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Abstra
tThis thesis presents the development and implementation of the CMCmodelling approa
h for turbulent non-premixed autoignition with par-ti
ular relevan
e to dire
t inje
tion diesel engine simulations.Initially the CMC model is presented. Spe
ial 
are has been taken toderive the 
onditional energy equation in the form of temperature at�rst and se
ond-order. The numeri
al implementation for the 
asesanalyzed is presented afterwards. Various numeri
al integration pro-
edures have been 
onsidered based on the Method of Lines and theOperator Splitting method. Results have been analyzed in terms ofa

ura
y and 
omputational 
ost.Transport equations for the two �rst 
onditional moments (i.e. 
ondi-tional averages, 
onditional varian
es and 
ovarian
es) have been im-plemented in a paraboli
 
ode to simulate autoignition of a n-heptaneplume in a turbulent heated 
o
ow. Results showed that autoignitiono

urs at the `most rea
tive' mixture fra
tion and it is delayed by highvalue of 
onditional s
alar dissipation rate. Also the mixture fra
tionstatisti
s have an e�e
t and in parti
ular the width of the mixturefra
tion PDF, hen
e a

ounting for the di�erent degrees of mixturehomogeneities on autoignition. The e�e
ts of 
onditional 
u
tuationshave been investigated and two methods have been employed: a Tay-lor expansion and a 
onditional joint PDF method. Closure usingthe full set of varian
es and 
ovarian
es in the 
hemi
al me
hanismhas been attempted for the former whereas a simpli�ed formulationbased only on the 
onditional temperature PDF, presumed to be a �-fun
tion, has been used for the latter. The Taylor expansion methodis numeri
ally more eÆ
ient; however, the assumption of small but



still not negligible 
onditional 
u
tuations, ne
essary for the expan-sion, does not allow the method to pro
eed after autoignition. The
onditional joint PDF method 
ould predi
t autoignition and the hotkernel development resulting in a pra
ti
al approa
h to in
lude the
onditional 
u
tuations in the CMC model. The e�e
t of se
ond-order
losure has been found to be negligible if the 
onditional s
alar dis-sipation rate de
ays rapidly; at these 
onditions, a �rst-order 
losuremay suÆ
e. The results are in good agreement with the experimentaldata.The e�e
t of turbulen
e of autoignition has been studied for a n-heptane spray in diesel engine-like 
onditions. Results show that,
onsistent with the experiments, turbulen
e shortens the autoignitiondelay mainly 
aused by a faster de
ay of the 
onditional s
alar dissi-pation rate. Autoignition o

urred at the edge of the spray towardsits tip where the `most rea
tive' mixture fra
tion 
oexisted with lowvalues of the 
onditional s
alar dissipation. The me
hanisms of 
amepropagation have also been investigated.The thesis 
on
ludes with the simulation of a diesel engine 
y
le usingan ellipti
 three dimensional CMC. Results 
ompare favourably withthe experimental pressure tra
es. The level of insight that the CMCprovides makes this model an e�e
tive diagnosti
 tool in the enginedesign pro
ess.The present work provides a numeri
al and theoreti
al frameworkwhi
h 
an be extended in the future with more sophisti
ated modelstreating droplet evaporation, soot predi
tion and 
ame wall intera
-tion in a RANS or LES formulation.
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Chapter 1Introdu
tion
1.1 Motivation of this workThe demand of fossil fuel has 
losely a

ompanied the growth of the industrialdevelopment in our so
iety. Irresponsible exploitations of this energy sour
e arenow posing environmental 
hallenges related with pollutant emission and energyresour
es availability, raising the issue of a sustainable development.Road transport has been identi�ed as one of the main sour
es of environmentalimpa
t both in terms of pollutants (HC, NOx and parti
ulates) and greenhousegases (GHG). Of parti
ular 
on
ern are the CO2 emissions that are stri
tly asso-
iated to the 
ombustion eÆ
ien
y and to the energy ve
tor used. The transportse
tor is, unlike other se
tors, almost 
ompletely dependent on a single fuel - oil.Considerable e�orts are made by legislation to regulate 
ar emission standardsasso
iated to adequate fuel spe
i�
ations to meet the output of Kyoto proto-
ol. However, even if a repla
ement of the fossil fuel might be foreseen in thelong-term, a more eÆ
ient 
ombustion pro
ess has to be pursued now.Experimental and numeri
al resear
h in turbulent 
ombustion aims to providebetter insight into the 
ombustion phenomena, investigate new, more eÆ
ient,
ombustion modes and provide predi
tive tools to assist the design pro
ess. AneÆ
ient 
ombustion mode is diesel 
ombustion, whi
h forms the fo
us of thiswork.
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1.2 Diesel engine 
ombustion1.2 Diesel engine 
ombustionIn the panorama of modern Internal Combustion (IC) engines, Dire
t Inje
tion(DI) diesel engines represent the ben
hmark for the highest energy 
onversioneÆ
ien
y. Combustion is 
ontrolled by autoignition, whi
h is a
hieved due to thehigh temperatures at the end of the 
ompression stroke (alternatively 
alled Com-pression Ignition (CI) engines). The ability to stably burn under lean strati�ed
onditions (i.e. low CO2 emissions) has been the key of its su

ess in the marketin the last de
ade. Nevertheless, pollutants su
h as nitrogen oxides (NOx) andparti
ulates are the results of diesel engine 
ombustion, the reason being the hightemperatures attained during the 
ombustion pro
ess 
ombined with the ex
essof air and the highly strati�ed mixture in whi
h 
ombustion develops.A pi
ture of the `
onventional' diesel engine 
ombustion is given in Heywood(1988). Inje
tion o

urs 
lose to the Top Dead Center (TDC) at the end of the
ompression stroke. After a 
ertain delay due to the evaporation, mixing and
hemi
al pro
esses, autoignition o

urs. A premixed 
ombustion phase follows,in whi
h the fuel evaporated during the autoignition delay burns in a mainly
hemistry-
ontrolled 
ombustion. This phase is responsible for the high heatrelease peak and 
onsequent noise typi
al of diesel engines. A mixing-
ontrolled
ombustion, or in other words a di�usion 
ame, 
omes after the premixed phasein whi
h the heat release rate is determined by the mixing between fuel andoxidizer at high temperature.Re
ent advan
ements in inje
tor performan
e and in engine 
ontrol allowedthe development of new 
ombustion modes. To redu
e the pollutant emissions,Exhaust Gas Re
ir
ulation (EGR), multiple inje
tion and Homogeneous ChargeCompression Ignition (HCCI) be
ame pra
ti
al strategies. The 
ommon groundis an intent to redu
e the 
ombustion temperatures and have a more homogeneousrea
tive mixture. The presen
e of EGR in the ba
kground 
uid rises the heat
apa
ity of the mixture, hen
e, redu
ing the 
ombustion temperatures and as
onsequen
e the NOx. A multiple inje
tor strategy (up to �ve inje
tions par
y
le) aim to 
reate a rea
tive environment to redu
e the premixed phase of
ombustion avoiding high peak of heat release rate whi
h 
ause high temperaturesand allow longer 
ombustion enhan
ing soot post oxidation.
2



1.2 Diesel engine 
ombustionAn alternative and most promising strategy to redu
e diesel pollutant emis-sion is represented by an HCCI type of 
ombustion. A des
ription is presentedin Ryan and Callahan (1996). Opposite to the 
onventional diesel 
ombustion,inje
tion o

urs during the 
ompression stroke and ends before 
ombustion takespla
e. The fuel attains a 
ertain degree of homogeneity and autoignition appearssimultaneously in multiple lo
ations. The heat release rate presents two peaks,one due to the low temperature oxidation (i.e. 
ool 
ame) during the 
ompressionphase and the main one at the 
ombustion of the full 
harge. It results in lowNOx and soot emissions due to the low temperatures attained during 
ombustionand the high degree of homogeneity of the 
harge.In the 
lassi
 view of diesel engine 
ombustion, the initial phase of 
ombustionis mainly 
hemi
ally-
ontrolled due to the rea
tions at high temperatures whileturbulent mixing has an e�e
t during the di�usion 
ame to bring together the re-a
tants. Traditionally diesel engine modelling followed this `
onventional' pi
ture.Phenomenologi
al models were developed, whi
h linked sequentially autoignition(Halstead et al. (1977)) and di�usion 
ame (Magnussen (1981)) models for sim-plisti
 
hemistries. A

urate predi
tions were a
hieved for engineering quantitiessu
h as pressure tra
es and heat release rate even though little 
ould be said onpollutant predi
tion.Moving toward new modes of 
ombustion, whi
h make uses of turbulen
e to
ontrol autoignition, an expli
it treatment of the turbulen
e 
hemistry intera
-tion is needed. In parti
ular for HCCI 
ombustion an a

urate predi
tion of theautoignition delay is essential to predi
t the engine output in terms of engineperforman
e and pollutant formation. Continuous resear
h in turbulent 
om-bustion and in parti
ular in autoignition might give better understanding of thephenomena involved and provide more re�ned tools for a better design or enginediagnosti
.

3



1.3 Turbulent 
ombustion modelling1.3 Turbulent 
ombustion modelling1.3.1 Dire
t Numeri
al SimulationVarious 
omputational tools are now in the hands of resear
her to investigateturbulent 
ombustion. The most a

urate is Dire
t Numeri
al Simulation (DNS),whi
h attempts to solve the Navier-Stokes equations and spe
ies 
onservationequations without any averaging or �ltering pro
edure resolving the ri
hness ofspatio-temporal times
ales, the high degree of non-linearities and the sto
hasti
nature of turbulen
e.Strong limitations pre
lude su
h an approa
h for most 
ows on interest inpra
ti
al engineering appli
ations. In part, the need of a

urate boundary andinitial 
onditions as well as the dis
retization method restri
t the 
omputationalgrid. A detailed des
ription of the 
ombustion 
hemi
al me
hanism is needed.Sin
e all the spatio-temporal s
ales for turbulen
e and 
hemistry need to be re-solved, huge demands are pla
ed on the 
omputer memory and speed. In a nonrea
tive 
ase, the CPU time s
ales as the Reynolds number 
ubes (Pope (2000)).This pla
es severe limitations on the simulated 
ow�eld 
on�guration and 
ondi-tions.Despite simplifying assumptions on the turbulent stru
ture, whi
h in some
ases has been treated as two-dimensional, and on the 
hemi
al me
hanism, of-ten treated as a one-step rea
tion, to redu
e the 
omputational time, meaningfulresults 
an be a
hieved. DNS has be
ome an indispensable tool in fundamentalresear
h to study and identify isolated phenomena, whi
h 
annot be investigatedexperimentally with the same degree of a

ura
y. Furthermore, it be
ame in-
reasingly important in statisti
al approa
hes to validate 
losure hypothesis andmodelling assumptions.DNS have been used extensively to study autoignition in turbulent 
ows, ex-amples are given in Mastorakos et al. (1997a), Sreedhara and Lakshmisha (2002b),Im et al. (1998). To over
ome the limitation of DNS, a number of modelling ap-proa
hes have been proposed to make turbulent rea
ting 
ows more tra
table forengineering appli
ations.
4



1.3 Turbulent 
ombustion modelling1.3.2 Reynolds (Favre) Averaged Navier-Stokes equationsmodellingThe appli
ation of Reynolds Averaged Navier-Stokes (RANS) equations in turbu-lent rea
tive 
ows 
orresponds in solving transport equation for ensemble averagequantities, in whi
h the averages are de�ned as the statisti
al mean over time.For variable density 
ows, as is the 
ase of 
ombustion, the averaging pro
edureis repla
ed by a density weighted averaging. This pro
edure allows the solutionof transport equations for 
ontinuity, momentum, spe
ies and energy in terms ofmean values without resolving the 
u
tuations.Additional terms appear in the equation due to the averaging pro
edure, de-pending on the 
ovarian
e of the di�erent velo
ity 
omponents (Reynolds stress,℄v00v00 with double prime being the 
u
tuation above the density weighted mean)or in the 
ovarian
e of velo
ity with respe
tively spe
ies and enthalpy (turbulent
uxes, ℄v00Y 00 and℄v00h00). Closures are needed for these extra terms. Standardpra
ti
e is adopted in 
hapter 5 and 6 where additional transport equations forturbulent kineti
 energy and its dissipation are solved (k � " model) and theReynolds stress is 
losed using a turbulent vis
osity as a fun
tion of k and ". Theturbulent 
ux is 
losed using a gradient di�usion hypothesis where a turbulentdi�usion 
oeÆ
ient is de�ned in analogy to the laws of mass and energy di�usivetransport of Fi
k and Fourier, respe
tively. As dis
ussed in Pope (2000) theseassumptions are not ne
essarily justi�ed in strongly sheared 
ows. In this 
ase, asreported in 
hapter 4, transport equations for the six 
omponent of the Reynoldsstress tensor and for the dissipation are solved. Additional transport equationfor the s
alar 
ux 
an also be solved (Kim and Mastorakos (2006)).The mean rea
tion rate in the spe
ies transport equation also requires mod-elling. In 
ase of high 
u
tuations above the mean, a the moment method thatuses the mean value of the s
alars to 
al
ulate the mean rea
tion rate be
omesina

urate (Veynante and Vervis
h (2002)). Various 
losure strategy have beenproposed and will be better dis
ussed in se
tion 1.3.4.RANS modelling does not need to resolve all spatial and temporal s
ales ofthe 
ow as opposite to DNS, allowing, in general, faster 
al
ulations and low
5



