Wen et al. [136 and Maet al. [85] and
implicitly assumes that soot oxidation in a diffusion flaimecontrolled by @ into the zone of
active soot oxidation at temperatures high enough to react witmdd form OH, which is
recognized as the main oxidizing species in the stoichiomeait/kide of the flame. On the
contrary, Q becomes more important as any surviving particles entereoxigh regions where

temperature is still higrsH].

4p(G +G)(R +R)

Coagulation kernel b, = <
i
e - keT 5+4Kn + 6K +18Kr
G =2 '
Diffusion coefficient ' TenR 5 Kn (8 A Kif
« . R*R  4G+g)
' R+R+[d+g R+ Rtk
Fuch’s correction c = 8ks T
pm
/
o < (ZRHI) - (4R ’2)32-2R =58
| 6R| " pe
Legend k; Boltzmann constant

Kn Knudsen number

Table 7.Coagulation kernel

5.4 Flamelet library and enthalpy defect
Using the laminar flamelet model the thermochemical stata afdiabatic turbulent flame

is completely determined by the mixture fractiband the scalar dissipation radg,:

v =y (Ze ) (5.37)

The mean valug’ can be obtained using the bivariate PBZ, c,,):
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+¥

y=_ y(ze)P(ze ) ¥z d (5.38)

0

A presumed PDF approach is used. According to Bily&f the result of the integration
respect tox is relatively insensitive to the PDF shape; usuallyRDF or a clipped Gaussian PDF
are adopted. As reported by many authotg,(L01, 10}, the integration with respeat,, can be

described by a log-normal distribution.

The effect of radiation cannot be disregarded especially in sofiinges, due to the
mutual sensitivity between temperature and soot formationvéribances radiation. The radiation
heat loss in a laminar flamelet is very different from thdiation heat loss in the turbulent flame
[18, 53, 66, 9R. Therefore the coupling between the flamelet library r@diation in a turbulent

flame is achieved introducing tleathalpy defect:
fu=H-Hp=H- Hgt Z(HFUEL_ Hox) (5.39)

State variables are then expressed as a functi@n af, and 7, using a proper joint-pdf:

+¥ +¥ 1

v=,, ¢y @Zed )P(Z £ ) dZcd f ok, (5.40)
A common solution is based on the assumption of statistical independence:

P(Z cafu)=P(2) Fe o) B W) (5.41)

The PDF of enthalpy defect is calculated following Bray aatei® 18] and Marracino

and Lentini P2] completely neglecting the effect &f, fluctuations. Therefore the final form of

the joint-PDFP(Z, c,,.f ;) becomes:

P(Zcofy)=P(D P J (e ) (5.42)

whereP(Z) is a -PDF, P(c,,) alog-normal distribution and’(fH -fH) is the Dirac function.

According to Marracino and Lentin®g], the flamelet profiles can be organized in shelves,
which represent different values 6f . The mean enthalgy , used to obtain the enthalpy defect,

is calculated from its conservation equation:
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f_+f_ui_.:— Q— +Qrad (543)

The radiation ternQ,,, is calculated using optically-thin approximation, but more aceurat

rad
solutions are possible. Since a limited number of shelvesia#able in the library a linear

interpolation is employedp, 93.

5.5 Closure of soot source terms
One of the major issues in the modeling of soot formation isldseire of the soot source
terms in the conservation equations for weights and weightegsss. In general the mean source

term can be expressed using the proper joint-HJ’[()E, Corf 1 W, oo W Z 1,2 N):

+¥ ¥ ¥ +¥

_ 1
S= iy 4 o oA ZCuS W WE 2 y) (5.44)

P(Z ¢y fyy W W2, ,Z.,) dZ & £, dw .dyxzd, x zdg x

The form of this joint-PDF is unknown, both experimentally and #tazily, and

therefore simplified approaches must be used in order to obtain the soarcéeme.

5.5.1 Mean Properties

The simplest approach consists in evaluating the source teng tlee mean flame
properties and totally ignoring the effects of turbuler&®. [In this case the joint-PDF can be split
in the product o8+2N PDF’s of a single variable:

P(Z el W Wz 10z y) A He) W) RY R £.) £ (549

Moreover each PDF simply becomes a Dirac delta functionreehten the mean value of

the property:

P(Z.Coof o WoeaWZ 12 y) (2 DA (f o+ )t € wE )

d(w -w).oo(w, -w)oo(z -2).dz -z) (549
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5.5.2 Uncorrelated closure
A different solution assumes that mixture fraction and enthdgfect are completely

uncorrelated with soot particle size distribution (and therefatte w; and z;). This solution was

adopted by several authord, P1, 116 and assumes that the influence of scalar fluctuations in the

gas phase are dominant. The joint-PDF can be split in the product of teremifPDFs:

P(Z cof W, WZ 1, Z ) F(Z6 of, )XH W, Vg, 2y (5.47)

Moreover, the soot properties are also assumed statistically independe

P(Z cyf W, WZ 1,2 ) P(Z6 of, )xH W) .xB w) # ) x k) (5.48)

The single PDFs for the soot properties are unknown. The Dirte fdeictions can be

used to get the closure. The final form of the joint-PDF is theréfieréllowing:

(2, Gt W72 0) (26 110)
xa(w, -w)..o0( w, m)>a(4 -zl)...>g(zN -zN) (5.49)

where:P(Z,¢c,.f,,) P(Z)xPc ) & ,)-

A very large flamelet library must be constructed and dtwgng a large number of
enthalpy defects. For each enthalpy deféctabout 20 steady flamelets were calculated and at
different strain rates, from equilibrium conditions(=0) to the extinction valuec which is

st,ext?

affected by 7,,. A finite-difference C++ code and a fully-implicit method, based the

BzzLibraries p4], was used to build the flamelet library adopting a detailednigtey. The
integration in the mixture fraction space must be performedvara accurate way due to the
possible presence of singularities of th€DF at Z=0 and Z =1. In the present thesis, the
approach proposed by Liet al. [83] is adopted, as it warrants higher accuracy than traditiona
methods 80]. The integration in the scalar dissipation rate is easidrwas preformed following
approach proposed by Lenti&(].

Additional details about the flamelet library construction are redart Appendix A.
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5.6 Radiative heat transfer

The radiative heat transfer is modeled using the optidaily-approximation, already

describe in the previous Chapter (see Paragraph 4.6).

5.7 Kinetic mechanism

Model results presented in this work were obtained using thelete kinetic scheme
C1C30704[113 able to describe pyrolysis and oxidation reactions of liglirdgarbons. The
scheme consists of 69 species involved in 1136 elementary readti@rsnodynamic data and
transport properties were taken from the CHEMKIN Datalp@agewith improved values for OH
and HQ formation enthalpy 48]. Reverse rate constants are calculated via forwaes rand
equilibrium constants. This detailed kinetic mechanism is ¢the of a larger scheme, based on a
modular and hierarchical structurg3[/], which has been validated in a wide range of pyrolysis
and combustion conditions both with pure fuels and hydrocarbon mixtpres surrogates of real
transportation fuels1fl0, 11]. This kinetic scheme has been also extended to include also the

kinetics of soot formation and oxidation, with the discrete sectiondlauds5, 114.

5.8 CFD Simulation of Experimental Flames

This work analyses two different turbulent jet flames, expentally investigated by Kent
and Honnery 721 and Brookes and Mos2(]. The main data for the flames investigated were
already reported in Paragraph 4.9 and are summarized in Tablené. &les fed with ethylene and
is unconfined, while Flame B is fed with methane and is confined in a Pyrex tube.

The flow field solutions are obtained by using the FLUENT 6.3 comalezode A5]. A
2D steady-state simulation of the physical domain was considerdd theeaxial symmetry of the
system. For the Flame A a structured 60 x 180 numerical gsdused on a rectangular 75x1000
mm domain, while For the Flame B a structured 80 x 230 numeyithwas used. The Favre
averaged Navier-Stokes equations together with the standamdodel are employed to calculate
the reactive flow. The buoyancy effects have been taken intmmaicn the turbulence model. For
the spatial resolution the Second-Order Upwind Scheme wageddcothe segregated implicit
solver was used with the SIMPLE procedure for the presaloeity coupling. For the pressure
interpolation the PRESTO! (PREssure Staggering Optiongyiddgn was used. The interaction
between chemistry and turbulence has been taken into account tneuiigmtelet approact (O,
101].

The DQMOM was implemented through user-defined functions in theneoaoal CFD

code FLUENT 6.345], which computes the velocity, temperature and composition fieldiseof
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flame. The additional equations of weights and weighted absassasatroduced and solved by

applying the two different approaches for closing the turbulent scenme t

5.9 CFD results

5.9.1 Flame A

Figure 66 compares the predicted axial and radial temperaturdegpratith the
experimental measurements. These results refer to the sonulsittained using the totally
uncorrelated approach for soot predictions. The predictions @fet@ture and composition fields
obtained using the mean properties and the totally correlated approachilareasicndo not need a
discussion. Figure 66 allows evaluating the effect of both soogasdadiation: in particular the
peak temperature is modified by soot radiation by ~150-200K. Soatticadiacts mainly on the
rich side of the flame because soot only exists in this pattieoflame; on the other side, gas
radiation is particularly strong in the second part of the flameere water and carbon dioxide
concentrations are higher. The agreement with the experinmeetsurements can be considered

satisfactory, both along the centerline and in the radial directions.

Figure 66. Flame A: comparison between experimental measurenw temperature72] and numerical
predictions along the axis.
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5.9.2 Flame B.

Figure 67 compares the predicted axial and radial temperaturdegrafith the
experimental data. The importance of radiation for this flansggigficant but less critical than in
the case of Flame A: in particular without consideringrgiation the peak temperature is over-
predicted by ~150K. The agreement with the experimental measuserogn be considered
satisfactory, both along the centerline and in the radial tthres; but unfortunately no data are

available in the tail of the flame and therefore a complete coropassiot possible.

Figure 67. Flame B: comparison between
experimental measurements of temperat@@ and
numerical predictions along the axis.

5.10 Soot predictions
5.10.1Flame A.

The predicted soot volume fraction map (obtained using the ufatedeapproach) is
reported in Figure 68. The peak value and location are in excelgrement with the
experimental data. Obviously the soot volume fraction is hightreimegion where the acetylene
concentration is higher, but, due to the molecular growth, the @dad s not exactly in the same

location. The soot particle mean diametgr calculated as the ratio between the moment of order 3
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and the moment of order 2, is reported in the same Figure 68. Fouragains can be easily
recognized, as indicated in the map:

i. the nucleation of new soot particles mainly occurs in the ffiegion; the mean
diameter is very small and close to the soot primary particle déarfieR nm);

ii. in region 2 the growth reactions increase the diameter of sotitlgm which
reaches a maximum value of 50 nm; in this zone the temperahgethe
concentration of acetylene are large enough to have a large growth rate;

iii. in the third region the oxidation rate is large, leading tedaction of diameter of
soot particles;

iv. in the final region of the flame, where the temperature aredod acetylene
concentration is small, the coagulation phenomena occur; as eqoense the
mean diameter of soot particles increases up to the value of 55 nm.

Unfortunately no experimental data are available for the padieimeter, but these results
are in good agreement with the numerical results obtained by Buet§142 for the same flame,
using a different model for description of soot formation.

Figure 69 shows a comparison between the measured soot volumenfract the
numerical results obtained using the two different approachesoiing the soot production term.
When the closure is simply obtained using the mean propertiesnéulscting the effect of
turbulent fluctuations, the soot volume fraction is slightly puedicted and the position of the
peak value is anticipated. As a consequence, also the sodtrafiias are overestimated in the

initial part of the flame. This problem was also found by dRitst al. [106 who offered an

Soot volume fraction Particle mean diameter [m]

Figure 68. Flame A: soot volume fraction and soot particleamediameter maps obtained using the
uncorrelated approach.
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explanation in terms of a small overprediction in the decay rate of the axiaterfraction profile.
However in the present work this problem in the peak locatiomsekie to soot source term
closure model, which, in the case of the mean propertiesrelosannot take into account the
turbulent fluctuations. The overall agreement with the ewrpmial data can be considered
reasonable in view of the simplifications related with thpproach. The agreement with the
experimental measurements can be improved using the uncorrelatee.clds shown in Figure
69 the shape of the profile in axial direction is well descdtiand the peak location is correctly
predicted. The maximum amount of soot is slightly under-predictedalsat along the radial
direction the agreement is reasonable. Using the uncorrelaisdrelthe soot volume fraction
becomes negligible at ~700mm from the fuel inlet due to the cocadegactions. Unfortunately no
experimental information is available in this zone of the #aand therefore it is not possible to
single out the right model.

Figure 69.Flame A: comparison between experimental measurenod soot volume fraction and numerical
results obtained using different closure modelsaMe@roperties closure (dotted line) and uncorrethte
closure (continous line).
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5.10.2Flame B.

Since the mean temperature and the acetylene concentration in thiaftaloeer than for
Flame A, a smaller amount of soot is expected. This is rcoefi by the map of soot volume
fraction reported in Figure 70. The peak value is about one ofaeagnitude smaller (~2 ppm in
Flame A, ~0.2 ppm in this flame). The soot particle mean diamegeorted in the same Figure,
does not show a maximum as in the case of Flame A; probablis tthue to the growth reactions,
which are not so fast and strong as for the ethylene flame.

Figure 71 shows the comparison between measured and predictedlsout fraction. In
this flame the soot volume fraction is largely overpredictesigushe closure based on mean
properties. The axial position of the soot peak is anticipatedbloyt 50 mm. Along the radial
direction not only the mean values of predicted results and expeaindate are different, but also
the shape: the experimental profiles show a slow decreasmobf/olume from the axis location.
Using the uncorrelated approach the agreement is more acdoragdltee axis, in particular when
compared with the previous results. The peak value bettersagittethe experimental location.
The agreement for the radial profiles is less accurige:im this case the shape of these profiles is
different from the experimental one. Similar results wes® abtained also by different authors
[21, 118.

Soot volume fraction Particle mean diameter [m]

Figure 70. Flame B: soot volume fraction and soot particleamediameter maps obtained using the
uncorrelated approach.
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Figure 71. Flame B: comparison between

experimental measurements of soot volume fraction
and numerical results obtained using different
closure models. Mean properties closure (dotted
line) and uncorrelated closure (continous line).

5.11 Sensitivity analysis to the nucleation rate.

The nucleation models employed for the numerical simulation of sootafmn in
turbulent non premixed flames have usually a small impacteffirtal prediction of soot volume
fraction, as reported by Mat al. [85] and observed in the previous Chapter. In this section a
sensitivity analysis to the nucleation models is performed usiegDQMOM; the results are
reported only for Flame A. The uncorrelated approach, which shdweeoest agreement with the
experimental data, was used to close the source terms in the soot transpianeqdanucleation
models for which the sensitivity analysis is conducted aredbas the acetylene-route. The tested
models are exactly the same introduced in Paragraph 4.15 and theref@etheyhere repeated.

Despite the very different nucleation rates (more than thrder of magnitude), soot
formation is largely unaffected (Figure 72). Similarutes (not here shown) can be observed using
the mean properties closure approach. However some differeanebe observed in the soot
particle mean diameter, reported in Figure 73, which can baieggl by taking into account the

differences in the diameter of primary particles.
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Figure 72.Flame A: main results of sensitivity analysishe hucleation model. (a) Soot volume fraction
profile along the axis; (b) soot mass fraction ajadhe axis.

Figure 73.Flame A: main results of sensitivity analysishe hucleation model. (a) Soot particle mean
diameter (do) along the axis; (b) Soot particle mean diametls)(along the axis.

5.12 Conclusions

The principal objective of the analysis presented ia @hapter is to demonstrate the
importance of turbulent fluctuations for accurate soot predictiona turbulent non-premixed
flame using a steady laminar flamelet model for the detsoni of thermal and gaseous species
field. The description of soot nucleation, growth, oxidation arafjglation is modeled through a
semi-empirical model, but the hypothesis of a monodispersed distribfisootgparticles (adopted
in the previous Chapter) is removed by applying the Direct Quadraethod of Moments
(DQMOM). Two different closure methods for the source termthé transport equations of soot
were formulated and adapted to the DQMOM. Neglecting theteftdcturbulent fluctuations of
both temperature and composition on the soot source terms resutt®verprediction of the soot

volume fraction. Results clearly show that the steady flamedelel approach is able to correctly
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predict the thermal and mixture fraction fields. On the conttlaeyclosure model to take into
account the turbulence effects on the soot source termsapldggportant role on the prediction of
soot amount in the turbulent flame investigated. In particthar best agreement with the
experimental data has been obtained using the so-aatleatrelated modelwhich consists in
assuming that the mixture fraction and the enthalpy defediotakty uncorrelated with the soot
properties. Moreover this activity confirmed that the couplingvben the soot production rate and
the radiative heat loss must be carefully taken into acdouatcurately model the formation of
soot. The predicted soot amount in the turbulent flame is relativegsitve to the semi-empirical
model adopted for describing the nucleation process, as clearly ghbvweigh a sensitivity

analysis.






6 Unsteady counter flow diffusion

flames

The formation of pollutant species in turbulent diffusion flamestrisngly affected by the
coupling between the highly non-linear chemical kinetics witleghdimensional, unsteady
hydrodynamics. In order to accurately predict non-equilibrium effedtse numerical modeling of
pollutant formation (especially PAH and soot), it is neagss® better understand this
interdependency of transport and kinetic mechanisms. Howeverfewtsedf turbulence on soot
chemistry cannot be easily investigated on turbulent flamesube of their complexity and the
existence of many coupled phenomena. An alternative approach eyssed and applied in this
thesis. Unsteady counter flow diffusion flames can be convenierdly tasaddress the effects of
hydrodynamic unsteadiness on the pollutant chemistry, because tiseg pusch of the physics of
turbulent diffusion flames and exhibit a large range of combustiaditions with respect to steady
flames. Thus, these flames give insights into a varietych@mistry-flow field interactions
important in turbulent combustion. Opposed counter-flow diffusion flf@GE®OF) can be exposed
to harmonic oscillations of the strain rate in order to simulate turbilletuations and their effects
on the formation of pollutant species. Each chemical specipen@s to the imposed oscillations
according to the characteristic times of its chemistry ardallows to accurately investigate the
role of turbulent mixing on the formation of pollutant species.

In this Chapter a mathematical model for simulating unsteady ctionteliffusion flames
is briefly presented and applied to several flames fed withame, propane and ethylene at
different global strain rates. In particular, unsteady effentshe formation of PAH and soot are
investigated for the methane and propane flames by imposing harosmiilations in the strain
rate in a large range of frequencies. Numerical resultsate net increase in the concentration of
aromatic species and soot when the strain rate oscillatiensiposed on the flame. The response
of the flame in terms of soot and PAH concentrations appearsgstrdependent on the applied

forcing frequency. PAH and soot exhibit specific behaviour acegrdd their characteristic
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chemical time scales which are longer than the one of the whole dionbu®cess. The PAH and
soot formation is found less sensitive to velocity fluctuatiasflames with large initial strain
rate. At low frequencies of imposed oscillations the structfresoot profile shows strong
deviations from the steady state profile. At large frequenaiedecoupling between the soot

concentration and the velocity field appears to be evident.

6.1 Introduction

Turbulent non premixed flames are largely used in many pracicabustion devices to
convert chemical energy into work, due to the high efficienageleheat releases and safety
reasons. However diffusion flames produce more pollutant spéaearticular soot) than pre-
mixed flames. Since combustion devices need to respect alwagsstnoigent limitations con-
cerning the emissions of pollutants, the design of new burngtisgedn non premixed flames
cannot neglect the issues related to the soot formation. Turlditrsion flames are difficult to
study, due to the complex interactions and the strong coupling betpatal and time scales of
fluid dynamics and chemistry. Moreover, the formation of pollutaecisgs can be accurately
predicted only if large and detailed kinetic schemes agd,usith hundreds of chemical species
and thousands of reactions. The direct coupling between detaileticki and complex CFD
becomes therefore computationally very expensive, especially wdreidering the typical di-
mensions of the computational grids used for industrial applicathea consequence, despite the
continuous increase in the speed of computational tools, simplifiedagbes for the modeling of
turbulent flames must be taken into account.

The Steady Laminar Flamelet Model (SLFM) represents onkeeoimost used approaches
to numerically predict complex turbulent reacting flows anldrigely applied for the simulation of
turbulent non premixed flames in different kinds of combustion deviD0, 101, 107, 47 The
main advantage in this approach is related to the small nwhlariables which need to be trans-
ported in the CFD code. A steady flamelet library can be budt pmeprocessing step, using the
mixture fraction, its variance, the scalar dissipation raig the enthalpy loss as independent
variables; the concentration of every species can be exprassedunction of these independent
parameters.

The flamelet approach implicitly assumes that the flamedsizond in a quasi-steady man-
ner to the local strain rate variations in the combustion deicés pretty evident that in a real
combustion device the strain rate can fluctuate around its rahie Ywhich is established by the
large scale eddies) due to the smaller eddies with ckasditt turnover times which are compa-
rable to the characteristic diffusion time (especiallyhigh Reynolds number). In particular, since

a turbulent flow consists of eddies with a wide spectrum ofthesngnd time scales, if the Reynolds
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number is sufficiently high it is expected a large rangeddlyesizes in which the characteristic
eddy turn-over time becomes comparable with the diffusion timberaminar flameletd7]. If
such conditions are met, the unsteadiness begins to show its effects ondhtedktics of laminar
flamelets. Moreover, fluctuations of reactants and temperattwand their main values can
directly affect the structure of the flamelet. The importantea better understanding of the
transient response of flames has been recognized by many a6éthtts60, 93, 139In particular
the main objective is to understand for which conditions the amhgteffects are important for the
flamelets or, in other words, if information obtained in djestate conditions can be extended to
unsteady conditions.

From a numerical point of view the introduction of unsteadinessombustion is a
challenge due the strong coupling between the time and spates s¢alonvection, diffusion and
reaction. As a first step, many authors suggested to perforkindisf investigations by exposing
the laminar flames to far-field harmonic oscillations, usirigrge range of frequencies, from very
low to very high values3p, 37, 41, 6] If the oscillations directly affect the strain rate, gsom
important information can be obtained, due to the induced langativas in the characteristic
range of eddy scales. In this contest the most appropriate chdieedounter-flow diffusion flame
(CFDF), because such system posses much of the relevant ppgsicgated for diffusion
flamelets. Moreover, it is easy to relate the strain oéthese flames to the scalar dissipation rate
of the diffusion flamelets.

The effects of unsteadiness on counter flow diffusion flame® weeperimentally in-
vestigated by several authoB6[ 37, 134, 135 on the contrary a few numerical studies have been
performed on the same subjedll| 67, 12} From both experimental and numerical results, it is
evident that the strain rate responds quasi instantaneously tostiiations imposed on the
velocities of fuel and air streams, both at low and large frezies. However the response of
temperature and concentrations of main species is quasi-siabdif the frequencies are suffi-
ciently low. At high frequencies the phase lag between thdlabens and the response of the
flame cannot be neglected and then the chemical reactiometde@espond immediately to the
oscillations in the strain rate and the chemistry and flowd figlcome uncoupled. At intermediate
values of oscillation frequency the behavior of the flame regpahanore complex: in fact,
depending on the characteristic time of chemistry for each speciessploase can be quasi-steady
or can be characterized by a large phase shift. Indeedevident that the assumption of quasi-
steady response in some conditions is not appropriate or questionable.

The response of the flame to the externally imposed fluctuasgresticular important for
pollutant species, whose chemistry is usually slow. In this tesaon-equilibrium effects are
expected to be very important and the response to the unsteadigessahd more complicated.

Few studies have attempted to clarify how unsteady strainatfiées the production of soot and its
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precursors, in particular Polycyclic Aromatic HydrocarbonsAHP Xiao et al. [139
experimentally studied the response of PAHs concentrations in ti@cedt counter flow diffusion
flames (fed with methane and propane) to externally imposed harogniilations on the velocity
field. From the experimentally results it was evident th#edint classes of PAHs respond in a
different way to the oscillation of the strain rate, hmsgaof the different chemical times and
therefore the different Damkéhler numbers. Smallest PAHsramntio respond in a quasi-steady
manner to the instantaneous strain rate at higher frequeniilss largest PAHs do not. At high
oscillation frequency the large PAHs do not appreciably resfmtite fast strain rate fluctuations;
sinusoidal responses, also for large PAHs, can be observed faorlavwermediate oscillation
frequencies in the instantaneous strain rate. Moreover tpen®s of the largest PAHs to the
frequency changes is much damped and the response of the snmfalesisRess damped. From
the quantitative measurements in oscillating counter-flow ddfufiames, performed by Decroix
et al. [37], strong deviations in soot formation from the corresponding steady valobserved.

In the following the attention will be focused on the effect oftesdy strain rates on the
formation of soot and its precursors in several countev fliffusion flames fed with methane,
propane and ethylene. The transport equations governing the dyndraigobeof the flame are
numerically solved using a very detailed kinetic scheme and an accuraiptaesof the transport
properties. Harmonic oscillations of fuel and oxidizer strealocitees are externally imposed to
introduce the unsteadiness in the strain rate. The responseflainieeto the variations in the free
stream reactant properties is investigated in terms opdeature and species concentration
oscillations. However, it is important to stress that the inftai@ndomness in the turbulent flow
may complicate the direct application of the results obtaiokalrfing this kind of approach to the

laminar flamelet regime of turbulent combustion.