1.3 Turbulent 
ombustion modellingCPU requirements. Low-order dis
retization s
hemes yield, in turn, to more so-phisti
ated meshes that well reprodu
e the most 
ompli
ated geometries. Thea

ura
y of the method 
learly depends on the validity of the modelling assump-tions. This high 
exibility granted the spreading of RANS modelling in a
ademi
and industrial environment and will be adopted throughout the present thesis.1.3.3 Large Eddy SimulationsLarge Eddy Simulations (LES) attempt to solve dire
tly for the larger s
ales of aturbulent 
ow while �ltering the smaller ones. The �lter dimension is within theinertial subrange of the turbulent spe
trum (Lesieur and Metais (1996)), thereforemodelling for the sub-�lter pro
esses is needed. In turbulent 
ombustion thesein
ludes the �ltered rea
tion rate and mi
romixing. Even if the LES shares thissame short
oming with RANS, as dis
ussed by Pope (2000), in parti
ular for
ows involving strong unsteadiness of the large s
ales, e.g. vortex breakdown ingas turbine 
ombustor, or unsteady separation and vortex shedding behind blu�bodies, LES 
an be expe
ted to be more reliable and a

urate than RANS.LES generally employs higher resolution meshes and more a

urate dis
retiza-tion s
hemes than RANS. Sophisti
ated initial 
onditions are in general requiredas well as long simulation times to a
hieve enough statisti
ally independent sam-ples for a proper 
omparison with experimental measurements. Given the un-steady nature of autoignition and its strong dependen
e on large s
ale motions(i.e. intermitten
y) and initial 
onditions (i.e. temperature 
u
tuations at theinlet) LES represent a very interesting tool to study autoignition as also demon-strated in Jones et al. (2007).Model of 
omplex geometries, with unstru
tured mesh, for real industrial ap-pli
ations has been re
ently a
hieved with LES as has been presented in Boudieret al. (2007) in 
ase of a gas turbine 
ombustor. Its appli
ation in IC enginemodelling is also promising given the possibility to resolve the 
y
le-to-
y
le vari-ability not a
hievable with RANS (Ri
hard et al. (2007)). The appli
ation ofLES for industrial appli
ation is far yet to be mature. DiÆ
ulties still arise in thetreatment of the near-wall regions, in whi
h the high level of re�nement requiredmakes the simulations 
omputationally very 
ostly for IC engine 
al
ulations as
6



1.3 Turbulent 
ombustion modellingfor 
on�ned 
ows in general. The variable boundaries, furthermore, representedby the valve and piston motions, in
rease the 
omplexity of the problem. Atpresent, engine modelling requires the sequential use of several 
omputationalmeshes whi
h get distorted and the solution interpolated on the new one overtime. Despite the 
hallenges involved, LES is expe
ted in the near future to havea mu
h broader use in industrial appli
ations as a diagnosti
 tool although itsemployment in produ
tion 
al
ulation is still limited by the long 
omputationaltime required.1.3.4 Rea
tion rate 
losureIn turbulent rea
ting 
ows the 
hemi
al rate of rea
tion spans, in general, a broadrange of times
ales that, in some 
ases are of the same order than the 
ow physi
altimes
ales (Peters (2000)). When the times
ales are 
omparable, it is expe
tedthat 
hemistry 
an not be treated as separate from turbulen
e. Turbulen
e isasso
iated with s
alar 
u
tuations. Closure of the mean/�ltered rea
tion ratebased on mean/�ltered spe
ies mass fra
tions, i.e. negle
ting turbulen
e e�e
ts,
an therefore yield erroneous results given the strong non-linearities of the 
hem-i
al sour
e term Borghi (1988). Closure for the rea
tion and mi
ro-mixing e�e
thas be
ame one of the most 
hallenging problems in modelling turbulent rea
ting
ows.Di�erent regimes of 
ombustion have 
ommonly been 
lassi�ed a

ording tothe state of mixedness and on the relative time-s
ales of 
hemistry and 
uid me-
hani
s (Bilger (1980), Borghi (1988)). It is worthwhile to re
all that in dieselengine 
ombustion di�erent degrees of 
harge homogeneities are a
hieved (Con-ventional DI diesel engine, HCCI) and using EGR or early inje
tion strategies therea
tion are slow due to the low temperature and the 
hemi
al and 
uid me
han-i
al times
ale at autoignition are expe
ted to be strongly 
oupled. For pra
ti
alappli
ations, the need for a universal model able to span the di�erent regimes of
ombustion is emphasized.Flamelet models derived in Peters (1984), Peters (1986) and reviewed in Pe-ters (2000), have been applied to both premixed and non-premixed 
ombustionalthough in present work it will be referred only to the latter. Flamelet theory
7



1.3 Turbulent 
ombustion modellingis appli
able to 
ombustion regimes 
hara
terized by high Damk�ohler numbersde�ned as the ratio between turbulent and rea
tion times
ales. In this 
onditionsthe thi
kness of the 
ame is small 
ompared to the dimension of the eddies in the
ow and the 
ame 
an be treated as a lo
ally one-dimensional laminar 
ame sheetembedded in the turbulent 
ow. It is a 
onserved s
alar approa
h, in whi
h thestate of mixing of the 
uid parti
le is expli
itly 
onsidered by the PDF of a s
alar(i.e. marker) whi
h is 
onserved during the rea
tion pro
ess. Transport insidethe rea
tion zone is governed by mole
ular mixing, parameterized by the s
alardissipation rate. Despite the limited validity of the model due to the hypothe-sis made on the topology of the rea
tion zone, 
amelets have been su

essfullyapplied in spray autoignition (Yu et al. (2001)) and in diesel engine 
ombustionover a wide range of operating 
onditions (Pits
h et al. (1996)). It is worthwhileto mention the work done in the Eulerian Parti
le Flamelet approa
h (EPFM) inwhi
h multiple transient 
amelets are employed solving an additional transportequation to obtain the probability of �nding the 
orresponding 
amelet in ea
hCFD 
ell (Hergart and Peters (2001)). A two-mixture fra
tion formulation hasalso been derived to model split inje
tions problem that 
ould not be treatedotherwise given the la
k of intera
tion between the di�erent 
amelets (Hasse andPeters (2005)). Additional work in the 
ontext of the 
amelet have been re-
ently done by Lehtiniemi et al. (2006) to add the e�e
t of transport in physi
alspa
e, absent in a 
lassi
al 
amelet view, using a progress variable 
on
ept. Itis worth to mention the work of Blanquart and Pits
h (2005) and Pits
h et al.(2003) who attempted to model s
alar dissipation rate 
u
tuations through theuse of a sto
hasti
 approa
h respe
tively for autoignition and 
ame with lo
alizedextin
tion/reignition.The Conditional Moment Closure (CMC) independently derived by Bilger(1993) and Klimenko (1990) and later reviewed in (Klimenko and Bilger (1999))is a 
onserved s
alar based approa
h in analogy with the Flamelet method abovepresented. However, no assumption on the topology of the rea
tion zone wasmade in its derivation whi
h generalizes its use to a broader range of turbulentrea
ting 
ow problems. A detailed des
ription of the di�eren
es between the twomodels 
an be found in Klimenko (2001). It is important to underline that CMCallows an expli
it treatment of the spatial transport using an ellipti
 formulation
8



1.3 Turbulent 
ombustion modellingwhi
h, in turn, allows the modelling of lo
alized phenomena su
h as spatial vari-ation of the s
alar dissipation rate important in autoignition simulations (Wrightet al. (2005)), edge-
ame stabilization (Kim and Mastorakos (2005)) and prop-agation (Ri
hardson and Mastorakos (2007)) and not less important in enginemodelling, droplet evaporation and wall e�e
ts. The use of a higher-order 
losureallow to in
lude the e�e
t of 
onditional 
u
tuations, whi
h are signi�
ant in
ame with lo
alized extin
tion/reignition and in autoignition problems. Devel-oped for non-premixed 
ombustion CMC 
an be used for premixed and partiallypremixed systems given a suitable de�nition of progress variable (Swaminathanet al. (1997), Bilger (2004)) or double 
onditioning (Kronenburg (2004)). CMCsolves transport equations for 
onditional average mass fra
tions of s
alars, the so-lution domain 
onsists, therefore, of �ve independent variables respe
tively time,spatial 
oordinates and 
onserved s
alar spa
e. The in
rease in 
omputationaltime with respe
t to the 
amelet approa
h is evident. Its appli
ation to enginesimulations is 
riti
al upon a

urate and eÆ
ient solvers as dis
ussed later in thisthesis.The transported Probability Density Fun
tion (PDF) model, developed byPope (1985) and later reviewed by Pope (2000), shortly 
alled PDF method, al-lows a general des
ription for most types of turbulent rea
ting 
ows. Solvingtransport equation for the joint PDF of 
omposition and velo
ity the 
hemi-
al sour
e term appears in a 
losed form whi
h is the main advantage of thismethod. However, the mi
ro-mixing term remains un
losed. Even though thePDF method have attained a 
ertain degree of maturity, resear
h is still a
tive inthis dire
tion. To solve numeri
ally the joint PDF transport equations, numeri
alintegrations based on sto
hasti
 methods have been employed. Referen
e for alagrangian Monte Carlo approa
h is reported in Pope (1985) whereas the EulerianSto
hasti
 Field method is des
ribed in Vali~no (1998) and Mustata et al. (2006).The use of a sto
hasti
 methodologies imply a high number of realizations toa
hieve a statisti
al 
onvergent solution whi
h makes this method one the most
omputationally expensive. The use of a deterministi
 solution for the 
ow �eld,
ombined with a sto
hasti
 solution for the 
on
entration joint PDF or for thejoint velo
ity and 
on
entration PDF (Pope (1985)), allows to redu
e the numberof statisti
al realizations needed, furthermore re
ent advan
ement in 
hemistry
9



1.4 Obje
tive of this studytabulation (i.e. In Situ Adaptive Tabulation (ISAT)) have �nally allowed the useof this method for a variety of turbulent rea
ting 
ows. Examples of transportedPDF method employed to model autoignition 
an be found in Lakshmisha et al.(1992) and more re
ently in Blou
h et al. (2003), Gkagkas and Lindstedt (2007),Jones et al. (2007).1.4 Obje
tive of this studyThe present work aims to study turbulent autoignition in inhomogeneous 
owsand to provide an a

urate and numeri
al eÆ
ient tool 
apable to predi
t tur-bulent non-premixed 
ombustion, with spe
ial emphasis on diesel engine simula-tions.Asymptoti
 analysis (Li~nan and Crespo (1976)) and DNS studies (Mastorakoset al. (1997a), Sreedhara and Lakshmisha (2002b), Im et al. (1998), E
hekki andChen (2003) as examples among the works proposed) have attempted to des
ribethe topology of the autoignition spot. It has been re
ognized that turbulent in-homogeneous autoignition o

urs at a well de�ned mixture fra
tion 
alled the`most rea
tive' for low valued of 
onditional s
alar dissipation rate. The 
u
tua-tions of the 
onditional s
alar dissipation rate also have an e�e
t on the evolutionof autoignition following the work done by Mastorakos and Bilger (1998) andBlanquart and Pits
h (2005).The Conditional Moment Closure method resolves expli
itly mixture fra
tionspa
e giving an a

urate modelling of the mi
ro-mixing. Using a higher 
ondi-tional moment formulation allows to in
lude the e�e
ts of the 
onditional s
alardissipation rate statisti
s. CMC represents, therefore, a very promising approa
hto study autoignition and will be used throughout the present thesis. Detailed lit-erature review on turbulent in-homogeneous autoignition in jet and spray as wellas on the various modelling approa
hes is reported in the appropriate 
hapters.The CMC transport equation are derived in 
hapter 2 following Klimenko andBilger (1999) at �rst and se
ond-order 
losure. Spe
ial 
are has been taken inthe derivation of the 
onditional temperature transport equations, in
luding thee�e
ts of variable spe
i�
 heat 
apa
ities, and new additional terms have been
10



1.4 Obje
tive of this studyderived for both �rst and se
ond-order. Chapter 3 des
ribes the numeri
al meth-ods employed to eÆ
iently implement the CMC 
ombustion 
ode 
oupled witha CFD solver for transient 
al
ulation. Chapter 4, by means of a well thoughtexperiment intends to investigate the 
apability of the CMC to model turbu-lent in-homogeneous autoignition in gaseous fuels. The e�e
ts of the statisti
sof mixture fra
tion and the use of a se
ond order 
losure are 
arefully investi-gated. Chapter 5 presents the appli
ation of CMC for a transient spray-driven
ombustion in a diesel-engine like environment, in whi
h the physi
s highlightedin 
hapter 4 
an be reviewed in terms of a spray simulation. Chapter 6 
losesthis work with an example of diesel engine 
ombustion, whi
h demonstrates thepra
ti
al usefulness of the methods and solvers developed in this work.All the simulation performed used an unsteady-RANS approa
h. The trans-port equations derived for the 
onditionally �ltered spe
ies mass fra
tions in theframework of CMC with LES (Navarro-Martinez et al. (2005)) are analogous tothe one derived in a RANS approa
h. The 
ode developed here 
an, therefore, be
onsidered more general and appli
able to a broader range of turbulen
e treat-ment, given an a

urate validation of the sub-models used. The use of the presentsolver in a LES framework is not yet mature and is matter of future resear
h work,however we feel that most of the ba
kground numeri
al work has been 
ompleted.