6.2 Counter-flow diffusion flames

The counter-flow diffusion flames studied in the present thesslts from impinging
separate fuel and oxidizer streams. Two main geometricéigacations are possible, as reported
in Figure 74. The axisymmetric geometry consists of two cdricemircular nozzles directed
towards each other and produces an axisymmetric flow field avgtagnation plane between the
nozzles. The planar geometry consists of two concentric lineatesodirected towards each other.
This configuration produces a 2-D planar flow field with a stagndine between the two nozzles.
Both these opposed flow geometries make an attractive expgaine®nfiguration, because the
flames are flat, allowing for detailed study of the flarheroistry and structure. The location of the

stagnation plane depends on the momentum balance of the twossapd can be evaluated as a
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first approximation through the following global balance, which e&gl the dependence of

velocity field on the temperature:

IeVe _ MoV

Xsp L- Xsp

(6.1)

where r_and r, are respectively the density of fuel and oxidizer streavpsnd v, their

velocities,L is the distance between the nozzlesxapdhe stagnation plane distance from the fuel

nozzle. From Equation (6.1) the approximate stagnation plane location is:

2
reVE

= _FF (6.2)
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The flame position usually does not correspond to the stagnation planis, Ibaated
where the composition reaches its stoichiometric value. Siose forels require more air than fuel
by mass, the diffusion flame usually sits on the oxidizer sidbektagnation plane; fuel diffuses
through the stagnation plane to establish the flame in a stoichiometrigenixt

Experimentally it is possible to observe three, main regicre Fggure 75), which will be
discussed in the next sections. In particular in the blue reggually called the primary reaction

zone, the composition is near the stoichiometric value.

Figure 74. (a) Geometry of the axisymmetric opposed-flonusiifih flame; (b) geometry of the planar
opposed-flow diffusion flame. The dashed linesaggnt the stagnation plane (SP).
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Figure 75. Undiluted hydrocarbon/air counterflow diffusion rit@ geometry and sooting structure (from
Zhang et al.14q).

6.3 Mathematical model of unstedy counter-flow diffusim flames

The numerical solution of the counter flow diffusion flame is il by solving the
unsteady conservation equations of mass, momentum, energy and specesdrations, reported
in the Chapter 1. However, the three-dimensional flow can be reduaddemmatically to one
dimension by assuming that the tangential velocity variesrlingathe tangential direction, which
leads to an important simplification, in which the fluid propertiee functions of the axial distance
x only. The reduction of the three-dimensional flow is based upofasityisolutions advanced for
incompressible flows by von Karmah3Z, which are not here repeated. The mathematical model
used in this thesis is derived from the model that was origidalVeloped by Keet al. [69] for
premixed opposed-flow flames. Since the model is based orteadiminain, which corresponds to
the region between the fuel and oxidizer nozzles, an eigenvalsteb@ included in the solution of

the equations. Using the assumption that:

the temperature and mass fractions of all species arednraniy of the coordinate
normal to the flame;

- the normal velocityi component is a function afonly;

- the tangential velocity is proportional to the coordinate tangential to the flamfer(
axisymmetric geometry grfor planar geometry, see Figure 74);

- the solution is considered along thaxis only;
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the resulting system of equations has only timend the spatial coordinate as independent
variables.

The hypotheses reported above are acceptable only if the dib&tmeen the inlet nozzles
of fuel and oxidizer streams is smaller than their diamétehis case it is possible to consider the
flame perfectly flat, neglecting the distortion of velocityldi (which results in a deep distortion of

the front flame).

6.3.1 Governing equations

Since the counter flow diffusion flames investigated in thesgarework consist of two
concentric, circular nozzles directed towards each other, the ngsgéiometry is axisymmetric. As
a consequence, the governing equations are more conveniently wigieg cylindrical
coordinates, exploiting the axisymmetric geometry. The overaltlel consists of system of

differential and algebraic equations, corresponding to the consenegjuations and the boundary

conditions for the dependent variat(l@sF, H,m ,T). The derivation of the following equations

and some additional details about the numerical procedure éar gblution are reported in

Appendix B:
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In the equations reported abdBeandF are respectively:
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G(=-Y F ey (6.8)
r 2

andH is the uniform pressure curvature, which is an eigenvalue of the problem.

6.3.2 Boundary conditions
The boundary conditions for the fuél)(and oxidizer Q) streams at the nozzles are:

F =/l
2
Fuel side k= 0) G=0 (6.9)
T=T.

ruwv tw N =),

F =/lo%
2
Air side x=L) G=0 (6.10)
T=T,

rw tw N, = k)O

The boundary conditions for each chemical species specifiestothé mass flux
(accounting for diffusion and convection), rather than the specaesss fraction, as adopted in
previous works 41]. If gradients exist at the boundary, these conditions alldfusibn into the

nozzle and therefore they warrant a more accurate description.

6.3.3 Initial conditions

Initially the problem for the steady flame is solved: the esponding solution is the
starting point for the application of the harmonic oscillatict§. [Therefore foit<0 the flow is as-
sumed to correspond to the steady solutiot=@tthe oscillations are applied to the inlet velocity
of fuel and oxidizer streams. These oscillations induce fluctmtof the strain rate in a quasi-

steady manner. In the present work it is assumed that the dsedlaf the inlet velocities have the

following form:

U(t) = Ugeaay 1+ Apsin( 2 f 8 (6.11)
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where Ug,,q, is the steady state value of the inlet velocity afd the dimensionless semi-

amplitude of the oscillationsf is the frequency of the imposed oscillations.

6.4 Numerical methodology

The overall model consists of a differential system of the eoation equations with
boundary and initial conditions for the dependent variables. Th#tiatido the description of soot
precursors and PAHs leads to the use of a detailed kimstthanism, which includes a large
number of components. The resulting system of algebraic and plfeaéntial equations requires
particular attention to the numerical aspects of the probldra.partial differential equations are
discretized by means of a non uniform spatial grid. Discretizadf the differential equations uses
conventional finite differencing techniques for non-uniform meshisga®iffusive terms use
central differences; for better convergence, convective tesmsipwind differencing, based on the
sign of the axial convective velocity. The discretized fornegfiations (6.3)-(6.7) is reported in
Appendix B.

The numerical problem corresponds to a large system of diffelFalgebraic equations
(DAE). The structure of this DAE system is a tridiagonakk| due to spatial discretization; most
of the equations are devoted to the chemical species invoivibe idetailed kinetic scheme, with
(NS+4) equations for each discretization point, wh&is the number of species in the adopted
kinetic scheme. The total number of equations is therefore eq{Nib+4)-NP whereNP indicates
the number of points using for the numerical discretization in sgameexample, if a kinetic
scheme with ~280 species is used and a spatial grid~2@0 points is taken into account, the
number of differential-algebraic equations to be solved is equal to ~55,000.

The complexity of this problem, coupled to the intrinsic stiffnesshef DAE systems
[121], means that specific attention must be paid to the numerigidlogls and solver routines. In
fact, this problem is quite challenging, not only with regarcheogrecision required, but also in
terms of robustness (due to high gradients and very differeraatbestic times for the chemistry
of each species) and efficiency. We adoptedBwMath numerical library, which is freeware for
noncommercial use and can be directly downloaded at the followirep \gite:

http://www.chem.polimi.it/homes/gbuzfP5, 2. The possibility of exploiting the tridiagonal

block structure is of crucial importance in drastically redgcCPU time. For this purpose, a
specifically developed C++ DAE class of tBzzMath library was adopted2p, 89. Some
additional details are reported in Appendix C.

The mathematical model presented above was applied for studyingffins of
unsteadiness on PAH formation for three different counter fiffwstbn flames fed with methane,

neglecting the formation of soot. Then the same methodology was adopiesestigating the
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role of unsteadiness on soot chemistry for different coulmerdiffusion flames fed with propane.
In the next sections the main results are reported and didcussBaragraph 6.5 the methane

flames are investigated; in Paragraph 6.6 the attention is focused on theepilame.

6.5 PAH formation in unsteady counter flow diffusion flames

6.5.1 Flames Investigated

The counter flow diffusion flames numerically simulated insthgection were
experimentally investigated by Xiaat al. [139. The oxidizer and the fuel tubes are 25.4 mm in
diameter and have a 12.7 mm separation distance; the inlpenatres, both of fuel and air
streams, are 298K. A controlled oscillation was established inetiant flow fields by driving
two loudspeakers with a sine wave from an amplified signa¢rgeor. Three different strain rates

were studied; the corresponding operating conditions are reported in8Table

Global Strain Rate [Hz] 23 44 74
Nozzle Diameters [mm] 25.4 254 25.4
Distance [mm] 12.7 12.7 12.7
Fuel Velocity [cm/s] 25.71 50.11 75.82
Air Velocity [cm/s] 18.92 38.10 57.25
Flame temperature [K] 2052 2032 2005
Flame front location [mm] 7.49 7.09 6.97
Stagnation plane location [mm] 5.14 5.40 5.57
Fuel diffusive layer thickness [mm] 3.11 2.33 1.94
Air diffusive layer thickness [mm] 2.03 1.49 1.25

Table 8. Operating conditions and main numerical results fbe flames fed with
methane, experimentally investigated by Xiao €tlag.

6.5.2 Kinetic Scheme

Detailed kinetic models can be effectively used to analygecombustion of hydrocarbon
and the formation of pollutant species such as PAH and sootthiSopurpose, in addition to
pyrolysis and oxidation reactions that convert and oxidize hydrocarliossalso necessary to
include several classes of condensation and dealkylation readtiangdvern the growth of
polycyclic aromatic hydrocarbons and soot. Moreover, the large muofbeeactions that are

required to describe the combustion of large hydrocarbons prethelpsssibility to adopt a fully
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detailed approach to describe their combustion mechanism. A seitedietalumped approach
can be conveniently adopted to reduce the overall complexity ofethdting chemical-kinetic
scheme both in terms of equivalent species and lumped or equikgdetions. In fact, the scheme
uses a lumped description of the primary propagation reactiwonihd large species to smaller
species, and then treats the successive reactions of sgpages with a fully detailed chemical-
kinetic schemed6, 113.

The simulations presented in this section were obtained usiaduged scheme, able to
account for small- and medium-size PAH formation but negledhegsuccessive formation of
larger PAH and soot. The resulting, adopted kinetic scheme =00$i406 species involved in
2722 reactions.

The thermo-chemical information on the gas phase was obtaim@aripy from the
CHEMKIN thermodynamic databasé(, 71; unavailable thermodynamic data were estimated by

group additivity method1[1].

6.5.3 Steady Flame Results

In this section the numerical results obtained in steadg statditions are reported and
discussed. From the velocity profile (reported in Figure 76a)eavident that the stagnation plane
(where the axial velocity is zero) is located on the fugé.slts location mainly depends on the
momentum balance of the two streams and, since most fuels requiair than fuel by mass, the
diffusion flame usually sits on the oxidizer side of the stagnailane; fuel diffuses through the
stagnation plane to establish the flame in a stoichiometriaunaixThe temperature profiles along
the centerline for the three different strain rates aponted in Figure 76b. As expected, the
maximum value (the so-called flame temperature) is tdyeow strain rates, but the differences
are not very large. Moreover, the flame front location movesec to the fuel nozzle when the
strain rate is large. The flame front and stagnation planatibtms have some important
consequences on the flame structure: oxygen is supplied toathe fhy both convection and
diffusion, while the fuel is supplied mainly by diffusion. Fronglitie 76c the differences in the
mole fractions of fuel and oxygen in the reaction zone are dvidea fuel is completely
decomposed before reaching the flame front; on the contrapxifgen is able to penetrate deeply
in the fuel zone. The heat release profiles along the centeriineeported in Figure 76d. As
expected, the maximum is located in the vicinity of the flame front.

Five different characteristic zones can be observed in theesoflow diffusion flames
investigated, as reported in Figure 77 (which refers to FI&mEirst of all the convective zones
immediately close to the fuel and oxidizer nozzles are ctearaed by temperatures and main
reactants concentrations nearly uniform. Two diffusive lafiarsvhich the concentration of fuel

and oxygen decreases rapidly from ~95% to ~5% values of titestrdams) can be observed: their
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width is inversely proportional to the strain rate. These difeukiyers are the main responsible of
the characteristics of the response of the flame to thenelteimposed oscillations. Finally the
main reaction zone, which is located between the two diffusirgrdais characterized by a large
heat release and high values of temperature. The flame $romiighly centered on this zone. The
proposed representation of the flame is very useful to better umdkttaresponse of temperature
and main species to the externally imposed oscillations. Thre maanerical results for the three
flames investigated are summarized in Table 8.