11



Chapter 2Conditional Moment Closure
2.1 Chapter obje
tiveThe s
ope of this 
hapter is to present the Conditional Moment Closure (CMC)equations and 
losures as will be later implemented in 
hapter 3. Using the de-
omposition methodology as in Bilger (1993), new transport equations have beenderived for the 
onditional temperature, its varian
e and spe
ies 
ovarian
es in
ase of variable spe
i�
 heat 
apa
ities. The novelty being that starting fromthe instantaneous temperature equation rather than enthalpy, additional termsappear that are not negligible and might be important in autoignition 
al
ula-tions. Se
ond 
onditional moments modelling is still a young �eld of resear
h inparti
ular for autoignition appli
ations. It is in the aim of this 
hapter to under-line the strengths and de�
ien
ies of the available sub-models parti
ulary for the
onditional rea
tion rate 
losure.The appli
ation of the CMC 
losure to pra
ti
al problems as for diesel engine
ombustion, requires to address additional 
onsiderations to the wall-boundarytreatment, to the CMC formulation in the presen
e of a sliding grid and in 
aseof a dispersed evaporating phase. Ea
h of these are interesting �elds of resear
hthat 
annot be extensively examined in the present thesis be
ause of la
k of time.Nevertheless, some e�orts have been made to provide a viable treatment andideas for future developments. A model for the heat transfer to the wall and aformulation to a

ount for the e�e
ts of a moving grid have been proposed.

12



2.2 PDFs and 
onditional statisti
s2.2 PDFs and 
onditional statisti
sTurbulent 
ows are generally de�ned as random pro
esses. Velo
ity 
omponentsand s
alars 
on
entrations are 
u
tuating quantities often des
ribed in terms oftheir probabilities. Referen
e to the sto
hasti
 nature of turbulen
e and its sta-tisti
al treatment 
an be found in Pope (1985, 2000), Hinze (1987) and Davidson(2004). Here only few basi
 
on
epts will be underlined to be able to better un-derstand the physi
al meaning of turbulent rea
tive 
ow modelling and of CMC.In turbulent 
ows, a random variable f � f(x; t) (we assume fun
tional de-penden
e on position and time) 
an assume any value within its sample spa
eZ. By de�nition the sample spa
e is the spa
e of all possible realizations of thesto
hasti
 variable, for generality is assumed Z 2 [a; b℄. The two bounds a andb are respe
tively Zmin; Zmax whi
h take the values of �1;1 in 
ase of an un-bounded s
alar. The probability p of f assuming a value within an in�nitesimalrange dZ 
an be given in terms of its probability density fun
tion (PDF) P (Z)as p (Z � f(x; t) � Z + dZ) = P (Z;x; t) dZ (2.1)where the semi
olon indi
ates that P is a probability density in Z-spa
e and fun
-tion of x, t as it is f . In the following, to simplify the notation, the dependen
e ofP on x and t is dropped. It 
an also be written that the probability of �nding fin the whole of its sample spa
e is by de�nition 
ertain so that, as normalization
ondition, we 
an writeZ ab P (Z)dZ = 1 (2.2)Knowing the P (Z) the nth moment of f is de�ned ashfni = Z ab ZnP (Z)dZ (2.3)where the �rst moment hfi is the mean. Analogously the nth 
entral moment iswritten ashf 0ni = h(f � hfi)ni = Z ab (Z � hfi)nP (Z)dZ (2.4)
13



2.2 PDFs and 
onditional statisti
swhere the se
ond 
entral moment hf 02i is the varian
e.It is useful to underline that the moments of a sto
hasti
 s
alar 
an be expli
-itly 
al
ulated using its PDF. On the other hand this last is often 
omputationallytoo expensive to be 
al
ulated even using a sto
hasti
 parti
le method. Presumedfun
tions, parameterized on the mean and the varian
e of the sto
hasti
 s
alar,are often used (i.e. gaussian-type or �-fun
tion PDF) for a single-s
alar PDF,see se
tion 2.4.5.Equation 2.3 
an be applied to any fun
tion F (f) so that its mean value 
anbe 
al
ulated ashF (f)i = Z ab F (Z)P (Z)dZ (2.5)In 
ase of a fun
tion dependent on n sto
hasti
 variables f, the previous de�-nitions 
an be extended using the 
on
ept of joint-PDF P (Z) integrated over an-dimensional sample spa
e Z so that equation (2.3) 
an be rewritten ashF (f)i = Z ab ::: Z a0b0 F (Z)P (Z)dZ (2.6)As it 
an be seen from equation (2.6), it is not generally true that the meanof a fun
tion is its value evaluated at the mean of its independent variableshF (f)i 6= F (hfi). It be
omes equivalent only in the parti
ular 
ase that the P (Z)approa
hes the Æ-fun
tion in Z-spa
e or if F is linear fun
tion of f. This is animportant prin
iple that will be used in se
tion 2.4.4 in the evaluation of the
hemi
al sour
e term.If we 
onsider two sto
hasti
 variables f � (f1; f2), using the Bayes theorem,the joint-PDF P (Z1; Z2) 
an be de
omposed asP (Z1; Z2) = P (Z1jf2 = Z2)P (Z2) (2.7)where the value of Z1 is 
onditional on f2 respe
ting the 
ondition on the rightside of the verti
al bar. P (Z1jf2 = Z2) is 
alled shortly 
onditional PDF of Z1with respe
t to Z2. Using equation 2.7 we 
an de�ne the 
onditional mean of thes
alar f1 on the 
ondition that f2 = Z2 ashZ1jf2 = Z2i = Z ab Z1P (Z1jf1 = Z2)dZ1 = R ab Z1P (Z1; Z2)dZ1P (Z2) (2.8)
14



2.3 Conservation equationsand 
al
ulate the mean value hZ1i in terms of the 
onditional mean using equation2.8 hZ1i = Z ab hf1jf2 = Z2iP (Z2)dZ2 (2.9)2.3 Conservation equationsTurbulent rea
tive 
ows modelling is based on the solution of the Navier-Stokesequations in 
onjun
tion with transport equation for energy and 
hemi
al spe
ies.For a single-phase Newtonian 
uid with non 
onstant density the 
onservationequations 
an be written as follows:Continuity���t +r � (�v) = 0 (2.10)Momentum��v�t +r � (�vv) = �rp+r � � + �g (2.11)where the �rst and last term on the right-hand side are body for
es term due tothe pressure gradient and buoyan
y e�e
ts. The se
ond term on the right-handside is the mole
ular transport due to the vis
osity. Here � is the vis
ous stresstensor that for newtonian 
uid 
an be rewritten as� = ��2S� 23Ær � v� and S = 12 �rv +rvT � (2.12)with rvT is the transpose of the velo
ity gradient and � the dynami
 vis
osity.Spe
ies��Yi�t + �v � rYi �r � (�DirYi) = �Wi (2.13)where Yi is the spe
ies i mass fra
tion, Wi its rea
tion rate and Di its massdi�usivity. The di�usivity is related to the vis
osity through the S
hmidt numberS
i = �=�Di. In the equation 2.13, Fi
k's law of di�usion is assumed for thedi�usive 
uxes and the Soret e�e
t is negle
ted.
15



2.3 Conservation equationsEnergyIn a rea
tive mixture, the enthalpy h is the mass-weighted sum of the spe
iesspe
i�
 enthalpies hi of spe
ies ih = nXi=1 Yihi (2.14)where hi 
an be de
omposed in enthalpy of formation hi;ref and sensible enthalpyhs so that hi(T ) = hi;ref + hi;s(T ). By de�nition of sensible enthalpy we 
anrewritehi = hi;ref + Z TTref 
p;i(T )dT (2.15)Here 
p;i is the spe
i�
 heat 
apa
ity of spe
ies i at 
onstant pressure and T istemperature in Kelvin. The enthalpy balan
e equation 
an be derived from the�rst law of thermodynami
s (Williams (1985)) as��h�t + �v � rh = �p�t +r � � �
prh� + �WR +� nXi=1 hir � �� �
p � �Di�rYi� (2.16)Here � is the thermal 
ondu
tivity, WR the sour
e term due to radiation and
p the spe
i�
 heat 
apa
ity at 
onstant pressure of the mixture 
al
ulated as
p = Pni=1 Yi
p;i. In equation 2.16 the assumption of low speed 
ow and lowMa
h number allowed the simpli�
ation of terms involving the vis
ous stresstensor and the pressure gradient.Another form of the energy equation 
an be written in terms of temperature as�
p�T�t + �
pv � rT = �p�t +r � (�rT )� �WR� nXi=1 
p;i �DirYi � rT � � nXi=1 hiWi (2.17)In the derivation of equation 2.17 it has been impli
itly assumed 
onstant spe
iesheat 
apa
ities (
p;i) within the time or spa
e interval of derivation so that 
p
ould be 
arried outside the derivative. For simpli
ity it 
an also be assumedthat all mass di�usivities Di are proportional to the thermal di�usivity.D = ��
p (2.18)
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2.4 First-order 
losuresu
h that the Lewis numbers are 
onstantLei = ��
pDi = DDi (2.19)Under the assumption of unity Lewis number, the last term on the right-handside of equation 2.16 disappears. And the enthalpy equation 
an be written in thesame form then the rea
tive spe
ies equations. We noti
e that even with this lastsimpli�
ation the temperature equation maintains an additional term dependenton the s
alar produ
t between spe
ies and temperature gradient. Further analysison the energy equation in the 
ontext of the CMC 
an be found in se
tion 2.4.3and 2.5.2.Mixture Fra
tion����t + �v � r� �r � (�D�r�) = 0 (2.20)In turbulent non-premixed 
ombustion in presen
e of a two stream-mixing prob-lem, mixture fra
tion fully des
ribes the state of mixing of the 
uid (if equaldi�usivity of the spe
ies is assumed). It is de�ned as a 
onserved s
alar that 
anbe de�ned as the normalized mass fra
tion of an inert tra
er introdu
ed with thefuel. For a single-phase 
uid its transport equation is analogous to equation 2.13without the sour
e term. In a RANS approa
h, mixture fra
tion statisti
s 
an beinferred solving transport equation for the Favre average mean and its varian
e.2.4 First-order 
losureThe CMC originates 
on
eptually in the hypothesis that most of the 
u
tuationin the s
alar quantities of interest 
an often be asso
iated with the 
u
tuation of(usually) only one key quantity (Klimenko and Bilger (1999)). In turbulent non-premixed 
ombustion the rea
tive s
alars 
an be related (
onditioned) to mixturefra
tion so that the 
u
tuation above its 
onditional average value is smaller thanabove its un
onditional one, as shown in Masri et al. (1992). Using a 
onserveds
alar approa
h, CMC attempts to rigorously 
lose the problem of the turbulen
e-
hemistry intera
tion 
ru
ial in turbulent rea
ting 
ow modelling. Under theassumption of negligible 
onditional 
u
tuations, the 
onditional rea
tion rate
17



2.4 First-order 
losure
an be evaluated based on the 
onditional mean spe
ies 
on
entration. Thisrequires the solution of the �rst 
onditional moments (
onditional means) of the
onditional spe
ies mass fra
tions, whi
h will be shortly 
alled `�rst-order 
losure'.This 
losure may not be a

urate in 
ase of lo
alized extin
tion/reignition orat autoignition, in whi
h the e�e
ts of 
onditional 
u
tuations might have asigni�
ant e�e
t. In these 
ases the solution of the se
ond 
onditional moments(
onditional varian
es and 
ovarian
es) is important, shortly 
alled `se
ond-orderon higher-order 
losure'. A more detailed analysis of the 
onditional rea
tion rate
losure 
an be found in se
tion 2.4.4.CMC was independently derived by Klimenko (1990) and Bilger (1993) fol-lowing two di�erent methodologies, respe
tively the joint PDF and the de
ompo-sition method. Throughout this thesis Bilger's de
omposition method is used. Inthe following the CMC equations derivation are reviewed for 
ompleteness andto better appre
iate the validity of the model.2.4.1 Conditional mean spe
ies equationsThe 
onditional mean or �rst 
onditional moment of s
alar Y 
an be de�nedas Q(�;x; t) � hY (x; t)j�i where � is the sample spa
e for the 
onserved s
alar �(mixture fra
tion) and the operator h�j�(x; t) = �i, shortly h�j�i, denotes ensembleaveraging subje
t to the ful�lment of the 
ondition on the right of the verti
albar.The mean value hY (x; t)i of a rea
tive s
alar 
an then be 
al
ulated from its
onditional mean using the 
onserved s
alar PDF P (�;x; t) ashY (x; t)i = Z 10 hY (x; t)j�iP (�;x; t)d� (2.21)The instantaneous value of Y 
an be de
omposed asY (x; t) = Q(�(x; t);x; t) + Y 00(x; t) (2.22)where Y 00 is the 
onditional 
u
tuation above the 
onditional mean. Applyingthe time derivative and the gradient operator to equation 2.22 we obtain�Y�t = �Q�t + �Q�� ���t + �Y 00�t (2.23)
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2.4 First-order 
losurerY = rQ+ �Q�� r� +rY 00 (2.24)From equation 2.24 the mole
ular di�usion term in the transport equation for Y(equation 2.13) 
an be rewritten asr � (�DrY ) = r � (�DrQ) + �Q�� r � (�Dr�)+�D(r�)2�2Q��2 + �Dr� � r�Q��+r � (�DrY 00) (2.25)Introdu
ing equation 2.23, 2.24 and 2.25 into equation 2.13 and rearranging�W = ��Q�t + �v � rQ� �D(r�)2�2Q��2�r � (�DrQ)� �Dr� � r�Q��+��Y 00�t + �v � rY 00 �r � (�DrY 00)+�����t + �v � r� �r � (�D�r�)� �Q��+r � (�(D� �D)r�)�Q�� (2.26)From equation 2.20 the last term in equation (2.26) vanishes. Taking the 
on-ditional expe
tation of equation 2.26, 
onditional on �(x; t) = �, de�ning asN � D�(r�)2 one-half of the instantaneous mixture fra
tion dissipation rate,yields�� �Q�t + ��hvj�irQ� �� DD� hN j�i�2Q��2 = ��hW j�i+ eQ + eY (2.27)with eQ � �r � (�DrQ) + �Dr� � r�Q�� ���� �(x; t) = ��+� DD� � 1� hr � (�D�r�)j�i�Q�� (2.28)eY � ����Y 00�t + �v � rY 00 �r � (�DrY 00)���� �(x; t) = �� (2.29)
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2.4 First-order 
losurewhere �� � h�j�i is the 
onditional density. In the above the ratio of di�usivitiesthat appears in the last term of equation 2.28 was assumed 
onstant even thoughthe single di�usivity might vary (Klimenko and Bilger (1999)). In fa
t this lastterm 
an be rewritten aseQ;3 � �� � DD� � 1� hM j�i�Q�� (2.30)Where M� is the 
onditional di�usion de�ned ashM j�i � 1�� hr � (�D�r�)j�i (2.31)It is the only term with the expli
it di�eren
e of di�usivities between the rea
tivespe
ies and mixture fra
tion and is 
onsidered responsible for di�erential di�usione�e
ts (Klimenko and Bilger (1999)).Note that equation 2.27 represents the un
losed transport equation for Q. Noassumptions on the small s
ale stru
ture of the rea
tion zone or on the relativetimes
ale between 
hemistry and turbulen
e have been made. Its mathemati
alderivation holds for any non-premixed system. The 
onditional density 
u
tua-tions �00 has been negle
ted. In 
ase of system near extin
tion equation 2.27 we
an relax this hypothesis introdu
ing the 
on
ept of 
onditional Favre averaging(Klimenko and Bilger (1999)) with the new de�nition of the 
onditional averagingoperator being de�ned as h�j�i � h��j� = �i=�� and hen
e, the 
onditional meanQ � hY �j� = �i=��.2.4.2 Primary 
losure hypothesisThe 
losure of equation 2.27 requires modelling assumptions for the two last termsnamed eQ and eY .Following the s
aling arguments presented in Klimenko and Bilger (1999), forhigh Reynolds number 
ows, the e�e
ts of ma
ro-transport by mole
ular di�usionbe
omes negligible with respe
t to the turbulent transport and the �rst two termsin equation 2.28 
an be negle
ted. This does not mean that the mole
ular di�usione�e
ts are negle
ted, sin
e the term depending on the s
alar dissipation rate isstill determined by the small s
ale di�usion pro
esses. The third term named eQ;3even at high Reynolds number remains �nite as the 
onditional di�usion (hM j�i)
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2.4 First-order 
losureis related to the 
onditional dissipation by equation 2.32 (Klimenko and Bilger(1999))hM j�i = 1��P (�) �hN j�iP (�)���� (2.32)To estimate the eY term we re
all that, from the de
omposition equation 2.22,hY 00j�i = 0 and therefore, hY 00i = 0. This does not imply that hrY 00j�i = 0 orh�Y 00=�tj�i = 0. Nevertheless, we 
an still say that hrY 00i = rhY 00i = 0 andh�Y 00=�tj�i = �hY 00i=�t = 0 or written is a di�erent formZ 10 hrY 00j�iP (�)d� = 0 (2.33)Z 10 h�Y 00=�tj�iP (�)d� = 0 (2.34)If we 
onvolute the eY term with P (�) to �nd its un
onditional 
ontribution, weobtain� Z 10 eY P (�)d� = ���Y 00�t +r � (�vY 00)�r � (�DrY 00)�= �h�Y 00i�t +r � (h�vY 00i)�r � (h�DrY 00i)= r � (h�v00Y 00i) = r � �Z 10 ��hv00Y 00j�iP (�)d��= Z 10 r � (��hv00Y 00j�iP (�)d�) (2.35)In the derivation of equation 2.35, the 
ontinuity equation 2.10 multiplied byY 00 has been 
onditional averaged and added to equation 2.29. The 
onditional
u
tuations of density and mole
ular di�usivity have been negle
ted. The di�u-sion term has been transformed as h�DrY 00i = rh�DY 00i � hY 00(r�D)i = 0.The velo
ity has been de
omposed into 
onditional mean and 
u
tuation asv = hvj�i+ v00 and substituted. By the equivalen
e of the integrals it has beenassumed that also the integrand fun
tions are equal. This is not generally true,but it is assumed that the error 
ommitted would vanish in the evaluation of themean value. From equation 2.35 we 
an writeeY P (�) = �r � (��hv00Y 00j�iP (�)) (2.36)
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2.4 First-order 
losureThe resulting transport equation for Q 
an �nally be rewritten for the 
ase of ofequal spe
ies di�usivity D = Di = D� as�Q�t + hvj�i � rQ + r � (��P (�)hv00Y 00j�i)��P (�) � hN j�i�2Q��2 = hW j�i (2.37)The �rst term on the left-hand side is the unsteady or a

umulative term, these
ond and third term represent respe
tively the transport by 
onve
tion, throughthe 
onditional velo
ity, and by 
onditional 
u
tuations. The last term on theleft-hand side represents the di�usion in 
onserved s
alar spa
e and is proportionalto the 
onditional s
alar dissipation rate. The term on the right-hand side is the
onditional 
hemi
al sour
e term.For 
ompleteness we report the 
onditional average Q transport equation asobtained using the joint PDF method (Klimenko and Bilger (1999) for the equalspe
ies di�usivities.���QP (�)�t + r � (��P (�)hvY j�i) (2.38)= ��hW j�iP (�)� �2��hN j�iP (�)��2 Q+ ��hN j�iP (�)�2Q��2that joined with the transport equation for the PDF of mixture fra
tion���P (�)�t +r � (��P (�)hvj�i) = ��2��hN j�iP (�)��2 (2.39)
an be written as equation 2.37. The boundary 
onditions for equation 2.37 aredis
ussed in se
tion 2.4.6.An analysis of the primary 
losure hypothesis has been 
onsidered in Kim(2002). It was argued that the equivalen
e of the integrand fun
tions given theequality of the integrals is a too stri
t hypothesis. An additional term 
an beadded whose 
ontribution in the un
onditional mean is zero so thateY P (�) = �r � (��hv00Y 00j�iP (�)) + FY 00 (2.40)given thatZ ��FY 00P (�)d� = 0 (2.41)
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2.4 First-order 
losureThe term FY 00 
an be derived using the joint PDF method having the formFY 00 = 1��P (�) �JY 00�� (2.42)with JY 00 � ����hN 00Y 00j�iP (�)�� + 2��hDrY 00 � r�j�iP (�) (2.43)Closure using equation 2.36 negle
ts the e�e
ts of the 
onditional 
u
tuations inmixture fra
tion spa
e. The assumption of a negligible JY 00 term, is analogousto impli
itly assume for the �rst term of equation 2.43 no 
orrelation betweenmixture fra
tion dissipation and the s
alar, while for the se
ond term a perfe
talignment between the s
alar and the mixture fra
tion gradients whi
h is notgenerally true in non-premixed turbulent 
ames. DNS by Mell (1995) investigatedthe magnitude of the two terms in equation 2.43. It was found that even thoughthe magnitude 
an be signi�
ant with respe
t to the retained terms in parti
ularfor high Damk�ohler number, the sum of the two is su
h that the whole JY 00term almost 
an
els. Bushe and Bilger (1999) analyzed equation 2.38 in the
ontext of DNS simulations of 
ame with signi�
ant extin
tion re-ignition and
on
luded that the term JY 00 is indeed small (although no expli
it analysis ofits �rst derivative was presented). Following (Klimenko and Bilger (1999)) inthe present formulation FY 00 � 0 although further investigations are worth. It isimportant to noti
e here, as was explained in Kim (2002), that this additionalterm 
an not be negle
ted in the derivation of the se
ond-order 
losure transportequations in se
tion 2.5.2.4.3 Conditional energy equationAs it 
an be seen from se
tion 2.3, the un
onditional enthalpy 
onservation, equa-tion 2.16, 
an be rewritten in terms of equal di�usivity of the s
alars and usingequation 2.18 as��h�t + �v � rh = �p�t +r � (�Drh)� �WR (2.44)where �p=�t is the pressure work and �WR is the heat loss due to radiation.Sin
e total enthalpy is 
onserved in the rea
tion pro
ess no 
hemi
al sour
e term
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2.4 First-order 
losureis present. The stru
ture of equation 2.44 is similar to equation (2.13) used toderive the transport equation for the 
onditional s
alar Q. In analogy with thederivation in se
tion 2.4, the 
onditional energy transport equation 
an be writtenin terms of total enthalpy with Qh � hhj�i as�Qh�t + hvj�i � rQh + r � (��P (�)hv00h00j�i)��P (�)= hN j�i�2Qh��2 + 1�� � �p�t ���� ��� hWRj�i (2.45)It is worth to remind that if the e�e
t of di�erential di�usion has to be 
onsidered,an additional term with respe
t to equation (2.26) appears due to the last termin equation (2.16) (Kronenburg and Bilger (2001)). The 
onditional temperatureQT � hT j�i that enters in the rea
tion rate expression (2.57) 
an be 
al
ulatediteratively knowing the 
omposition given the fun
tion hi = hi(T ) is expli
itlyknown.An alternative pro
edure 
an be the expli
it solution for the 
onditional energyequation in terms of temperature. We noti
e that equation 2.17 has an expli
itdependen
e on the spe
i�
 heat 
apa
ities 
P and an extra term fun
tion ofrYirT that deserve better 
onsiderations. The derivation of the 
onditionaltemperature equation follows the same pro
edure as in se
tion 2.4.The de
omposition method applied to temperature readsT (x; t) = QT (�(x; t);x; t) + T 00(x; t) (2.46)substituting equations 2.23 - 2.25 written in terms of 
onditional enthalpy intoequation 2.17 and rearranging, we obtain�
p�QT�t + �
pv � rQT � �(r�)2�2QT��2� r � (�rQT )� �r� � r�QT��+ �
p�T 00�t + �
pv � rT 00 �r � (�rT 00)+ �QT�� ��
p���t + �
pv � r� �r � (�r�)�= �p�t � � nXi=1 hiWi � �WR
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2.4 First-order 
losure� nXi=1 
p;i �Di�rQi + �Qi�� r� +rY 00i �� �rQT + �QT�� r� +rT 00� (2.47)using equation 2.18, assuming equal di�usivities among the s
alars and Le = 1r � (�r�) = r � (�
pDr�) = 
p r � (�Dr�) + �Dr� � r
p (2.48)Making expli
it the dependen
e 
p = 
p(�(x; t);x; t). Applying the de
omposition
p = 
p�(�(x; t);x; t) + 
00p(x; t) with 
p� � h
pj�i � Pni=1Qi
p;i�(QT ) and thedi�erentiating rules from equations 2.23, 2.24, we 
an substitute equations 2.20,2.48 into equation 2.47�
p�QT�t + �
pv � rQT � �
pD(r�)2�2QT��2� r � (�
pDrQT )� �
pDr� � r�QT��+ �
p�T 00�t + �
pv � rT 00 �r � (�
pDrT 00)+ �QT�� �Dr� ��r
p� + �
p��� r� +r
00p�= �p�t � � nXi=1 hiWi � �WR� �D nXi=1 
p;i �rQi + �Qi�� r� +rY 00i �� �rQT + �QT�� r� +rT 00� (2.49)taking the 
onditional expe
tation of equation (2.49) 
onditional on �(x; t) = ���
p� �QT�t + ��
p�hvj�i � rQT � ��
p�hN j�i�2QT��2� ��hN j�i�
p��� �QT�� � ��hN j�i nXi=1 
p;i� �Qi�� �QT��= � �p�t ���� ��� ��* nXi=1 hiWi �WR����� �++ eQT + eT + e
p (2.50)
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2.4 First-order 
losurewith eQT � �r � (�
pDrQT ) + �
pDr� � r�QT�� ���� �(x; t) = �� (2.51)eT � ���
p�T 00�t + �
pv � rT 00 �r � (�
pDrT 00)���� �(x; t) = �� (2.52)
e
p � *�N 00 nXi=1 
00p;i�Qi�� �QT�� + �QT�� �Dr� � (r
p� +r
00p)+ �D nXi=1 
p;i (rQi +rY 00i ) � r� �QT��+ �D nXi=1 
p;i�Qi�� r� � (rQT +rT 00)+ �D nXi=1 
p;i (rQi +rY 00i ) � (rQT +rT 00)����� �(x; t) = �+ (2.53)Equation 2.50 represents the un
losed form of the 
onditional temperature equa-tion. If we 
ompare equation (2.50) with equation 2.27 we 
an noti
e two addi-tional terms a
ting in mixture fra
tion spa
e and proportional to the 
onditionals
alar dissipation rate. The last three terms on the right-hand side of equation(2.50) 
an be treated as in se
tion 2.4.2. The term eQT 
an be negle
ted under theassumption of high Reynolds number. Following the primary 
losure hypothesisand assuming negligible 
00p, the eT term 
an be 
losed aseTP (�) = �
p�r � (��hv00T 00j�iP (�)) (2.54)Starting from the instantaneous transport equation for temperature instead of en-thalpy, the `
anoni
al' transport equation for the 
onditional temperature (Kimand Mastorakos (2005)) has been re
overed. Nevertheless, a new additional terme
p appears that, to the author knowledge, has never been presented in the lit-erature before and to whi
h spe
ial 
onsiderations need to be addressed. Apply-ing the res
aling arguments proposed in (Klimenko and Bilger (1999)) for highReynolds number 
ows this term 
an not be negle
ted. The �rst term in fa
t doesnot depend on the mole
ular di�usivity D and remains �nite. The following ones
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2.4 First-order 
losurehave an expli
it dependen
e on D. However, for high Reynolds number 
ows,when D appears as fa
tor of the s
alar produ
t of two gradients of instantaneousquantities (non means), the whole term remains �nite. The magnitude of e
pneeds to be estimated from DNS databases before drawing any 
on
lusion. TheCMC implementation in the present thesis negle
ts the e
p term, however, bet-ter analysis is worth to estimate the error of this assumptions. The 
onditionaltransport equation of temperature 
an be then written as�QT�t + hvj�i � rQT = �r � (��P (�)hv00T 00j�i)��P (�)+ hN j�i" 1
p�  �
p��� + nXi=1 
p;i� �Qi�� ! �QT�� + �2QT��2 #+ 1
p��� � �p�t ���� ��� 1
p� * nXi=1 hiWi����� �+� hWRj�i
p� (2.55)2.4.4 Conditional 
hemi
al sour
e termAn a