Following Xiaoet al. [139, PAHs were grouped in three classes. Class A includes one-
and two-rings PAHSs, Class B three- and four-rings PAHs and @aBAHs with more than four
rings. Figure 78 shows the mole fraction profiles of threeswdifit classes of PAH at different
strain rates. As expected the PAHs are located on the fuebkite flame. It is evident that
increasing the strain rate, the peak values and the tataird of each class decrease; as clearly
shown in Figure 78, the PAH sensitivity to the flame strain ratesargnificantly among different

classes. This result is not unexpected, since if the strain ratesesrélae residence time is reduced
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Figure 76. Comparison between the numerical results obtaifeedhe flames fed with methane in steady
state conditions: (a) Axial velocity profiles; (Bmperature profiles; (c) normalized (by their freeeam
values) mole fraction profiles of methane and oryde) heat release profiles along the centerlidd!.
profiles are reported along the centerline.
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and the flame temperature is lower: small PAHs areddraven at low residence times, but the

successive formation of larger PAH would require more time.

Figure 77.Mole fraction profiles of main reactants normaliZey their free stream values and temperature
profile normalized by its maximum value (methaam#é, GSR=30 Hz).

Figure 78. Predicted mole fraction profiles of PAH
class A, B and C along the centerline for the flame
fed with methane.
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Figure 79. Predicted PAH peak values as a function of straite (normalized by the value at the lowest
strain rate).

6.5.4 Unsteady Flame Results

Velocity unsteadiness has been introduced as previously exphtitieel exit of both noz-
Zles, while the free-stream values of reactant concentratindstemperature were held fixed.
Initially the system is in its steady state;tad the velocities begin to fluctuate according to a
sinusoidal function with frequendyand semi-amplitudé,. In the present work the exit velocities
from the fuel and oxidizer nozzles have the same semi-amphudi@scillate in phase with one
another. The position of the stagnation plane, which depends irdaen momenta, oscillates
accordingly. In particular, when the inlet velocities incredlse stagnation plane tends to move
towards the fuel nozzle. Several values of the frequerafieghe imposed oscillations have been
considered, ranging from 1Hz to 500Hz; different semi-amplitude aisoill values have been
used, from 25% to 75% of the steady value of inlet velocitieshiky way a wide range of
conditions were taken into account to study the response of the flame.

In Figure 80 the numerical results obtained for Flame &l summarized in terms of
temperature and PAH mole fraction peak values. The oscillagom-amplitude was 50% of the
steady value and different oscillation frequencies have beesideoed (1, 30, 100, 200 Hz). The
results are reported as a function of a non dimensionalttiaénich is obtained scaling the time
by the period of oscillations). Pandl of Figure 80 shows the variation of the maximum
temperature induced by the oscillation of velocities of treasts. It is evident from the numerical
results that the amplitude of the oscillations decreases when the impargsehfries are higher. On
the contrary the phase lag, which tends to zero for low valfidse frequencies, becomes large
when the frequencies are higher. The peak mole fraction of tléestiPAHs (Class A) is reported
in the Panel b. The results are very similar to the temperattafite: when the frequencies are very
large the phase lag between imposed oscillations and flaspense is particularly high; on the

contrary, when a low frequency is used to produce the oscillatiadhe fuel and oxidizer streams,



Unsteady counter flow diffusion flames 165

the induced oscillation amplitude of the PAH profiles is vemngé and the symmetry about the
mean value is lost. However the phase lag is small, whigbaited a quasi-steady response of the
smallest PAHs in these conditions. For Class B and @dbkgs same observations can be repeated
(Panels ¢ and d of Figure 80). Moreover the maximum frequenayhich the flame response can
be considered quasi-steady becomes higher if compared to the sPAlks These results are in
agreement with experimental and numerical investigations performexyésasauthors[l, 139.
Figure 81 shows the detailed frequency response of the ampldfittess maximum flame
temperature and maximum mole fraction value for the thragses of PAHs. The steady state
value of each variable, its mean value (which accounts éooghillations) and its peak and trough
values are reported as a function of the externally imposegieney; the phase shift is also
reported. Of course the results (referring to the same comg)itmirror those shown in Figure 80:
in particular the amplitude of oscillations is largely reduaedhigher frequencies, while at low
frequencies the flame response to the changes in the itdeityevalue can be considered quasi-

steady. The amplitude reduction (the difference between maxiamarminimum values) occurs

Figure 80. Flame IlI: peak values for each PAH class and maxrimflame temperature at different
frequencies, with non dimensional time t'=time/peki (a) Mole fraction peak value of Class A; (b)leno
fraction peak value of Class B; (c) mole fractiaeag value of Class C; (d) maximum temperature.SEmeai-
amplitude of velocity oscillations is 50% of theasty value.
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asymmetrically about the mean values, with the through valuesasing faster than the reduction
of peak values. The non symmetrical behavior is particulailyeat for low frequencies and for
largest PAH. The phase shift is very small at low frequendieit becomes large when the
frequencies of induced oscillations are high. The most integestisult however is related to the
difference between the steady value of each variable andothesjgonding mean value, which
accounts for the oscillations. It is evident that at low fregies the mean value can be very large
if compared to the steady state value (in particular foratgest PAHS); therefore the oscillations
have a strong and non negligible effect on the formation of PAH&nWHe frequency is higher
the mean values tend to approach the steady value, but the flgpoaseesannot be considered
guasi-steady due to the large phase-lag.

The value of the observed amplitudes largely depends on the weptif the imposed
oscillations in the inlet velocities. From the numerical rissobtained at three different values of
oscillation semi-amplitude (25%, 50% and 75%), which are reportBayure 82, it is evident that
larger externally imposed amplitudes increase the amplitutteeahduced oscillations. Moreover,
they lead to a larger asymmetry. On the contrary the phgseafabe considered independent on

the amplitude of imposed oscillations.

Figure 81. Flame II: detailed frequency response of
the oscillation amplitude and phase lag for each
class of PAH. The semi-amplitude of velocity
oscillations is 50% of the steady value.
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Figure 82.Flame II: peak values for each PAH class and marinflame temperature at different oscillation
semi-amplitude, with non dimensional time t'=tin@pd. (a) Mole fraction peak value of Class A; thdle
fraction peak value of Class B; (c) mole fractiopak value of Class C; (d) maximum temperature. The
frequency of velocity oscillations is 10 Hz.

The quasi-steady response at low frequencies can be explaicedpgring the diffusion
time in the flame structure with the oscillation time: irstbase the diffusion time is smaller and
therefore the response is quasi instantaneous. At higher freegiehe diffusion times can be
larger than the oscillation time and therefore a phase lagrese between the imposed oscillation
and the flame response. The diffusion time is different feryeghemical species and each species
responds in a different way and the overall response of the ftam be very complex. At low
frequencies the flame properties follow the externally imgosscillations in a quasi-steady
manner; however the amplitude of the oscillations are very langethe mean value of each
variable can be very different from the corresponding steatly-sadue. On the contrary at higher
frequencies a phase shift can be observed between the fooiéatioss and the flame response,
but the amplitude of these oscillations is largely reduced angnda value of all properties
asymptotically tends to the steady state value. Egolfopoulos anpb@ed (A1) offered an
explanation of this phenomenon: the imposed oscillations in the hydrodyzaneé of the flame

can reach the reaction zone only passing through a diffusion zijmeeat to the front flame.
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During this passage the fluctuations are attenuated by diffushis.i§ particular true for high
frequencies, because in this case the length of thigsilifi layer becomes of the same order or
larger than the characteristic penetration length and ther¢f@reattenuation effect should
significantly influence the structure in the diffusixene. At the same time, the phase lag can also
be similarly explained: the main reaction zone responds withma 8hift to the imposed
oscillations because those oscillations pass through this dédfashe. For higher frequencies this
diffusive time becomes comparatively larger than the asicii period and therefore a higher
phase lag is shown.

Figure 83 shows the induced oscillations on the temperature andrdfeHfraction peak
values for the three different flames investigated. Thelagoi frequency and semi-amplitude are
respectively 30 Hz and 50% of the steady value. Flame |, wjlobal strain rate is very low,
shows the smallest amplitudes in the induced oscillations; on theuggritre oscillation amplitude
can be very large if the strain rate is large (Flaf)e\What previously observed allows to explain

the results of Figure 81 too. If the global strain rate of the flame isH@mE 1), the diffusive layer

Figure 83. Variation of the maximum flame temperature andkpealues for each PAH class at different
frequencies, with non dimensional time t'=time/peki (a) Mole fraction peak value of Class A; (b)leno
fraction peak value of Class B; (c) mole fractioeag value of Class C; (d) normalized maximum
temperature. The semi-amplitude of velocity osidlies is 50% of the steady value.
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thickness (see Table 8) is very large and therefore tlidkatieas are significantly damped: this is
confirmed by the temperature and PAH mole fraction profiles. d¥ew at the same time, the
phase lag is larger because the oscillations have to progEgatea thicker diffusive layer. This
phenomenon also explains why the temperature and mole fraction phajilessare more different
from a sinusoidal shape (corresponding to the externally imposéi@tasts) for low strain rate

flames than for high strain rates.

6.5.5 Stokes’ number

The diffusion attenuates the oscillations in the reaction zone mamaner which is
analogous to the velocity attenuation in Stokes’ second problerapaged by different authors
[41, 139. The introduction of the non-dimensional Stokes’ number can beftiervery useful to
better understand the frequency response of counter flow diffuaimes and to easily collect and
organize the information obtained from the unsteady analysis proposieid work. The Stokes’

parameter is defined as:

he = P (6.12)

wheref is the frequency of imposed oscillations a&hds the cycle mean strain rate. The Stokes’
parameter is a non-dimensional number comparing the characteénist of imposed oscillations,
(1/f), with the characteristic time of diffusion phenomena in thadlavhich can be approximated
as~1/K. As a consequence when the Stokes’ parameter is low theidlifftisie is lower than
oscillation time and therefore a small phase-lag is expdmtégdeen the imposed and induced
oscillations. On the contrary, for higher values of Stokegamater the diffusion time becomes
larger than oscillations time and large phase shifts inlémef response can be observed in the
flame. Figure 84 shows the variation of the mole fraction pedlevéor each PAH class
normalized by the corresponding quasi-steady value for each PA$$ @kminst the Stokes’
parameter. As expected, the amplitude of the oscillatiomsris small for large values of Stokes
parameter, because of the strong diffusion phenomena which areoatémp the effects of
imposed oscillations. The three curves have a similar shapte@ado collapse on each other. In
particular it is possible to observe a rapid decrease dfatisns amplitudes for Stokes’ number
~1, for the three PAH classes. A similar result is reporideddure 85, where the three curves refer
to the three PAH classes and are plotted for Flame II. Tdrerehe Stokes’ number can be
considered a universal parameter able to describe the difflisiited frequency response of
diffusion flames and therefore and it could be successfully usedimmarize the results of the

numerical investigations.
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Figure 84. Mole fraction peak value amplitude of
induced  oscillations  normalized by the
corresponding quasi-steady value versus the Stokes
parameter. Comparison between Flames I, Il, Ill for
Class A, B and C.

Figure 85. Mole fraction peak value amplitude of induced datidns normalized by the corresponding
guasi-steady value versus the Stokes’ number. Gisopebetween Class A, B, C for Flame 1.
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6.5.6 Comparison with experimental measurements

Figure 86 shows the peak value of the mole fraction of eachdadd (normalized by the
steady value) versus the Stokes’ number. The results cefbe tFlame 1l and externally imposed
oscillations with semi-amplitude equal to the 70% of the steatlyevof the inlet velocities. The
numerical results are compared with the experimental measmts obtained in the same
conditions by Xiaoet al. [139. Both experimental and numerical results confirm the large
amplitudes of oscillations for Class C, especially for loek&8¢’ numbers. As expected the ratio
between the peak and the steady state values are largertiveh&tokes number is small. The
amplitude of the oscillations is strongly damped for large &doiumbers (which mean high values
of oscillation frequency). Figure 87 shows the detailed frequergpyonse of Flame II (with
externally imposed oscillations of 30Hz with semi-amplitude equtled/0% of the steady value
of the inlet velocities) in terms of peak value mole fractbeach PAH class (normalized by the
steady value) versus a non dimensional time. The agreement candigered satisfactory for the
smallest PAH (Class A). On the contrary, the numericalltee$or larger PAH overestimate the
experimental peak values. A possible explanation is suggested bgehe the present work of a
reduced kinetic mechanism which accounts for small- and medaenFsAH formation, but
neglects the successive formation of larger PAHs and soot. Therafdaegbst PAHs in Figure 87
are not involved in successive reactions leading to their consumgnd this could cause the
overestimation of their concentration. Moreover if the radiatieat transfer (neglected in this
work) were taken into account, a better agreement with expedhéata would be expected,
because of the smoother temperature oscillations. Of courser furggtigations are necessary to
better understand the differences between experimental andicaimmesults. However the non

symmetric behavior of oscillations respect to the steady vakaght by the numerical results.