urate estimation of the 
hemi
al rea
tion rate is essential in turbulent 
om-bustion modelling. The des
ription of the 
hemistry, depending on its 
omplexity,is given by a set of one or more Arrehenius type of rea
tions that given an initial
omposition of rea
tants, returns the rate of 
hange of all the rea
tive spe
ies asWi = Wi(Y; T ) (2.56)Being a non-linear fun
tion of spe
ies and temperature, the evaluation of theaverage rea
tion rate based on the average of its arguments 
an yield to an errordependent on the magnitude of the 
u
tuations. In turbulent 
ombustion, spe
ies
u
tuations are in general large in the rea
tion zone so that hWii 6=Wi(hYi; hT i).Solving for 
onditional s
alars, CMC asso
iates the 
u
tuations of the s
alarsto the 
u
tuations of mixture fra
tion. Experimental eviden
e (Masri et al.(1992)) shows that the 
onditional 
u
tuations are of smaller order than theun
onditional ones, i.e. Y 00 � Y 0. In some 
ases Y 00 ! 0 and 
an be negle
ted,hen
e the 
onditional rea
tion rate term 
an be 
al
ulated based on the 
ondi-tional mean of the s
alars ashWi(Y; T )j�i � Wi(Q; QT ) (2.57)
27



2.4 First-order 
losureIn presen
e of lo
alized extin
tion and reignition, the 
onditional 
u
tuations
an not be negle
ted in the estimation of the rea
tion rate, hen
e, a more generalformulation need to be applied. The exa
t expression of the 
onditional 
hemi
alsour
e term 
an be written as:hWi(Y)j�i � Z1Wi(Y�)P (Y�j�)dY� (2.58)where Y1; :::; Yn�1 are the spe
ies mass fra
tion, Yn � h (or T ) and Y� is then-dimensional sample spa
e of Y. P (Y�j�) is the 
onditional joint PDF of therea
tive spe
ies. Closure of equation (2.58) requires a model for P (Y�j�). Kli-menko and Bilger (1999) suggested a presumed 
onditional joint gaussian shape
al
ulated based on the �rst two 
onditional moments (i.e. 
onditional mean and
onditional varian
es and 
ovarian
es). De�ning Gij and gij as respe
tively the
onditional 
ovarian
e matrix and its inverse we 
an writeP (Y�j�) = 1((2�)n det(Gij))1=2 exp ��12 gij(Y �i �Qi)(Y �j �Qj)� (2.59)Alternatively Kim et al. (2002) proposed the maximum entropy PDF asP (Y�j�) = exp ��0 + �iY �i + �jkY �j Y �k � (2.60)with the 
oeÆ
ients �0, �i and �jk given from the relationships:Z
� P (Y�j�)dY� = 1 (2.61)Z
� Y �i P (Y�j�)dY� = Qi (2.62)Z
�(Y �i �Qi)(Y �j �Qj)P (Y�j�)dY� = Gij (2.63)It has to be noti
ed that the 
oeÆ
ients are not expli
itly de�ned and an algebrai
system of 1 + n+ n� (n + 1)=2 equations has to be solved.A di�erent expression for the 
onditional rea
tion rate 
an be a
hieved ap-plying a Taylor expansion method to equation (2.56). Assuming a small but notnegligible perturbation Y 00 from the 
onditional mean and negle
ting the third-order terms, we 
an write (Kim et al. (2002))W (Y) = W (Q)+ �W�Yi ����Y=Q Y 00i + 12 �2W�Yi�Yj ����Y=Q Y 00i Y 00j + O(Y 00i Y 00j Y 00k ) (2.64)
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2.4 First-order 
losuretaking the 
onditional expe
tation for �(x; t) = �hW (Y)j�i � hW (Q)j�i+ 12 �2W�Yi�Yj ����Y=Q hY 00i Y 00j j�i (2.65)Alternatively, applying (2.65) to ea
h of the rea
tions in the 
hemi
al me
hanism,assuming se
ond order one-step rea
tions of the form A + B ! P , so that W =�kYAYB with k = A0T �exp[�Ta=T ℄, we 
an rewrite the 
onditional rea
tion rate,for every rea
tion as (Klimenko and Bilger (1999))hW j�i � h�j�ik(QT )QAQB�1 + hY 00AY 00B j�iQAQB + �� + TaQT ��hY 00AT 00j�iQAQT + hY 00AT 00j�iQBQT �+12 ��(� � 1) + 2(� � 1)TaQT + T 2aQ2T � hT 002j�iQ2T � (2.66)Equations 2.65 and 2.66 are analogous. The �rst applies to the global rea
tionrate of the spe
ies Y , whereas the se
ond to every elementary rea
tion in the
hemi
al me
hanism. As validation, both methods des
ribed re
over the �rstorder solution for hY 00j�i ! 0.An interesting analysis of di�erent 
onditional rea
tion rate 
losures was pre-sented in Cha and Pits
h (2002) for the DNS database of Sripakagorn et al.(2000). Four di�erent 
losures of the 
hemi
al sour
e term were implemented:(i) �rst-order, (ii) se
ond-order Taylor expansion (iii) third-order Taylor expan-sion and a (iv) presumed PDF 
losure using a �-fun
tion for only the 
onditional(normalized) temperature. The DNS simulated a non-premixed 
ame that sub-je
ted initially to strong s
alar dissipation rate exhibits lo
al extin
tion events,the higher the s
alar dissipation rate, the higher the `level of extin
tion, the lowerthe 
onditional temperature attained. Pro
eeding in time, due to the s
alar dis-sipation de
ay, a gradual reignition is a
hieved. It was shown that only 
losureshigher than �rst-order were able to predi
t extin
tion/re-ignition. For `moder-ate extin
tion' (the 
onditional PDF of temperature was uni-modal) the Taylorexpansion method 
ould predi
t well the onset of re-ignition. Nevertheless, inthe presen
e of high skewness of the PDF a third order 
losure was ne
essary.For `higher extin
tion level' (bimodal 
onditional PDF of temperature with lowvalue of the skewness) both the se
ond and third-order 
losure were giving very
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2.4 First-order 
losuresimilar results overpredi
ting the re-ignition. Despite the fa
t that the presumed�-PDF is based on only the �rst two moments, surprisingly good agreement waspresented for 
ase (iv) with little sensitivity on the varian
e estimation. This wasexplained as a 
an
elation of error between the modelling with a presumed �-PDFshape and the strong non-linearity of the 
hemi
al sour
e term. The hypothesisthat for hydro
arbon 
ombustion the performan
e of the �-PDF fun
tion wouldimprove and the model would be a valuable alternative to predi
t 
ame withlo
alized extin
tion/re-ignition was put forward. A similar 
on
lusion was drawnby Kronenburg and Kostka (2005) for Sandia Flame D, E and F using sensibleenthalpy instead of temperature.Valuable dis
ussions on the shape of the 
onditional joint PDF were presentedin Swaminathan and Bilger (1999). Using a two step 
hemi
al me
hanism toallow extin
tion and reignition, it was found that the joint PDF may assume alog-normal or a gaussian shape depending on the existen
e or not of lo
alizedextin
tion.The aim of the present work is to study the e�e
t of s
alar 
onditional 
u
tu-ations on autoignition. The autoignition phenomenon is strongly related to thevalue of the 
onditional s
alar dissipation rate and its level of 
onditional 
u
tua-tions. Se
ond order 
losure expli
itly 
onsiders this e�e
t on the evaluation of the
hemi
al sour
e term (see se
tion 2.5 later in this 
hapter). It is expe
ted thatbefore the thermal runaway, that 
hara
terises the ignition event, the 
onditional
u
tuations are small, but still not negligible. Thus, it has been 
hosen to 
losethe 
hemi
al sour
e term using a Taylor expansion formulation following equation(2.65). The methodology used relies on the numeri
ally evaluation of the Hessianfun
tion of the rea
tion rate to 
al
ulate the se
ond order 
orre
tion. Additionaltests will be 
onsidered following Cha and Pits
h (2002) restri
ting the 
ondi-tional joint PDF of rea
tive s
alars only to the temperature and presuming its
onditional PDF by a �-fun
tion.2.4.5 Sub-modelsMixture fra
tion PDF
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2.4 First-order 
losureThe knowledge of the 
onserved s
alar PDF provides information about thelo
al state of mixing of the 
uid. In turbulent 
ombustion modelling when it isnot dire
tly 
al
ulated using a sto
hasti
 parti
le method (Monte Carlo), it ispresumed based on its mean and varian
e. Additional transport equations forthe �rst two moments need to be solved. In this thesis two presumed fun
tionhave been used:Clipped Gaussian~P (�) = 
1Æ(�) + (1� 
1 � 
2)G(�)Ig + 
2Æ(1� �)G(�) � 1q2�f�02 exp �(� � ~�)22f�02 !
Ig = Z 10 G(�)d�
1 = Z 0�1G(�)d� ; 
2 = Z 11 G(�)d� (2.67)where Æ(x) represents the Dira
 delta fun
tion and 
1 and 
2 are the strengths ofthe delta fun
tion at � = 0 and � = 1 respe
tively.�-fun
tion~P (�) = �r�1(1� �)s�1IbIb � Z 10 �r�1(1� �)s�1d�r = ~� ~�1� ~�f�02 � 1! ; s = r1� ~�~� (2.68)Both e� and f�02 are positive quantities and with the varian
e limited between0 < f�02 < ~�(1� ~�).The predi
tion of the PDF is still an a
tive �eld of resear
h. It is worth tomention the work of Mortensen (2005) who derived transport equation for theith 
entral moment of mixture fra
tion and Mortensen and Bengt (2006) whodes
ribed the PDF shape using a mapping fun
tion.
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2.4 First-order 
losureConditional mixture fra
tion dissipation rateThe 
onditional mixture fra
tion dissipation rate, appearing in equations 2.38-2.39 represents the e�e
t of di�usion at the small s
ales. Two di�erent wellestablished models have been used throughout this work, given below:Amplitude Mapping Closure (AMC) modelhN j�i = G(�)R 10 G(�) ~P (�)d� ~�2G(�) = exp(�2(erf�1(2� � 1))2) (2.69)where erf�1 is the inverse error fun
tion. Proposed by O'Brien and Jiang (1991),the AMC model represents the 
onditional s
alar dissipation rate pro�le in a
ounter
ow 
on�guration, its formulation provide a

urate predi
tion in inho-mogeneous 
onditions (Kim (2005)). In the present work it is 
onsidered as thestandard 
hoi
e in transient 
al
ulation given its 
omputationally inexpensiveformulation.Girimaji modelhN j�i = �2 ~�(1� ~�)�f�002�2 I(�)~P (�) ~�2I(�) = Z �0 �~� (ln �0 �G1) + (1� ~�) [ln(1� �0)�G2℄� ~P (�0)(� � �0)d�0G1 = Z 10 ln(�) ~P (�)d�; G2 = Z 10 ln(1� �) ~P (�)d� (2.70)Proposed by Girimaji (1992), its a more generi
 formulation than the AMC, itassumes a �-fun
tion pro�le for the mixture fra
tion PDF. In this thesis, it is usedin 
hapter 4. More re
ent approa
hes to model the 
onditional s
alar dissipationrate have been proposed in Devaud et al. (2004) and in Mortensen (2005).Conditional velo
ityThe 
onditional velo
ity has been modeled using a linear approximation (Kli-menko and Bilger (1999)).hvj�i = ~v+ gv0�0f�02 (� � ~�)
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2.4 First-order 
losuregv0�0 = �Dtr~� (2.71)The model is expe
ted to perform well 
lose to the mean mixture fra
tion. Val-idation of the present model 
an be found in Li and Bilger (1993b). Additionalanalysis has been 
arried by in Mortensen (2005) who 
on
luded that the linearmodel is not 
onsistent with a �-fun
tion to model the mixture fra
tion PDFand a PDF model following Pope (1985) should be used. However, be
ause ofits simpli
ity and its stability of implementation, the linear model remains stillwidely used.Conditional turbulent 
uxClosure for the 
onditional turbulent 
ux has been modeled by analogy withthe un
onditional s
alar 
ux (Klimenko and Bilger (1999)).hv00Y 00i j�i = �DtrQi (2.72)Equation 2.72 has demonstrated to be an important term in the stabilizationof a lifted 
ame (Kim and Mastorakos (2005)). Its validation has been re
entlypresented by Ri
hardson et al. (2007) for a DNS database of propagating 
ameedge 
ame. Signi�
ant 
ounter gradient di�usion was found as it may be ex-pe
ted from the literature in turbulent premixed 
ame (Veynante and Vervis
h(2002)). Transport equation for the 
onditional turbulent 
ux were derived, how-ever its integration seem impra
ti
al. An additional term has been proposed inRi
hardson and Mastorakos (2007) to a

ount for the e�e
t of dilatation whoseappli
ation may be 
onsidered in future work.2.4.6 Boundary 
onditionsCMC 
learly links the 
onditional s
alar transport equations to the mixture fra
-tion PDF. An intuitive physi
al property of the 
onditional averages 
an be seenfrom the mathemati
al formulation of equations 2.38 and 2.39, in the limit ofP (�) ! 0 they are undetermined. In other words, a 
onditional average losesits meaning in region of the 
onserved s
alar sample spa
e that are not realized.Hen
e, equation 2.37 is de�ned within the limit of realizability � 2 [�min; �max℄and requires boundary 
onditions in physi
al as well as in mixture fra
tion spa
e.
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2.4 First-order 
losureBoundary 
onditions in 
onserved s
alar spa
e have been derived for the mixturefra
tion PDF transport equation being (Klimenko and Bilger (1999))P (�)hN j�i ! 0 � ! �min; �max (2.73)with the additional property for non-intermittent PDF�(P (�)hN j�i)�� ! 0 � ! �min; �max (2.74)The boundary 
onditions for equation 2.37 has been proved for smooth PDF with�xed bounds (Klimenko and Bilger (1999)) to be restri
ted by equation 2.37 itselfso that in 
an be written��Q�t + hvj�i � rQ+ r � (��P (�)hv00Y 00j�i)��P (�) � hW j�i�min;max = 0 (2.75)This shows that if the boundary 
uid is allowed to rea
t, there must be a temporaland spa
ial variation in the boundary value for Q. This would o

ur in partiallypremixed 
ame in whi
h the fuel stream entering the domain is already a rea
tivemixture and even at its boundary value should be allowed to rea
t.In transient simulations the P (�) and its boundaries evolve over time. Aninitialization of �-spa
e is required for those regions previously non realizable.In this work, the approa
h of a linear interpolation between the value at �min,�max and respe
tively the value at � = 0 and � = 1 is proposed in the aimof mimi
 a pro
ess of inert mixing between the known boundary values. This
hoi
e is parti
ularly interesting in situation in whi
h two di�erent 
ombustionevents o

ur sequentially and intera
t as in a diesel 
ombustion with multipleinje
tions. Asymptoti
ally, if the time between the two inje
tions is large, these
ond inje
tion o

urs in a homogeneous environment prepared by the rea
tionof the �rst. The initial 
onditions should respe
t an inert mixing between a leftboundary value shifted with respe
t to � = 0 determined by the �rst 
ombustionand the right boundary 
ondition determined by the new inlet fuel.The limit of realizability of P (�) redu
es the a
tual domain of solution to asub-domain of the physi
al spa
e itself. Diri
hlet boundary 
onditions (de�nedvalue) are imposed in the inlet whilst Von Neumann boundary 
onditions (zerogradient) are applied in the out
ow in physi
al spa
e and at the boundary of
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2.4 First-order 
losure�nite probability in mixture fra
tion spa
e. It is important to underline that foran a

urate boundary treatment the domain of �nite probability of � should bewell resolved in physi
al spa
e. This implies a 
areful de�nition of the mesh inphysi
al spa
e and of the integration timestep. However, this is not ne
essarilyguaranteed using a presumed form for P (�).The formulation of the CMC at the physi
al boundary is still an open subje
tof resear
h. In 
ase of engine 
ombustion, heat 
ux trough the wall, absorptionand desorption of unburned hydro
arbon in the liquid �lm and radi
al re
ombi-nation are 
ommon phenomena (Heywood (1988)). Bilger (2001) analyzed the
ase of autoignition 
lose to a solid 
old wall. It was demonstrated that in 
ase ofno material 
ux through the wall, no 
ux (neither 
onve
tive nor di�usive) per-pendi
ular to the wall should be 
onsidered. Hen
e, zero gradient Von Neumannboundary 
onditions was imposed for all spe
ies ex
ept radi
als. It was postu-lated that radi
als must be set to zero at the walls and then the 
uxes of some ofthe major spe
ies must be adjusted to a

ount for the re
ombination rea
tions.The wall temperature was then assumed as independent of the state of mixingwith a 
ondition, whi
h implies the Diri
hlet boundary 
ondition hT j�i = eTwall.In the present work the un
onditional heat 
ux to the wall is known from theCFD 
ode and hen
e, the distribution thereof in 
onserved s
alar spa
e 
an beevaluated as in Hergart and Peters (2001):hwwallj�i = �(hT j�i � eTwall)� = ewwallR 10 hT j�i � eTwall) eP (�)d� (2.76)This 
onditional wall heat 
ux is a

ounted for in the CMC nodes lo
ated atthe wall boundaries and makes the enthalpy equation fully 
onsistent with theenthalpy equation in the CFD 
ode (if gaseous fuel is 
onsidered). Radi
al re-
ombination has not been 
onsidered yet, therefore, Von Neumann zero gradientboundary 
onditions were used for all rea
tive spe
ies. Further work is needed tovalidate the treatment of CMC boundary at the wall, e�ort in this dire
tion wasdemonstrated by Wright (2005).
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2.5 Se
ond-order 
losure2.5 Se
ond-order 
losureIn presen
e of lo
alized phenomena of extin
tion/re-ignition, the 
u
tuationsabove the 
onditional mean are not negligible. A �rst-order 
losure for the re-a
tion rate (equation 2.57) may produ
e erroneous results and a most sophis-ti
ated formulation in
luding the 
onditional 
u
tuations should be 
onsidered.Se
ond-order 
losure extends the previous developments of �rst order 
losure totransports equation for the s
alar 
onditional se
ond moments.2.5.1 Conditional spe
ies 
ovarian
e equationsConditional se
ond moments are varian
es and 
ovarian
es about the 
onditionalmean. The 
onditional 
u
tuation as Y 00 was de�ned in equation 2.22. The
onditional 
ovarian
e Gij of spe
ies i and j is de�ned as Gij � hKijj�i, whereKij � Y 00i Y 00j . Repeated indexes Gii � hY 00i Y 00i j�i � hY 002i j�i identify the 
ondi-tional varian
e.In the following Bilger's derivation using the de
omposition method has beenrigorously applied (Klimenko and Bilger (1999)). Transport equations for the Gij
an be derived through the 
onditional average of the instantaneous transportequation of the Kij. For simpli
ity the 
ase of equal di�usivity of the spe
ies andtemperature is treated. Equation 2.26 asso
iates the 
onditional mean of a s
alarto its 
u
tuation and it is valid for all rea
tive s
alars. Writing equation 2.26 fors
alar i and j, multiplied respe
tively by Y 00j and Y 00i and adding one to the otherwe obtain��Kij�t + �v � rKij �r � (�DrKij) + 2�D(rY 00i � rY 00j )= �(WiY 00j +WjY 00i ) + EDij + EDji � EQij � EQji (2.77)whereEDij � Y 00i �Dr� � r��Qj�� � + Y 00i r � (�DrQj)) (2.78)EQij � Y 00i ���Qj�t +�v � rQj � �N �2Qj��2 � (2.79)
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2.5 Se
ond-order 
losureIn the derivation of equation 2.77 the following transformations were used�(Y 00i Y 00j )=�t = Y 00i (�Y 00j =�t) + Y 00j (�Y 00i =�t) (2.80)r(Y 00i Y 00j ) = Y 00i rY 00j + Y 00j rY 00i (2.81)r � (�Dr(Y 00i Y 00j )) = Y 00i (r � (�DrY 00j )) + Y 00j (r � (�DrY 00i )) (2.82)+ 2�D(rY 00i rY 00j )The de
omposition method applied to Kij, readsKij(x; t) = Gij(�(x; t);x; t) +K 00ij(x; t) (2.83)note that by de�nition hK 00ijj�i = 0. Di�erentiating equation 2.83 with respe
t totime and spa
e we obtain�Kij�t = �Gij�t + �Gij�� ���t + �K 00ij�t (2.84)rKij = rGij + �Gij�� r� +rK 00ij (2.85)The mole
ular di�usion term in equation 2.77 
an be expanded asr � (�DrKij) = r � (�DrGij) + �Gij�� r � (�Dr�)+�D(r�)2�2Gij��2 + �Dr� � r�Gij��+r � (�DrK 00ij) (2.86)Substituting equations 2.84, 2.85 and 2.86 into equation 2.77, we get��Gij�t + �v � rGij � �N �2Gij��2 + 2�(rY 00i � rY 00j )= �(WiY 00j +WjY 00i ) + EDij + EDji � EQij � EQji+ EG � EK (2.87)whereEG � r � (�DrGij) + �Dr� � r�Gij�� (2.88)EK � ��K 00ij�t + �v � rK 00ij �r � (�DrK 00ij) (2.89)
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2.5 Se
ond-order 
losureTaking the 
onditional average of equation 2.87, 
onditional to �(x; t) = �, gives�� �Gij�t + ��hvj�i � rGij � ��hN j�i�2Gij��2= ��hWiY 00j +WjY 00i i � 2��hD(rY 00i � rY 00j )i� eQij � eQji � eK (2.90)In analogy with the analysis in se
tion 2.4.2, the terms eDij � hEDijj�i, eGij �hEGijj�i have been negle
ted in the 
ondition of high Reynolds number and theterm eK � hEKj�i 
an be manipulated similarly to equation 2.35 as followsZ eKP (�)d� = ���K 00ij�t +r � (�vK 00ij)�r � (�DrK 00ij)�= �h�K 00iji�t +r � (h�vK 00iji)�r � (h�DrK 00iji)= r � (h�v00K 00iji) = r ��Z ��hv00K 00ijj�iP (�)d��= Z r � (��hv00K 00ijj�iP (�)d�) (2.91)Assuming equal integrand fun
tion for equal integral, the 
losure for eK 
an bewritten aseKP (�) = r � (��hv00K 00ijj�iP (�)) (2.92)As was 
ommented in se
tion 2.4.2, the above assumption is not ne
essarily anequality. A