Figure 86. Normalized mole fraction peak values versus th&eStmumber compared with experimental
measurementslB9 (Flame Il, oscillation semiamplitude 70% of theeady state value). The profiles are
scaled by the steady state value.
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Figure 87.Normalized mole fraction peak values versus thedimensional time (here expressed in °) com-
pared with experimental measuremerit89 (Flame I, oscillation semi-amplitude 70% of teeady state
value). The profiles are scaled by the steady stalige.

6.6 Soot formation in unsteady counter flow diffusion fames

6.6.1 Flames Investigated

The counterflow diffusion flames numerically simulated in this tisec were
experimentally investigated by Decraéx al. [37] and partially by Xiacet al.[139. The oxidizer
and the fuel nozzles are 25.4 mm in diameter and have a 12.7 mratisepdistance. The inlet
temperatures, both of fuel and air streams, are 294 K. A tledtrascillation was established in
the reactant flow fields by driving two loudspeakers withre svave from an amplified signal
generator. Three different fuels have been investigatedegpunding to different values of C/H
ratio): methane, propane and ethylene. For each flame four diftgobyad strain rates (GSR139
have been considered: 15, 30, 60 and 90 Hz.

6.6.2 Kinetic Scheme

The kinetic scheme briefly described in Paragraph 6.5.2 wasded to soot formation
using the discrete sectional method. PAHs larger than 20 Gsatochsoot particles are divided
into a limited number of classes covering certain mass sal@eh class is represented by two or
three lumped pseudo-species, called BIN, with a given numberhadrcand hydrogen atoms. The
general features of this approach were already presemiediscussed recentlg, 113. The soot
formation process can be described in terms of three major. step®geneous nucleation of
particles, particle surface reactions and finally partidagalation. The resulting kinetic scheme
involves 253 species in ~14,000 reactions. The general featuress @pimoach were recently

presented and discussé&d | 112.
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The thermo-chemical information on the gas phase is obtainieshrpy from the
CHEMKIN thermodynamic databas&l]. Unavailable thermodynamic data are estimated by the

group additivity method.

6.6.3 Steady Flame Results

The flames are located on the oxidizer side of the stagnatoe,phs evident from Figure
77. The flame front and stagnation plane locations have some impmtagiquences on the flame
structure: oxygen is supplied to the flame by both convediuh diffusion, while the fuel is
supplied mainly by diffusion. Therefore the fuel is completely dems®md before reaching the
flame front. On the contrary the oxygen is able to penetiedply in the fuel zone. After inception
on the fuel side, soot particles are convected away fromaine fltoward the stagnation plane. As a
conseguence soot oxidation is absent. Two diffusive layershiich the concentration of fuel and
oxygen decreases rapidly from ~95% to ~5% values of thestikams) can be observed, whose
thickness is inversely proportional to the strain rate. Thesgstiff layers are the main responsible
of the characteristics of the flame response to the externally ichpssélations.

Figure 88 compares the normalized axial profiles of OH and $@pmpane-air flame at
the strain rate of 15 Hz with the experimental profiles olehiby Decroixet al. [37]. The
numerical results correctly predict the location of taenk front (which corresponds to the peak
value in the OH profile) and of the soot region, which is ledatn the fuel side of the flame. The
width of the sooty zone is well matched too.

Figure 89 compares the predicted maximum soot volume fractidre dhtee investigated
fuels with the experimental dat87 as a function of the global strain rate. The soot volume
fraction decreases with the global strain rate, which isrgale proportional to the characteristic
residence time. As evident, the soot volume fraction is a strongdnruf the fuel type (C/H ratio)
and is larger for ethylene (see Figure 90). Moreover, atf@ingates the soot production is more
sensitive to the strain rate. The agreement with the empetal measurements can be considered
satisfactory for ethylene and propane, even if the numeawgsalts slightly overestimate the peak
soot volume fraction. On the contrary the model under-predictotiid@mation of the methane
flame for a strain rate equal to 15 Hz (which is the only expntal data available). A partial
explanation refers to the uncertaintes in the measurementsoofties at low strain rates, which
strongly affect the soot productiod?].

The thickness of the soot containing region, measured in thedivdation, is reported in
Figure 91 and compared with the experimental measurements (wiféchtaethe propane-air
flame). Both the numerical and experimental results confirmthieathickness of the soot region is
independent of the fuel type, implying that it is only a functibthe hydrodynamics. In particular

the thickness of the soot region linearly decreases witlsghare root of the strain rate. At each
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strain rate investigated, the width of the soot containing raégiatmost identical, even if the soot
volume fractions from the ethylene and methane flames arediféagent (more than two or three
orders of magnitude). These observation are relatively easypaire The propane flames
investigated in this section are always balanced, i.emibmentum of air and fuel stream is the
same. As a consequence, for each assigned global strain radtgghation plane and maximum
temperature locations are roughly the same for the difféuets. The fluid dynamics of these
flames can be considered very similar, even if the fuelsat the same; therefore we expect that
the sooting zone location and its main features are not so str&gindent on the fuel type. On
the contrary the total amount of soot is obviously a strong functidhe characteristics of fuel
and, as expected and confirmed by experimental and numericék resubrger for fuels with
larger C/H ratio.

Figure 88. Comparison between predicted and experimej®@) profiles of OH and soot (propane flame,
GSR=15 Hz). The profiles are reported in arbitranyits.

Figure 89. Peak soot volume fraction versus the global straie. The lines refer to the numerical results,
while the points are the experimental measuremapisrted in[37]. The dotted line indicates the minimum
experimental amount of detectable soot.
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Figure 90. Peak soot volume fraction versus the fuel C/H ratidlifferent values of GSR for the flames fed
with propane.

Figure 91. Thickness of the soot region versus the squareabstrain rate. The lines refer to the predicted
results, while the points are the experimental messents reported if87].

6.6.4 Unsteady Flame Results

Velocity unsteadiness was introduced as previously explaindgk axit of both nozzles,
while the free-stream values of reactant concentrationgesmperature were held fixed. Initially
the system is in its steady state;t=d the velocities of fuel and air streams begin to fluctuate
according to a sinusoidal function with frequefieynd semi-amplitudg,..

Figure 92 summarizes the numerical results obtained forlahee ffed with propane in
terms of PAH mole fraction and soot volume fraction peak vallies results are reported as a
function of a non dimensional time, which is obtained scaling the tinteby the period of
oscillations. The amplitude of the induced oscillations of PAH sowt is strongly influenced by
the frequency of the imposed oscillations. In particular the &mdeliof the induced oscillations

becomes very large at low frequencies and tends to rapidlyadecnhen the imposed frequencies
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are larger. Moreover the symmetry of the soot volume fragtiofile about the mean value is lost
at low frequencies. As expected, the phase lag between the tnpsc#ations in the velocity
field and the induced oscillations in the composition fields teadzeto for low values of the
frequencies, but becomes large when the frequencies are higlvezver, for the same oscillation
frequency, the phase lag is larger for soot than for PA#d (eaximum position in Figure 92).
Therefore only for very low oscillation frequencies the resparighe flame in terms of PAH and
soot can be considered quasi-steady. The maximum frequengyhicn the flame response is
guasi-steady becomes larger for PAHs. These results are in agreetheetemt experimental and
numerical investigationgifL, 139.

Figure 93 shows the detailed frequency response of soot to the dnpsxsations. The
steady state value, the peak and through values and the mea@wratireaccounts for the oscilla-
tions) of soot volume fraction are reported as a function ofettternally imposed frequency
together with the phase shift. Of course these results (wkfeh to the same conditions) mirror
those shown in Figure 92. The amplitude of the oscillations islyargduced at higher frequen-
cies, while at low frequencies the flame response to the changjes inlet velocity value can be
considered quasi-steady. The amplitude reduction (the differetgedsemaximum and minimum
values) occurs asymmetrically about the mean values. This wemetrical behavior is
particularly evident at low frequencies. The main effectosfillations is an increase in soot
production. When the frequency is large the mean values tend teapgte steady value (and
therefore the unsteady effects are less important), bullahee response cannot be considered

guasi-steady because of the large phase-lag.

Figure 92. Peak values of PAH mole fraction (a) and soot maufraction (b) at different oscillation
frequencies (propane flame, GSR=60 Hz69%).
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Figure 93. Detailed frequency response of the oscillation lioge and phase lag of soot (propane flame,
GSR=60 Hz, Au=60%).

The flame response can be explained by comparing the diffusian itinthe flame
structure with the oscillation time. At low frequencies dliféusion time is small and therefore the
response is quasi-instantaneous. At higher frequencies thsialifftime becomes larger than the
oscillation time and therefore a phase lag arises betweeimposed and induced oscillations. At
low frequencies, even if the flame follows the externally imgosscillations in a quasi-steady
manner, the amplitude of the oscillations is very large and #anmalue of each variable can be
very different from the corresponding steady-state value. Ocathieary, at higher frequencies the
amplitude of induced oscillations is largely reduced and thanmealue of all properties
asymptotically approaches the steady state value. The impesiidtions in the hydrodynamic
zone of the flame can reach the reaction zone only passing thralifffisaon zone adjacent to the
flame front j1]. During this passage the fluctuations are attenuatedebgliffusion, especially at
high frequencies, because in this case the thickness of ffuisiah layer becomes larger than the
characteristic penetration length. Therefore the attenuatiattefignificantly influences the
structure in the diffusive zone. The phase lag can beiardlan a similar way: the main reaction
zone responds with a time shift to the imposed oscillations betause oscillations pass through
this diffusive zone. For higher frequencies this diffusiveetibecomes comparatively larger than
the oscillation period and therefore a higher phase lag occurs. The overall essipitresflame can
be very complex because the diffusion time is different for eghgmical species and therefore
each species responds in a different way.

The value of the observed amplitudes largely depends on the weptif the imposed
oscillations of the inlet velocities. From the numerical raesolbtained at different values of
oscillation semi-amplitude and shown in Figure 94, it is evideritltrger externally imposed

amplitudes not only increase the amplitude of the induced osmilkatbut also lead to a larger
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asymmetry about the steady state value. However the plipsariebe considered independent of
the imposed oscillation amplitude.

Figure 95 shows the induced oscillations on the PAH mole fractionsaad volume
fraction peak values for the propane flame at differepadst-state strain rates. The flame
corresponding to the lowest global strain rate (30 Hz) showanthéest amplitudes in the induced
oscillations. If the global strain rate of the flame iw,léhe diffusive layer thickness is large and
therefore the oscillations are significantly damped. Howeatethe same time, the phase lag is
larger because the oscillations have to propagate alongkartkiffusive layer. This phenomenon
also explains why the profile shapes of PAH and soot oscillaaomsmore different from the
imposed sinusoidal shape, especially for soot.

Table 9 summarizes the results obtained from the numericalagiomd of the propane-air
flame. For each flame the ratio between the mean peak sootev@ilaction calculated during the
oscillations and the peak value calculated in the same flaisteandy state conditions is reported.

Soot production, as already observed, becomes insensitive to high tnegseilations (100Hz),

Figure 94. Peak values of PAH mole fraction (a) and soot nmuraction (b) at different amplitudes of
oscillations (propane flame, GSR=60 Hz, f=30 Hz).

Figure 95. Peak values of (a) PAH mole fraction and (b) sadtime fraction for different global strain rates
(propane flame, £60%, f=30 Hz). The lines are normalized by theadtestate value.



Unsteady counter flow diffusion flames 179

Frequency SR 30Hz SR 60Hz SR 90Hz
(Hz) A,=30% A=60% A=30% A=60% A=30% A=60%
15 1.04 1.20 1.70 4.13 4.60 36.10
30 1.04 1.17 1.41 2.70 2.50 14.00
60 1.01 1.03 1.12 1.55 1.37 3.30
100 ~1.00 ~1.00 ~1.00 1.02 1.13 1.65

Table 9.Mean of peak soot volume fraction for unsteady propane flames normalized to
the peak soot volume fraction for the steady flame.

especially when the strain rate of the flame is low. Lowudesncy oscillations, in particular 15Hz,
significantly increase the soot concentration. Decatial. [37] and Shaddixet al. [12( also
discussed the increase of the maximum soot volume fraction inuhsteady flames compared
with the corresponding unforced flames for different kinds of fublsfortunately a direct
comparison between the numerical simulations performed in thigstiaed the experimental
measurements obtained by Decrebal. [37] is not possible. In fact, due to the large amplitude of
the oscillations used in this experimental work, the ia&docities approached zero and in some
cases reached negative values, indicating the presenceewedraal flow. Such conditions induce
strong deformations in the flame structure that cannot be nuithesiraulated with the 1-D model
used in the present thesis. However the main trends are éenagnt with the experimental
measurements.