ording to Kim (2002), the eK term 
an be more rigorously writtenas eKP (�) = r � (��hv00K 00ijj�iP (�)) + FK00ij (2.93)so thatZ ��FK00ijP (�)d� = 0 (2.94)whereFY 00 = 1��P (�) �JK00ij�� (2.95)
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2.5 Se
ond-order 
losureThe term JK00ij was derived using the joint PDF method having the formJK00ij � ����hN 00K 00ijj�iP (�)�� + 2��hDrK 00ij � r�j�iP (�) (2.96)Validation with DNS in Kim (2002) showed that this last term is Damk�ohlernumber dependent. It is negligible for high Damk�ohler numbers and be
omesmore important when it gets low, therefore exa
tly when it is interesting to solvefor se
ond moments.A last manipulation 
on
erns the term eQij � hEQijj�i that 
an be rewritteneQij = �� �rQj � hv00Y 00i j�i � �2Qj��2 hY 00i N 00j�i� (2.97)where the de
ompositions v � hvj�i + v00 for the velo
ity and N � hN j�i + N 00for the s
alar dissipation rate have been used.The �nal expression for the 
onditional 
ovarian
e Gij equation reads�Gij�t + hvj�i � rGij � hN j�i�2Gij��2 + r � ���P (�)hv00K 00ijj�i���P (�)= hW 00i Y 00j +W 00j Y 00i j�i � 2hD(rY 00i � rY 00j )j�i� rQi � hY 00j v00j�i � rQj � hY 00i v00j�i+ �2Qi��2 hY 00j N 00j�i+ �2Qj��2 hY 00i N 00j�i+ 1��P (�) �JGij�� (2.98)The equation for the 
onditional varian
e Gii is given writing equation 2.98 fori = j, for 
ompleteness�Gii�t + hvj�i � rGii � hN j�i�2Gii��2 + r � (��P (�)hv00K 00iij�i)��P (�)= 2hW 00i Y 00i j�i � 2hD(rY 00i )2j�i � 2rQi � hY 00i v00j�i+ 2�2Qi��2 hY 00i N 00j�i+ 1��P (�) �JGii�� (2.99)Equation 2.98 has a similar stru
ture to equation (2.37). The �rst term on theleft-hand side is the a

umulation term, the se
ond is the transport by 
onve
tion,the third is the di�usion in 
onserved s
alar spa
e followed by the transport by
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2.5 Se
ond-order 
losure
onditional 
u
tuations of Kij in physi
al spa
e 
losed as turbulent 
ux. Onthe right-hand side, the �rst term represents the generation of 
ovarian
e due tothe 
hemistry and the se
ond is a dissipative term. The generation term due tothe 
onditional velo
ity 
u
tuations and the 
onditional s
alar dissipation rate
u
tuations follows. The last term is the e�e
t that the 
u
tuation of Kij has in
onserved s
alar spa
e.Sub-models are still required to 
lose the di�erent terms in equation 2.98 andwill be des
ribed in se
tion 2.5.3.2.5.2 Conditional energy 
ovarian
e equationsIn se
tion 2.4.4 we stated the importan
e that 
onditional turbulent 
u
tuationshave in the evaluation of the 
onditional rea
tion rate. From equation (2.66) we
an see how 
ru
ial is an a

urate predi
tion of hY 00i T 00j�i and hT 002j�i. As wasdone in se
tion 2.4.3 either enthalpy or temperature 
an be 
onsidered as possibleenergy related variables to evaluate the 
onditional 
ovarian
es.The use of total enthalpy hhj�i, from the similarity between equation 2.13 and2.16, would not 
hange equation 2.98. It is important to remind that enthalpyis 
onserved during the rea
tion so the term Wi � Wh that appears in equation2.98 would need a di�erent 
losure based on the problem studied. Lo
al variationof total enthalpy 
an be 
aused by radiation, boundary e�e
ts (i.e. wall heattransfer, lo
alized sour
e of energy), droplet evaporation and pressure. In absen
eof sour
es hh00j�i = 0, hen
e the transport equations for the 
ovarian
e of enthalpywould vanish. Although this formulation would allow a smaller set of equationto be solved, solving using a Taylor expansion method, it is not trivial from theknowledge of enthalpy and 
omposition to estimate the 
onditional temperature
u
tuations. However, 
losure using the joint-PDF method remains feasible.If a temperature formulation is used, then the 
ovarian
es of spe
ies and tem-perature are expli
itly 
al
ulated. To the author knowledge, the temperaturespe
ies 
ovarian
e has always been 
onsidered analogous to equation 2.98 (Sreed-hara and Huh (2005b)), whereas it is expe
ted from the results of se
tion 2.4.3,equation 2.98 to be modi�ed in 
ase of variable 
p;i. In the following the transportequation for GiT � hY 00i T 00j�i has been derived following Bilger's de
omposition
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2.5 Se
ond-order 
losuremethod. The derivation is new and aims to a

urately identify the transportequation to be solved for a full se
ond-order 
losure.Following the pro
edure des
ribed in se
tion 2.5 we 
an add equation 2.26multiplied by 
pT 00 to equation 2.49 multiplied by Y 00. Using the transformations(2.80) and rearranging we 
an write an equation for KiT � Y 00i T 00:�
p�KiT�t + �
pv � rKij � 
pr � (�DrKiT ) + 2�
pD(rY 00i � rY 00T )= �(
pWiT 00 +WTY 00i ) + EDiT + EDTi� EQiT � EQTi + E
piT (2.100)whereEDiT � 
pY 00i �Dr� � r��QT�� � + 
pY 00i r � (�DrQT )) (2.101)EDTi � 
pT 00�Dr� � r��Qi�� �+ 
pT 00r � (�DrQi)) (2.102)EQiT � Y 00i ���QT�t + �v � rQT � �N �2QT��2 �� �N �h
pj�i�� �QT�� � �N nXi=1 
p;i�Qi�� �QT�� ! (2.103)EQTi � T 00���Qi�t +�v � rQi � �N �2Qi��2 � (2.104)E
p;iT � Y 00i ��QT�� �Dr� � (r
p� +r
00p)+ �D nXi=1 
p;i (rQi +rY 00i ) � r� �QT��+ �D nXi=1 
p;i�Qi�� r� � (rQT +rT 00)+ �D nXi=1 
p;i (rQi +rY 00i ) � (rQT +rT 00)+ �D�r
p� + �
p��� r� +r
00p� � (rQT +rT 00)� (2.105)
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2.5 Se
ond-order 
losuresubstituting equations 2.84, 2.85 and 2.86 into equation 2.100. We obtain�
p�GiT�t + �
pv � rGiT � �
pN �2GiT��2 + 2�
p(rY 00i � rT 00)= �(
pWiT 00 +WTY 00i ) + EDiT + EDTi � 
pEK + 
pEG� EQiT � EQTi + E
piT (2.106)where the de�nition of EG and EK are the same as equation (2.88) and (2.89)respe
tively. Taking the 
onditional average of equation 2.106, 
onditional to�(x; t) = � and negle
ting the 
u
tuation of density, we 
an write��
p� �GiT�t + ��
p�hvj�i � rGiT � ��
p�hN j�i�2GiT��2= ��h
p�WiT 00 +WTY 00i j�i � 2��
p�hD(rY 00i � rT 00)j�i� eQiT � eQTi � 
p�eK + e
piT (2.107)The terms hEDiT j�i and hEDTij�i have been negle
ted in the hypothesis of highReynolds number. In analogy with the derivation in se
tion 2.5 we 
an rewritethe term 
p�eK using the primary 
losure hypothesis as
p�eKP (�) = 
p�r � (��hv00K 00ijj�iP (�)) (2.108)Reminding that, by de�nition, hY 00j�i � 0 and de
omposing velo
ity and s
alardissipation rate in 
onditional mean and 
u
tuation, we 
an transform the lastthree terms in equation (2.107) aseQiT = ��
p� �hv00T 00j�i � rQi � hT 00N 00j�i�2Qi��2 � (2.109)eQTi = ��
p� �hv00Y 00i j�i � rQT � hY 00i N 00j�i�2QT��2� hY 00i N 00j�i 1
p�  �
p��� + nXi=1 
p;i� �Qi�� ! �QT�� !� ��hN j�i*Y 00i  nXi=1 
00p;i�Qi�� !����� �+ �QT��� ��*Y 00i N 00 nXi=1 
00p;i�Qi�� !����� �+ �QT�� (2.110)
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2.5 Se
ond-order 
losureThe term eQTi has four additional terms with respe
t to eQiT . Those a
t as to
orre
t the term hY 00i N 00j�i�QT=�� to take into a

ount the hN j�i 
urvature dueto the e�e
t of the di�erent spe
ies 
p (we noti
e that the �rst two have the samestru
ture as in equation 2.50. The last two terms in equation 2.110 
an be ne-gle
ted under the assumption of negligible 
00p;i. The last term in equation (2.107),e
piT � hE
piT j�i is of diÆ
ult evaluation. It is proportional to the s
alar produ
tof s
alar gradients thus, even under the assumption of high Reynolds number 
annot be negle
ted. The relevan
e of this term has not been yet examined in theliterature and 
onsistently with the treatment done at �rst order 
losure it willbe negle
ted.The resulting equation for the 
ovarian
e of temperature and spe
ies is�GiT�t + hvj�i � rGiT � hN j�i�2GiT��2 + r � (��P (�)hv00K 00iT j�i)��P (�)= hW 00i T 00 + (W 00TY 00i =
p�)j�i � 2hD(rY 00i � rT 00)j�i� hT 00v00j�i � rQi � hY 00i v00j�i � rQT+ hT 00N 00j�i�2Qi��2 + hY 00i N 00j�i�2QT��2� hY 00i N 00j�i 1
p�  �
p��� + nXi=1 
p;i� �Qi�� ! �QT�� !+ 1��P (�) �JGiT�� (2.111)2.5.3 Sub-modelsEquation 2.99 is the un
losed form of the 
onditional 
ovarian
e transport equa-tion. A very 
omprehensive analysis of di�erent 
losure strategies have beenreported in Swaminathan and Bilger (1999). More re
ently, additional work hasbeen presented in Sreedhara and Huh (2005a). Closures for �rst and se
ond mo-ments need to be 
onsistent, therefore the same models used in se
tion 2.4.5 stillapply here. To summarize, the linear model was used to 
lose the 
onditionalvelo
ity and the AMC or Girimaji to model the 
onditional s
alar dissipationrate.
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2.5 Se
ond-order 
losureThe gradient di�usion approximation has been applied to model the 
ondi-tional turbulent 
ux.hv00K 00ijj�i = �DtrGij (2.112)Nothing 
an be said regarding the ina

ura
y of this model in the 
ontext ofa se
ond-order 
losure and further validation are needed. This term has beennegle
ted in turbulent shear 
ow (Li and Bilger (1993a)) and in paraboli
 formu-lations (Kronenburg et al. (1998)). Closure of the 
onditional turbulent 
uxhY 00i v00j�i = �DtrQi (2.113)shows that a generation term appears due to the 
onditional mean s
alar gradient.It is not 
lear if additional models, whi
h may in
lude 
ounter gradient di�usion,
an be applied here.The terms involving the 
onditional rea
tion rate 
u
tuations have to be mod-eled 
onsistent with the mean 
onditional 
hemi
al sour
e term 
losure. There-fore, using a Taylor expansion method, we 
an write (Kim et al. (2002))hW 00i Y 00j j�i � �Wi�Yk ����Y=QGkj (2.114)Alternatively using the joint-PDFmethod following the approa
h of Swaminathanand Bilger (1999), we gethW 00i Y 00j j�i = Z1 YjWi(Y�)P (Y�j�)dY� � hWij�ihYjj�i (2.115)where the nomen
lature used in se
tion 2.4.4 has been applied.The se
ond term on the left-hand side in equation (2.99) is a dissipative term.It has been modeled a