The influence of unsteady hydrodynamics on soot chemistry can herfinvestigated by
comparing the soot profiles at different temporal positionguré 96 shows the soot volume
fraction profiles at four different temporal locations, comgavath the corresponding profile
obtained in steady state conditions. The four different tempor#ignescorrespond to: maximum
velocity (steady + fluctuation component, designated as Max), fagtuation and decreasing
velocity (0-), minimum velocity (steady — fluctuation componentp)Mind zero fluctuation and
increasing velocity (0+). Even if the mean value of the peak volume fraction is only 2.70 times
larger in unsteady conditions (see Table 9), unsteadinesgylstrmodifies the soot region shape
during the oscillations. Hence the unsteady flow field does trhfage a strong impact not only on
the maximum and mean soot volume fraction, but also on the whole soot formation process.

Figure 97 shows the profiles (normalized between -1 and 1) of pegketature, PAH
mole fraction and soot volume fraction versus the non dimensioralfdinthe propane flame. As
evident, the temperature field is not in phase with the veldigtg. For a quasi-instantaneous
response, the minimum temperature should correspond to the wumaxwelocity location
(minimum residence time). On the contrary the minimum teatpex occurs with a phase shift of

~87°. Moreover the minimum soot volume fraction should occur at thenmim velocity. On the
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contrary this minimum is found between the 0- and Min temporaltipasi In particular the
calculated phase shift between the minimum soot volume fractioheinoscillation and the
maximum velocity is ~118°. The maximum PAH mole fraction osdugtween the Max and O-
locations. As a consequence the phase lag between the maximumamAlhaximum soot
concentrations is ~290°. These numerical results are in goodnagreavith the experimental

measurements performed by Santoiagtnal. [117] on the same flame and summarized in Table

10.

Figure 96. Soot volume fraction profiles in steady-state é¢omus and at different temporal locations

(propane flame, GSR=60 Hz,#60%, f=30 Hz).

Phase lag Exp. Num.

Max velocity — Min temp. ~90° ~87°
Max velocity — Min Soot ~125° ~118°
Max PAH — Max Soot ~270° ~290°

Table 10.Experimental[117] and numerical phase shifts (propane

flame, A=60%, f=25 Hz).
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Figure 97.Normalized profiles of inlet velocities, peak tenapare, peak PAH mole fraction and peak soot
volume fraction values (propane flamg=80%, f=30 Hz).

6.7 Conclusions

The effects of strain rate fluctuations on the formation of aodtits precursors (PAH)
were numerically investigated in unsteady counterflow diffusiames. The transport equations
governing the dynamic behavior of the flame were numerisallyed using a very detailed kinetic
scheme and an accurate description of the transport properties.

Several counterflow diffusion flames fed with methane, propane and ethylenstweied,
starting from steady-state conditions. The results obtainsttauy state conditions confirmed the
different propensity to soot formation of the three fuels ingated and the strong effects of the
global strain rate on the soot production. The quantitative and ativaitcomparisons with
experimental measurements were satisfactory, especially for préipares.

The results obtained from unsteady flames fed with methandrrootife experimental
observations obtained by several authors in similar conditibblessmaller PAHs respond in a
guasi-steady manner to the instantaneous strain rate at Highjaencies. At high oscillation
frequency the large PAHs do not appreciably respond to shatfain rate fluctuations. Sinusoidal
responses, also for large PAHSs, can be observed for low omadete oscillation frequencies in
the instantaneous strain rate. Moreover, the response of the larger PAel§rémiency changes is
much damped and the response of the smallest PAHs is the legstddaFor low frequency
oscillations and high strain rates the PAH production is harigereased in comparison with the
steady flame: this is particularly true for largest BAKDNn the contrary the PAH production
becomes insensitive at higher frequencies oscillations. The tpliaeti agreement with
experimental measurements in terms of amplitude of PAH mmletidn oscillations is not

completely satisfactory and therefore further investigationaecessary.
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The frequency response to externally imposed strain rate harmeaqidatons was
successively investigated for the propane flame, in a widgeraf conditions. The numerical
results confirmed the experimental observations: the asoills tend to increase the soot
production with respect to the steady state conditions. Howevereghense of the flame can be
very complex, depending on the frequency of the imposed oscillatiohtha initial strain rate. In
particular when the imposed frequency is large, PAH and soot dappotciably respond to the
fast strain rate fluctuations. On the contrary, sinusoidapanses can be observed for low or
intermediate oscillation frequencies in the instantaneous satg. Moreover, the response of soot
to the frequency changes is more damped than PAH response, deeditieitent characteristic
chemical times. At low oscillation frequencies and high istrates the soot production is largely
increased in comparison with the steady flame. Fluctuations trangly affect the spatial

distribution of soot within the flame, without changing the maximum soot voluam@adn.



Conclusions

The present thesis was mainly focused on the problem of the ioamerodelling of
interactions between turbulence and chemistry and their effecthe formation of pollutant
species in turbulent combustion. The study of turbulent non premixed flaasesarried out and
the performances of a number of models for turbulence (based onAN& Rpproach) and

turbulence-chemistry interaction were compared, analysed and discussed.

In order to reduce the numerical difficulties related e simulation of the turbulent
motions and minimize the calculation times, axisymmetridyulent jet flames were chosen for
comparing the different combustion models and analysing how thddntiluctuations affect the
formation of chemical species. Even for simple jet flantes dorrect choice of the turbulence
model in the context of RANS simulations resulted very impartarparticular the application of
the so called - realizable model was found the best solution for the corredigtign of the
spreading of round jets. As far as the modelling of chemicatiosais concerned, the simulations
showed that the assumptions of chemical equilibrium or vetycfemistry are often unsuitable,
even for the prediction of temperature and main species. lewdsnt that the combustion model
should allow to take into account finite rate effects and detkiifesdics. The EDC and SLF models
were found a good compromise between accuracy and computational dgquests. The
predictions of temperature and main species in the flamesstigated resulted satisfactory.
However the SLF and EDC models are not able to correctlygbreté formation of pollutant

species whose chemistry is characterized by slow times, like nitmgges (NOXx) and soot.

In order to obtain reliable predictions of pollutant emissions fiunoulent flames, several
approaches were proposed, specifically conceived for each aflgsdlutant species. A kinetic
post-processing procedurKiPP ) was formulated and applied for the numerical prediction of
nitrogen oxides emissions from industrial burners. This approachdtasiand makes possible the

predictions of NOx formation with detailed chemistry evercdomplex geometries. The results of
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the NO formation and reduction are promising and the agreememédretcomputations and
experiments is satisfactory. The successful prediction ofeflatnuctures and NOformation

supports the proposed approach for the kinetic post-processoKifiPi@ code already is a very
useful tool for the optimal design of new burners with a paercattention to pollutants formation.
Prediction of formation of other by-products in turbulent diffusicamiés will be the natural
extension and application of this tool. A further step in the stady investigate the detailed
effects of the chemical mechanisms. This detailed knowleddje bei useful in developing

improved combustion devices, such as low-NO wood stoves and waste incinerators.

The formation of carbonaceous particulate (soot) in turbulenteBawas numerically
investigated as well. Since the interactions between turbolemtg and soot chemistry are very
strong and complex, the attention was shifted from the detailetidsirie the correct modeling of
effects of turbulence on the formation rates of soot parti€egeral closure models and strategies
for describing the interactions between soot and turbulenngiwere formulated and applied to
jet flames fed with ethylene. The model included all the medsesses involved in soot formation
(nucleation, molecular growth, oxidation and coagulation) througfempirical models available
in literature. Such kinetic schemes allowed to describetb&ition of soot volume fraction quite
accurately, despite their simplicity. Neglecting the effeof turbulent fluctuations of both
temperature and composition on the soot source terms resulteel aver-prediction of the soot
volume fraction. Only when the interactions between soot chsmast turbulent mixing were
accurately taken into account through the so calledorrelated approacha satisfactory
agreement with the experimental measurements was achieve@ir€ioe Quadrature Method of
Moments was applied in order to remove the hypothesis of monodispersédparticle
distribution, without dramatically increasing the computationaleti The agreement with the
experimental data was improved by the application of the DQMOMofhlytwhen the effects of
turbulence were directly taken into account in the DQMOM ftdation. Moreover, the
simulations confirmed that the coupling between the soot production rateearatliative heat loss
must be carefully taken into account to accurately modelatmeation of soot. The predicted soot
amount in the turbulent flame was found to be relatively ingeadiv the semi-empirical model
adopted for describing the nucleation process. A deeper sensitivity analyfse growth, oxidation
and coagulation models could be very useful in a future wonhkvistigate the role of individual
soot formation rates to determine the optimal parameters éosemi-empirical soot models that

can be used in the simulation of turbulent non-premixed flames.

The effects of turbulence on PAH and soot chemistry were funtivestigated without

recurring to turbulent non premixed flames, which are reactistesys complex to numerically
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model and characterized by the existence of many coupled phenomenae®gpanter-flow
diffusion flames (CFDF), which posses much of the physics of turbfiEenes, were exposed to
harmonic oscillations of the strain rate in order to simulatieutent fluctuations and their effects
on the formation of pollutant species. The numerical analyses samducted on flames fed with
methane, propane and ethylene. The response of the flame to iheatgascillations appeared
very complex, depending on the ratio between the charactenmstcof the imposed oscillations
and the characteristic time of each individual chemical spe@train rate fluctuations strongly
affect the spatial distribution of PAH and soot within the flaiifge oscillations tend to increase
the PAH and soot production with respect to the steady statetioosdiln particular, when the
imposed frequency is large, PAH and soot do not appreciably redpotied fast strain rate
fluctuations. At low oscillation frequencies and high strain rétessoot production is largely
increased in comparison with the steady flame. The introductidheofon-dimensional Stokes’
number was very useful for better understanding the diffusiotelinfrequency response of
counter flow diffusion flames and to easily collect and orgattiezeinformation obtained from the
unsteady analysis. The qualitative and quantitative agreeméneéxyerimental measurements was

satisfactory, but further investigations are necessary to rhiakmeéthodology more reliable.
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nuclei
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pp

E

pre-exponential factor [kmol, m, s, K]

Planck mean absorption coefficientm
specific soot area [}

correction coefficient

molar concentration of specikgkmol m~]
specific heat [J K§K™]

fuel nozzle diameter [m]

rate of strain (deformation) tensor [kg's?]
Damkdohler number

maximum size of soot primary particles [m]
soot particle diameter [m]

diameter of soot primary particles [m]
specific total energy [frs?]

activation energy of reactigrfJ kmol*]

specific kinetic energy [frs?]
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f volume force [J m]

f, soot volume fraction

f, normalized soot volume fraction [-]

g gravity [m §7]

H, specific enthalpy of speciégfm?® s?]

H. . specific sensible enthalpy of spedigsn’ s?]
i mass flux of specids[kg m? s']

K i kinetic constant of reactignkmol, m, s, K]
Ka Karlovitz number

Le, Lewis number of specids

L, local abscissas of nogl¢m]

I Kolmogorov length scale [m]

soot particle number density fth

m, normalized soot particle number density

m, moment of ordek

M, surface oxidation rate [kgfrs’]

M, molecular weight of primary soot particles [kg kol
n number density function

N, Avogadro’s number [kmd]

Nc number of cells

N number of elements

N- number of faces

Ny number of points

Ny number of reactions



Qr
Qrad

Qx

Sc

Sho

number of species

unit vector

probability

pressure [kg ts?]

volume energy source term [J°re]
energy flux [J rif s7]

heat release due to combustion [Js]

radiative heat transfer source term [3 §]

heat release due to combustion [Js]

universal gas constant [J kritdt™]

radial coordinate [m]

reaction rate of reactigrikmol m°s*]
surface [rf]

Schmidt number

source term in transport equation for soof 1]

source term in transport equation for soot [KgsH
temperature [K]

time [s]

non dimensional time

kinetic temperature [K]

variance of temperature fK

velocity [m ']

specific internal energy [frs?]

volume [m]

diffusion velocity of speciek [m 7]
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weight of nodg [m]
molecular weight of specids
space coordinate [m]

mole fraction of specids

mixture fraction

variance of mixture fraction

Greek symbols

b
g
G
G mix

DHY,

soot coagulation function fhkg™® s7]

normalized heat loss

mixture fraction diffusivity [m s']
mass diffusivity of specidsinto the mixture [kg m s7]

turbulent viscosity [kg M s’]

specific formation enthalpy of speciefm?® s?|
dissipation rate of kinetic energy {rs’]
turbulent kinetic energy [frs?]

thermal conductivity [J thK™ s7]

molecular viscosity [kg ths]

stoichiometric coefficient of specie# reaction

density [kg ]

Stefan-Boltzmann constant [J%s* K™]

stress tensor [kg s?]

weighted abscissas of nodgn?]

viscous tensor [kg ths?]



chemical time [s]

Kolmogorov time scale [s]
micromixing time scale [s]

residence time [s]

molecular viscosity [fs?]
enthalpy defect [J kj
soot mass fraction

number of soot particles per unit mass of gas [kmd] kg
scalar dissipation rate’{s

generic scalar variable

mass formation rate of speciefkg m? s

mass fraction of specids
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Appendix A
Non adiabatic steady laminar flamelet

library

The governing equations of steady laminar flamelets are egpartd briefly discussed in
the following. Some details about the numerical methods employékédiorsolution are given and

the methodology adopted for the construction of the flamelet library is atirau.

Governing equations of steady flamelets

The steady laminar flamelet equations can be derived froneghations describing the
counter flow diffusion flames, by adopting an appropriate tramsftion from the physical space
to mixture fraction space (with as the independent variable). The mathematical procedureeand th
assumption needed for such transformation are describdd3ngnd [LO7] and are not here
repeated. In the present thesis a simplified set of the miktacdon space equations is solved,
according to the suggestions reported 103. In the following the conservation equations of

species and energy in the mixture fraction space are summarized:

1 d’w

=rc +W, =0 k =1,... Al

2 dz? We Ns (A1)
2 NC ¢ NS

18T 1 aw st 9%, T, M AT, (A2)

27 dZ? Cp oy 2C, dz ., "“dz dz

The boundary conditions for the fuél)(and oxidizer Q) sides are:
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- . W ="o
Oxid d =0 ’ A.3
xidizer side Z = 0) TeT, (A.3)
, W =W e
Fuel side Z = 1 ' :
uel side ¥ )T:TF (A.4)

In the Equations reported above, is the scalar dissipation rate, which must be modeled

across the flamelet. In the present thesis, the following ssiore [/ 3] is assumed, which is an

extension of a simpler expressi@¥[to variable density flows :

3 /‘70_‘_1
c(z)=2 17
LY
r

where ag is the characteristic strain ratetfc * is the inverse complementary error function and

2

exp(- 2 erfc*( 22) ? (A.5)

I, is the density of the oxidizer stream.

Extension to non adiabatic combustion
The extension to non adiabatic combustion requires the introdwéttbe enthalpy defect,
which is defined as the difference between the actual entlalgythe enthalpy for an adiabatic

flame:

fa=H- Ho- Z(Ae o) (A.6)

where ﬁo and ﬁF denotes respectively the enthalpy of oxidizer and fuel streaset of laminar

flamelets profiles, at different scalar dissipation ratesst be calculated at several fixed values of
enthalpy defect. The profiles are organized in shelves, whereskelfltontains entries referring to
values of g, ranging from equilibrium to extinction, plus the pure-mixing (@rthstate, and each
shelf refers to a different value of enthalpy defect. Assurtiaghypotheses of equal diffusivities,
it is relatively easy to calculate the new flameletfijgs corresponding to the assigned enthalpy

defectf,, . If the same value of the enthalpy defect is enforced atthetfuel and oxidizer sides,

the enthalpy defect is uniform across the whole flamelet.
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Many commercial codes assume that flamelet species praile unaffected by heat
defect, which means that for each enthalpy defect in the larilerary the species profiles are
assumed to be the same for the adiabatic flamelet; onlgtipgetature profile is updated, using a
simplified approach, which avoids to recalculate a new seflaofielets 16, 99. The main
disadvantage of this approach is that the effect of thelbesds on the species mass fractions is
not taken into account. On the contrary, in this thesis for eachlpyttiefect the flamelet profiles
(both for temperature and mass fractions) are recalculabed $cratch. This approach is very
accurate, but requires the calculation of a very large numb&nohar flamelet profiles. For
example if ~10 enthalpy defects are considered and for each of~B@rflamelet profiles are
generated, the overall number of flamelets to be generated is ~200.

In Figure 98 the resulting organization of the library is reported.

Figure 98.Non adiabatic flamelet library structure.

Transient solution method

The overall model consists of a differential system of the eroation equations with
boundary conditions for the dependent variables. The numerical sobftithe overall system
corresponding to differential equations (A.1) and (A.2) requiegBqolar attention. In the present
thesis the equations (A.1) and (A.2) are solved in a tranfsient which is obtained by adding the
corresponding time derivatives, in order to obtain a parabgite of partial differential
equations, rather than an ordinary differential equation bounddug wystem. The transient
equations are reported in the following and are solved for auihieh is long enough to reach

steady state conditions:

Tw, _1 T _
rﬂ—'/?—arc —ﬂzmﬁ +W, k =1,...Ng (A.7)
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2 NC - NS _
oL T aw, s+ are 1%, e, W 1T (A.8)
t 2 9Z2° Cp .y 2C, iz o 12 1z

Finite difference discretization

The equations reported above are discretized by means of a nonmusifatial grid, in
order to obtain a system of ordinary differential equations. athepted discretization uses

conventional finite differencing technigues for non-uniform mesh spacing:

Wi~ Wi Wim Y

WJ:EC; X % %7 Fa (Mo N (A.9)
it 2 E(X X 1) r
2 J+ j -
T T T- T NC
i1 im -1
i Hi W ~ |cen
T[TJ _ 1 Xj+]_' )S )S- )J( 1 ko1 K, j" K, J o NS R T“/,/k cen 1'|T cer
o201 T e o8 + Coirt| o (A.10)
. E(Xlﬂ' Xj—l) FCy 26, T2 |,— DU "4 S V47

where the first derivative are discretized using the central €lifééng scheme:

cen

A4
9Ix

Xj+l_ X

' X 2% X1 ¥ Xa
- J Y Y g A1l
PO o) T e W0 )T (e (ke i) A4

Non adiabatic flamelet library construction

After flamelet generation, the flamelet profiles are contadl with assumed-shape PDFs
and then tabulated for look-up in the CFD code. The instantaneousofadng state quantity

inside a flamelet can be expressed as a function of the mfrtéictnZ, the scalar dissipation rate
and the enthalpy defe€, :

Yy (Ze of ) (A.12)

The corresponding mean value can be obtained by introducing the joinP(’DEst,fH) :
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— ¥ ¥ 1
Y=4,.4 (Ze of w)P(Z & ) WZcd f &y (A.13)

In presumed PDF approach, a shape for the joint-FFE(lZ, Cst!fH) is assigned on

empirical basis. Many experimental and numerical evidentés 99, indicated that mixture
fraction and scalar dissipation rate are statisticallyependent. According to the suggestions
proposed by Bray and Petetd], the joint-PDF can be split in the product of three PDF's of a

single variable:

P(Z coufy) = P(2)xPlc o) H( 1) (A.14)

According to Bilger 13], the result of integration with respect to the mixture foactis
relatively insensitive to the details of the PDF shapi,isf chosen on physical grounds. Usually a

-PDF or a clipped Gaussian PDF are adopted. The integratibnrespect toc, is not a

problem, as all evidence unanimously indicates a log-normal distribéor the shape of the
associated PDF. The enthalpy defect PDF is usually assumedtDibec delta function centered

on the local mean value of enthalpy defé¢{92).

The -PDF
The -PDF is the most used approach for modeling the mixture fraciofy ®hich is

described by the following function:

1 1 A
0Zf"'l(l- Z)'D'1 dz

wherea andb are two non-negative parameters and are related to the fheand the variance

Z'? of the mixture fraction, calculated by the solver:

z(1- 2)
a=z -V "1 (A.16)
Z 2
b=(1- Z) M 1 (A.17)



210 Appendix A

In general the distribution is asymmetric, but approachegmanstric Gaussian shape

when the ratios/;/z and\/;/(l- Z) are small.

The Clipped-Gaussian PDF
The clipped Gaussian PDF is based upon the clipping of a Gafiss@ion so that the

probability is finite only in the allowable region of mixtureadtion. A clipped Gaussian PDF

contains a Gaussian distributia®(Z) for the turbulent regio@<Z<1 and Dirac delta functions

for the intermittent appearance of unmixed fluida® andZ=1. In Favre form it is given by:

P(2)=a,0(2) {1 -a, -a,) GI(Z) va d (1-2) (A.18)

G

whered(Z - Z,)is the Dirac delta function centered4rZ,, whose integral is unity Z=Z, and is

zero otherwise; the variable, is defined as:
o= G(z)dz (A.19)

the unknown free parametees, a, and varianceg of the Gaussian distribution, which are

function of the mearZ and the varianc& ? of the mixture fraction, can be evaluated using the

computationally inexpensive method suggested by Cl&dty [

2 2
1- Z

o2 £ 1- 27
g=min Z“, > 5 (A.20)
1 (z- 2) -7
exp - or -——
209 29 Jg (A.21)
G(2)=
Z- 7
0 f > 2

Jo



Non adiabatic flamelet library 211

e (= 2) (A.22)

2 e y (A.23)

The log-normal distribution

The log-normal distribution is largely used for describing B of scalar dissipation
rate:

2

1 1 1 cy S°
P = - In=st- 2
(c) V2o seq P o5z e 2 (A.24)

where it is assumed that=2 (according to the experimental results by Sreenivasah[126]).

Numerical integration

The numerical integration with respect to the enthalpy defgas straightforward,
because the associated PDF is simply a Dirac delta function:

¥ ¥

;: ¥ 0 é/(z’cst[ H)XP(Z)R(' sg/( ul- H)dedéth ;

(A.25)
"y (zeara)P(2) P L) zd

On the contrary, the numerical integration with respect torhgure fraction and the
scalar dissipation requires attention and must be performed in an aeotaexpensive way:

¥

=y leeut JRDR )z 2 e ) (@ ) KT W

(A.26)

Integration with respect to ZLet us focus the attention on the evaluation of the integral
1

Oy (Z,cstf H)><P(Z) ©Z with respect the mixture fraction. For the clipped Gaussian fPBF
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numerical evaluation of such integral is relatively simplee to the absence of singularities and
can be obtained using the usual quadrature form@gsHowever, while the formulation of the

PDF looks simple compared to the clipped Gaussian, the need to numericallyretbarintegral
reported above can be computationally expensive. The numeniegration of the -PDF
encounters difficulties due to the singularity problem dteeithe oxidizer sideQ) or the fuel side

(F), depending on the parametarandb, and the overflow problem when the PDF parameters are

sufficiently large:

1
y|zZ.cgfu)b (2) ¥z
1y(Z,cstfH)><P(Z) dz =0 ( = ‘ (A.27)
0
0b(z)xdz

where b(Z)=z**(1- Z)b'l. Liu et al. [83] suggested to evaluate the integrals at numerator and

denominator by using the following approximate solution, which remthesingularities at the

boundaries of the integration domain:

1

| (2)b(2)dz= G (2b(dz i (F6(3 ez S ( p( Y@z

0 l-e

A v (A.28)

@uZ+ " i(2)6(2)0ri

where e is a small parameter (which is usually assumed tbofd and j (Z) is a generic function

which corresponds tg/ (Z,cstf H)for the integral at numerator and fofor the integral at

1-
denominator. The integral | (z)b(Z)dzcan be now numerically calculated using the
e

conventional quadrature formula&?].

Integration with respect to. The integration with respect to,, is simpler to perform. In

this work the approach suggested by Marracino and Le8@hig adopted. From the (A.26), after

the integration with respect ¥

¥

r=Pleeay (2o 4 PRz 5wz b Jat oo @2
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The integration range irr, is split intoL subranges[ Cl 121 Cis 1,2], with 1=1,2,... and
¢.1» =0, such thatc, can be considered a representative value for the corresponding interval. The

integral is evaluated by the following approximation:

¥ w2 L Ci1/2 2
, H(cst,Z,Z ,fH)P(c o) & o= ) H(: wZ 2, H) B Jd @
— 1-1/2
N (A.30)
2 Civ1r2
@ H(cst,Z,Z fH)

P(C st) ¢ &
=1 G2
The approximate evaluation of the integral reported above iscaptputationally

expensive and is accurate even with a limited number ofpointhe ¢ -space, contrary to the

large number needed in tAespace. Now we need to evaluate the integrals:

Claa/2 Cayz 1 1 1 Cyq S

Plcg)deg= —_— exp - — In "
G112 ( S) s CLuz 2P SCy 252 Cyg 2 s

(A.31)

where P(cy) is usually assumed to be a log-normal distribution, already ezpart(A.24). By

2
introducing the running integration variabj@\/_% In%- 57 , the integral (A.31) becomes:
S st
Gz 1 1 5 1 G 2
_ expl - dc.= — exg- d A.32
C-12 @scst p( 7 ) st \/,E G112 F( 7 ) 7 ( )

The integral reported above has an analytical solution, which is given by

1 % 1
= / exp('qz)dq: 5 erf (q.a2)- erf(q. 1) (A.33)

whereerfis the error function and:

2
1 InSizv2 S~

Qir12 = s e 2 (A.34)






Appendix B
Unsteady counter flow diffusion

flames: mathematical model

The numerical solution of the counter flow diffusion flames desed in Chapter 6 is
obtained by solving the unsteady conservation equations of mass, momgpégies and energy.
In the following the governing differential and algebraic eiquet used in the present thesis are

derived, summarized and briefly discussed.

Governing equations of counter flow diffusion flams

Since the counter flow diffusion flames investigated in thesgare work consist of two
concentric, circular nozzles directed towards each other, thiimgsgeometry is axisymmetric.
Therefore the conservation equations of mass, momentum, speuwesn&rgy are more

conveniently written in cylindrical coordinates, exploiting the symmaibyut the axis.

Conservation equation of mass
The mass conservation equation, already introduced in Chapter 1, in cylindodihates
becomes:
ir 1 11
—+—(ru)+=—(rxv) 0 B.1
v U Rt (L) (B.1)

From the hypotheses thaand depend omx only, it is possible to obtain:

2 rw) =2 £ (x) (8.2)
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where f (x) is a function of x only. The Equation (B.2) can be integrated ierdal obtain the

relation between the radial component of veloegitand the radial coordinate:

v=f(x)xr (B.3)
v _ _V
o= 0= (B.4)

Substituting the (B.2) and the (B.4) in the continuity equation, we obtain:

fir .9 v _
P +ﬂx(ru)+2r ; =0 (B.5)

If we define for convenience the following two functions:

F(x) =f—2“ (B.6)
G(x)=-2Y (B.7)

the continuity equation can be expressed as:

r F
6. T (B.8)
It X

Conservation equation of momentum
The equation of conservation of momentum, both in axial and in radegltidins, can be
derived from more general equations, reported in many textbtbdks [

In the axial direction, the equation governing the conservation of momentum is:

(B.9)

where the components of the stress tensor are defined according ttothmdpéxpressions:
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fu 9v
t,=-m_—+— B.10
o (B.10)
- 2
t,=-m2—-
w = m % 3 u (B.11)

Substituting the expressions of, and ¢,, reported above, the following equation is

obtained:

/‘UE:- E+ i1 rmﬂ/ +—ﬂ m 2@- N u (B.12)
X @ r9r G ¢ x 3
If the (B.4) and the (B.6) are used, after some rearrangements, we obtain:
WP e F2mV, T 4T 4v (B.13)

I x r _r‘ﬂxﬁ 3Mx 3r

Substituting the (B.7) and the (B.8) in the equation reported aldw/éinal version of the

conservation equation for the axial component of moment follows:

P_ el F o, 1 1F 49, 1F F (B.14)
ix ix r xr x 319X Ixr X

The conservation equation of momentum in the radial direction is:

PRV TP Iy %q., ¥ o (B.15)

t,=-m ZK- —?N u (B.16)
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Loy =~ 2%— N (B.17)
t,=-m W, v (B.18)
fr

r uﬂ+vﬂ =-E+E—ﬂ m ZEI-—QNU oY ﬁ Ut a mE/ (B.19)
™x qr r r% ¥ 3 ror 3 b | bl
After some rearrangements, the following equation is obtained
2
1P_1 2FFF 3 F° 1 9 1F (B.20)
re % r % r %K *  *r W
. . L . 1P 1P
From the conservation equations (B.14) and (B.20), it is evldiahtbothﬂ— and _ﬂ_
X rqr
depend on the coordinatenly:
f 190 _197 1P
- -  ==_ = =0 .
™x rqr rv¥ % (B-21)
This means that the only possibility is:
1P =const (B.22)
rqr

whereH is an eigenvalue of the resulting system (not to be confusbdihve enthalpyi—] ). As a
consequence and after some rearrangements, the equation ovatmseof momentum in the

radial direction becomes:

L om 2 2l 24 2G% H=0 (B.23)
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Conservation equations of species
The conservation equations of species have the usual form, whichlrmgady introduced
in Chapter 1:

r ﬂﬂ—'/ihu"lﬂ—':'f =-ﬂ—1L(fWka)+Wk (B.24)

If the definition of variabld- is used, the conservation equations become:

mg (2F T _ T
r o + O ﬂx(erVk)+Wk (B.25)

Conservation equation of energy

The conservation equation of energy can be obtained from thecggimethe general form
introduced in Chapter 1. Since the Mach number in counter flow diffdEmes is very small, we
neglect the terms associated to the viscous dissipation andpi@fserre. Moreover the kinetic and
potential energy can be neglected. Under such assumptions, usicanfsevation equations for

species (B.24), the energy equation becomes:

LT T 09T NC qT e
¢ T, v
T o +u‘ﬂx w w7 k:lCFW Srv HW (B.26)

If the definition of variabld- is used, the conservation equations become:

~ T, 2FMT _ 9, 9T NC L a NC .
Co —+—— =— /[ — Cw M—- HW :
rCp It + vl v - . Vi ™ o k (B.27)

Governing equations for counter flow diffusion flames
The overall model consists of system of differential and aigelequations, corresponding
to the conservation equations and the boundary conditions for the deperat@ables

(G, F,H, 1 ,T). The equations are summarized in the following in a form whidhoeiexploited

for their numerical solution:

ﬂ_r:Z G-E

m ™ (B.28)
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.1 16 L1 FG, 3, 4o (B.29)
m ™ X r ™ r r
1P = const (B.30)
rqr
T o 2Ffw 1 1
i vl ﬂx(rwkvk)w ’ ke 1,..NS (B.31)

m__2F9T, 1 9 9T

4 == 0

—-— C Vi— —— HY B.32
1t rx rCofx X Copy KK “ ( )

x rG iz

Boundary conditions
The boundary conditions for the fuél)(and oxidizer Q) streams at the nozzles are:

E= I gUe
2
Fuel side k= 0) G=0 (B.33)
T=T.

rwr tw V=),

F=/'o%
2
Air side x=L) G=0 (B.34)
T=T,

rw tw N, = wr k)o

The boundary conditions for each chemical species specifiestothé mass flux
(accounting for diffusion and convection), rather than the spé@eson, as adopted in previous
works [|1]. If gradients exist at the boundary, these conditions alléfwsiton into the nozzle and

therefore they are able to warrant a more accurate description.
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Finite difference discretization

The overall model consists of a differential system of the eroation equations with
boundary and initial conditions for the dependent variables. Thialpdifferential equations
(B.28)-(B.32) are discretized by means of a non uniform spatidl @iscretization of the
differential equations uses conventional finite differencinghnéues for non-uniform mesh
spacing. Diffusive terms use central differences. For betiavergence, convective terms use

upwind differencing, based on the sign of the axial convective velocity:

- Vi Vi if F,>C
W™ % %
x| oy B.35
ﬂj y]+ly] |fFJ£( ( )
X X:

R

where the subscrifitis used for indicating thg" point of the grid and is a generic
variable. The convective terms can be also written usingcémeral differencing scheme for

improving the accuracy:

Xju - X

TU/ cen - - 2
yl_l(xj‘ Xj-l)(>ﬁ+1‘ % 1) +y,( )

M SV S (B.36)
(%97 (e (ks o

The continuity equation is used as an algebraic equation for @mgluhe auxiliary

variableF. The continuity equation can be discretized as:

ro-r G+G F- F
=2 == (B.37)

where the superscritid refers to the value of each variable corresponding to théopsetime
step. The conservation of momentum in radial direction igemrias a differential equation for the

auxiliary variable G:

G G G
| | 1 _ 1
m ri+l rJ mlrj le
- upw B.38
16, X X % 1 Fe ™G (8:39)
Tt 1 x r ri !
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The eigenvalue can be obtained solving the additional algebraic equatiomsefvation of

perpendicular moment:

H..-H=0 (B.39)

The species and energy equations are treated as differentiabaguetbm which the mass

fractions and temperature can be obtained:

v, . F. g P AN, - P i),
o =-2r_l_ﬂﬂ_'/)”(@ L e LWL ke LoNS (B.40)
I J J E(Xj-ﬂ- Xj-l)
_Tj+1-T_/_l-|]_ -Ij-'l
upw ] J-
LRNES M VT S S W
it ri W 1, 8
J J E,‘jCP’j(Xj_HL‘ )ﬁ-l) (B41)
1 Ne 1( P 1 1 e
"= S (Vi) + (Vi) )Cpk v 2 HW
Cojka 2 ! XL Gy

In the Equations (B.40) and (B.41) reported abovg,; is the mean density between the

pointj+1 and the poinf:

1
4y 25(/’ jn ¥ j) (B.42)
The prOdUC1(I/Lf<Vk)j between the mass fraction and the diffusion velocity is calculated as:

W, Xk,j+1 - Xk,j

ki
Wias — Xpa= X

(mVvi), =-G (B.43)



Appendix C
BzzDAE class

Before addressing differential-algebraic equations (DAE} warth spending some time
on the numerical algorithms for the solution of ordinary déffitial equation (ODE) systems. As
the ancestors of DAE packages, ODE solvers share seeetdigpities and a common theoretical
background with them. Starting froBIFSUB [52] and passing tG6EAR[63], LSODE[64], VODE
[22, 29 and BzzOde [27], the improvement in terms of the features and capabilitic® DE
solvers has been continuous, mainly in terms of robustness aciéreffi. As far as the DAE
systems are concerned, besides the well-kno8@DI routine B4], the most recent decades were
characterized by the evolution of the DASSL routii®Z into DASPK[23] and by the
introduction of BzzDae [90]. BzzMathlibrary [25, 2§ comprises the afore mentioned
BzzOde andBzzDae C++classesBzzMath is freeware for non commercial use and can be

downloaded directly athttp://www.chem.polimi.itthomes/gbuzziwhile a more complete

discussion is reported elsewhe8] 33, a rather concise description of the main features of

BzzDae solver is reported in the following.

BzzDae integrates DAE systems in the form

(C.44)

On the robustness sidg@zzDae is characterized by the following features:

1. According to Brenaret al. [19] and Brownet al. [23], BzzDae normalizes the algebraic
portion of the Jacobian matrix through a simple a priori divisiom.byith reference to

matrix G, theBzzDae formulation exploits the following structure:
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1 - hroﬂ—]cl hroﬂ—fl
G= - ﬂyl ﬂYZ (C 45)
= 1f, 1, '
v, 1y,

where y, and y, are the differential and algebraic variables vitbeing the step size and
ro the first coefficient of the BDF metho&2]. This simple normalization significantly
improves the robustness and precision of the solver.

2. If the model variables are physically bounded, the solver detiscamnstraintsDASPK a
common Fortran routine, allows the user to assign a non negadifae sonstraint to the

solution vector y throughout the integration path. This option has been extended in

BzzDae, where the user may simply assign maximum and/or minimumreanstectors.
The solver automatically handles the constraints, taking at to violate the assigned

bounds. The control is performed before passing any illegal védudse DAE system

routine. The correction vectds is accepted only when the non linear system, resulting
from the DAE problem, is accurately solved to the assignedispwa and wheny
simultaneously complies with the constraints. As a result,DIRE function is always
computed with safey values and math errors are avoided a priori.

3. As suggested by Brena al.[19] the order is reduced when the elements of the Nordsieck
vector are not decreasing.

4. Both the order and the step size are reduced when there are convergelecesprob
The integration order is automatically reduced to oneBurDae restarts from the last

successful convergence point when repeated convergence failuref28c@f.

The following features contribute to the efficiencyBzizDae :
1. Droplet combustion, similar to most of the DAE chemical problemshasacterized by a
relevant number of equations and by the need to numerically evétiealacobian matrix

J . Therefore, function evaluations have the greatest impactPh titne. The Jacobian

evaluation becomes more and more exacting when the equation numleasescr

BzzDae uses a distinct memory allocation for the Jacobian matrixitan@ctorization

G :(L- hrog). A direct consequence is an overall improvement in efficienaesivhen

either a different step size or a method order is chosen, theeensed to reevaluate the
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Jacobian matrix and then superimpose its factorization, whigyisred by the non linear
system solver based on the Newton method.
BzzDae uses the following criterion for updating the Jacobian matrighécks whether

J should be updated through the following equation:

Yia @'y ® Ky ) (e -t) (C.46)

where ,y' , ¥'.., Y., Y. are the variables at timeandn+1 iterations andf, is the time
derivative of the DAE system. With a large number of equstithne Jacobian numerical
evaluation is rather time consuming, so it is advisable l@ydee update ofl as far as

possible. Conversely, if the system has few equations, it is ciemie¢o evaluate] more

frequently in order to increase the efficiency of the Newton method. ObatisBzzDae

updates the Jacobian matrix with a proper frequency dependéntdamension.

DAE systems characterized by sparse and not necessardjustd Jacobian matrices can
be easily solved by exploiting the automatic memory allocatiwmh matrix rearrangement
of the C++ classes. Namely, structured systems with adgodal block structure are

efficiently solved byBzzDaeBlockTridiagonal

The afore mentioned features improve the overall performanttee &zzDae solver not

only when dealing with constrained integration variables, botasler the following conditions:

highly oscillating problems, that is, Jacobian matrix of the ED&ystem with complex

eigenvalues having a negative real part and a large imgg:iaar(Re(/ )<0 and| In{ ) p);

DAE systems with large discontinuities in the derivatives, discontinuous or piecewise initial

conditions or physical propertids;... THEN  structures, code branching.