ording to Li and Bilger (1993a) ashD(rY 00i � rY 00j )j�i =pCiCjGij�Y with �Y = C�Y f�0021=2~� (2.116)�Y represent a mixing times
ale. Standard values have been used for the model
onstants Ci = Cj = C�Y = 1 and following Li and Bilger (1993a). Swaminathanand Bilger (1999) in their DNS showed poor agreement of the present modelshowing dependen
e of the `
onstants' on � and Da. It was proposed a new
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2.5 Se
ond-order 
losure
losure based on the steady laminar 
amelet theory that may be implemented inthe future.The term involving s
alar dissipation-s
alar 
u
tuation 
orrelation, has been
losed with the model presented by Li and Bilger (1993a).hY 00i N 00j�i = CN 00Y 00hN j�iG1=2iiCN 00Y 00 = RN 00Y 00F with F = hN 002j�i1=2hN j�i (2.117)Further work by Mastorakos et al. (1997a), analysing a DNS database of autoigni-tion for a one-step 
hemistry, showed that the 
orrelation 
oeÆ
ient between thetwo 
u
tuating quantities RN 00Y 00, is a fun
tion of � but does not vary mu
h withRe. The 
orrelation 
oeÆ
ient between 
onditional temperature and 
onditionals
alar dissipation was shown to be a sinusoidal-like fun
tion. Sreedhara (2002)found similar results using four step 
hemi
al me
hanism and estimated the 
o-eÆ
ient using the mathemati
al shapeRN 00Y 00 = �4:2 � (1� �)6exp(�0:08=�) (2.118)The model predi
ts a minimum in the region of stoi
hiometry and zero-
orrelationat the ri
h mixture fra
tions. The zero 
orrelation was mostly to a

ount the smallin
uen
e in the N 00 
u
tuations far from the rea
tion zone (Sreedhara (2002)).Additional work was performed in Swaminathan and Bilger (1999), who analyzeda DNS database based two-step 
hemi
al me
hanism with arbitrarily varyingDamk�ohler number (Da). They found that for low Da the produ
t was followingthe same shape as Mastorakos et al. (1997a) whereas for high values was 
loseto 
onstant fun
tion of �. The sign of fun
tion was found positive or negativerespe
tively for produ
ts or rea
tants.In this thesis, equation 2.118 have been used to model the 
orrelation 
oef-�
ient RN 00Y 00 . The stoi
hiometry and the most rea
tive mixture fra
tion of thetest 
ase modeled is similar to what reported in Sreedhara (2002). It is opinion ofthe author that the model, used in an autoignition 
ase, 
ould give a reasonablerepresentation of the physi
s. However, it 
an not be 
onsidered as `universal' forall spe
ies without a proper validation.The 
oeÆ
ient F appearing in equation 2.117 was investigated experimentallyand numeri
ally in Markides and Mastorakos (2006b). It was found to in
rease
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2.5 Se
ond-order 
losurewith the Reynolds number stabilizing to a 
onstant value between F 2 [1 � 2℄,relatively 
onstant in �-spa
e.The last term in equation 2.99 has been modeled as (Kim (2002))JGij = CJ��P (�)hN j�i�Gij�� (2.119)using the suggested of CJ = 1 for the 
onstant.A 
omprehensive validation of the di�erent sub-models for se
ond-order 
lo-sure have been re
ently presented by Sreedhara and Huh (2005a). Models havebeen presented for equation (2.117) and (2.116) based on laminar 
amelet tab-ulation. Even if an apparent in
onsisten
y is present using laminar 
amelets inthe 
ontext of se
ond-order 
losure, the agreement of the results in various test
ases (Kronenburg and Kostka (2005); Sreedhara and Huh (2005b)) is promising.2.5.4 Boundary 
onditionsIn problems involving se
ond-order 
losure, boundary 
onditions are needed forthe 
onditional varian
es and 
o-varian
es. In analogy with the �rst-momenttreatment, boundary 
onditions have to be imposed at the isosurfa
e 
ontainingthe �nite P (�) as well as at the physi
al boundaries.At the inlet, where unrea
ted mixing is generally pres
ribed, a �nite vari-an
e may be 
onsidered to mimi
 the 
u
tuations in temperature and rea
tant
on
entrations due to the inherent toleran
es in the experimental setup. At theout
ow, Von Neuman 
onditions of zero gradient are imposed 
onsistently withthe �rst-order treatment.In presen
e of solid inert boundaries two di�erent treatments are possible. Forthose se
ond moments involving temperature and the unstable spe
ies obeyingto Diri
hlet 
onditions for �rst moments, it is reasonable to assume that se
ondmoments will be zero at the wall sin
e there will be no 
u
tuations. For those in-volving only stable spe
ies or enthalpy, 
u
tuations about the 
onditional averageare possible and no sure answer 
an be given without referen
e to experiment.
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2.6 Summary2.6 SummaryIn this 
hapter the CMC transport equations that will be used throughout thisthesis have been derived. Bilger's de
omposition method (Bilger (1993)) has beenused in the derivation. The assumption of high Reynolds number 
ows and equalspe
ies di�usivities allowed the 
losures at �rst and se
ond-order. Only the 
aseof gaseous fuel has been 
onsidered.Di�erent models for the 
onditional rea
tion rate 
losure have been dis
ussed.Two methods have been sele
ted for higher-order 
losures: a Taylor expansionmethod with a numeri
al evaluation of the Hessian and the Ja
obian of the rea
-tion rate (Kim et al. (2002)) and the 
onditional joint-PDF limited to the only
onditional temperature PDF (Pits
h et al. (2003)).The appli
ation of the CMC equation to a transient 
al
ulation, needs thede�nition of appropriate boundary and initial 
onditions in physi
al and mixturefra
tion spa
e. A dis
ussion is presented on the limit of realizability for themixture fra
tion PDF. Appropriate re-initialization of �-domain portions that intime get rein
orporated in the domain, is needed. A non rea
ting mixing (straightline in �-spa
e) between the last realizable point, �min;max, and respe
tively [0; 1℄,has been proposed. The boundary 
onditions in 
ase of 
on�ned 
ows, werede�ned in 
ase of no material 
ux and no re
ombination rea
tions (Bilger (2001)),with the wall heat transfer modeled a

ording to Hergart and Peters (2001).Transport equations for temperature and temperature 
onvarian
e have beennewly derived in this 
hapter following the de
omposition method starting fromthe instantaneous temperature equation rather than from the enthalpy equation.Additional term are found that may be signi�
ant in parti
ular in se
ond-order
losure.
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Chapter 3Numeri
al method
3.1 Chapter obje
tiveThe aim of the present 
hapter is to des
ribe the implementation and the 
ou-pling of the CMC model with a 
uid me
hani
s solver for unsteady turbulent
ombustion simulation.Autoignition, 
ame propagation, variable geometry, wall quen
hing, are alldi�erent aspe
ts of the unsteady 
ombustion as it o

urs in diesel engine mod-elling. A two-way 
oupling between the 
uid me
hani
s and the 
ombustionsolver is, therefore, needed sin
e the 
hange in the 
ow �eld may be determinedby the 
hanges in density due to 
ombustion.CMC solves transport equations in �ve independent variables (time, three
oordinate in physi
al spa
e and 
onserved s
alar spa
e). The numeri
al eÆ-
ien
y be
omes an important requirement, together with a

ura
y and stability,in parti
ular when the 
ode is solving for 
omplex 
hemistry involving severalspe
ies.After a des
ription of the dis
retization method, this 
hapter presents variousintegration pro
edures, ea
h of them with a di�erent requirement in terms ofmemory allo
ated, numeri
al eÆ
ien
y and a

ura
y. In en e�ort to speed upthe 
omputational time, the CMC solver has been parallelized and an algorithmof node balan
ing have been proposed. Finally the des
ription of the interfa
ebetween the CFD and the CMC solver has been presented.
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3.2 Dis
retisation3.2 Dis
retisationThe CMC transport equations using density weighted 
onditioning 
an be writ-ten, using the gradient di�usion hypothesis to 
lose the 
onditional turbulent 
uxterm (being Dt the turbulent di�usivity), as�Qi�t + hvj�i � rQi= r � (�� ~P (�)DtrQi)�� ~P (�) + hN j�i�2Qi��2 + hWij�i (3.1)or, de
omposing further the di�usion term, as�Qi�t + hhvj�i �Dtr�ln(�� ~P (�))�i � rQi= r � (DtrQi) + hN j�i�2Qi��2 + hWij�i (3.2)The CMC transport equations have been dis
retized using a �nite di�eren
eapproa
h. Se
ond order 
entral di�eren
es for se
ond derivatives and �rst orderupwind for the �rst derivatives have been implemented. Both formulations asin equation (3.1) and (3.2) are available. While the �rst respe
ts the di�usionaspe
t of the term involving the PDF 
ontribution, the se
ond one is by dis
retiza-tion more stable when strong PDF gradients are present. For �ne resolutions inphysi
al spa
e a fully se
ond order formulation using 
entral di�eren
ing for the
onve
tion term is also available.If we 
ompare with a standard un
onditional s
alar approa
h, the use of a
onserved s
alar formulation in
reases the solution domain by one dimension sothat an unsteady 
al
ulation be
omes a fun
tion of �ve independent variables(i.e. t-time, x, y, z-physi
al 
oordinates and �-
onserved s
alar spa
e). The
omputational domain 
onsists in general of a three-dimensional stru
tured grid,in whi
h both 
artesian or 
ylindri
al formulation 
an be sele
ted to dis
retizephysi
al spa
e, and a one-dimensional grid in �-spa
e.The dimensionality of the CMC domain and its resolution is often dependenton the problem 
onsidered. Simplifying hypothesis 
an be made for turbulentshear 
ows (Klimenko (1995)) for whi
h the 
onditional s
alars are not strongfun
tions of the 
ross-stream dire
tion that and 
an, therefore, be simpli�ed. The
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3.3 Solvers and integration methods
onditional averages have a di�erent dependen
e on spa
e than the un
onditionalones sin
e the ma
ro-mixing e�e
t is resolved in the 
onserved s
alar �eld. It isoften possible to use a CMC grid 
oarser then the CFD one saving 
omputationaltime without losing in a

ura
y. However, in regions of 
ame development, theedge 
ame need to be resolved and higher density is required. A pro
edure fordata transfer from the CFD to the CMC grid has to be 
onsidered and will betreated in se
tion 3.5.3.3 Solvers and integration methodsThe use of 
omplex 
hemi
al me
hanisms 
an be 
omputationally expensive sin
ethe systems of Ordinary Di�erential Equations (ODEs) be
ome sti�. Sti�ness o
-
urs when the rate of 
hange of the di�erent s
alars spans at a parti
ular timeseveral orders of magnitudes. The use of a 
omplex 
hemistry furthermore, im-plies that the size of the system to be integrated 
an be very large so the useof an ODE sti� solver with adaptive timestep and designed for large system isne
essary. In the present work two solvers have been implemented: VODPK(Brown et al. (1989); Brown and Hindmarsh (1989); Byrne (1992)) and CHEME-QII (Mott et al. (2000)). VODPK is based on a linear multistep method usingthe Ba
kward Di�erentiation Formula (BDF). It is impli
it with good stabilityproperties and 
an be used for sti� and non-sti� system with large number ofODEs. CHEMEQII is based on a one-step method using an asymptoti
 integra-tion method working with a predi
tor-
orre
tor te
hnique. The solver is se
ondorder a

urate but, opposite to VODPK, does not rely on the evaluation of theJa
obian of the right-hand side term and 
an be faster in parti
ular for probleminvolving high solver restart 
osts.The in
reased dimensionality of the CMC PDEs due to the use of the 
on-served s
alar as independent variable, raises the number of ODEs to integrate.For a typi
al 2D simulation for example, using a 
omplex 
hemistry of 32 s
alars,the number of ODEs to solve are 30� 40� 100� 32 = 3840000 that represent re-spe
tively the number of nodes in radial, axial, �-dire
tion. The memory storageneeded for this large system and the 
omputational time required for the linear
50



3.3 Solvers and integration methodsalgebra involved in the resolution algorithm makes this system improbable for asingle work station.In the present work, three di�erent methodologies have been 
onsidered toimprove the numeri
al eÆ
ien
y of the 
ombustion 
ode. Comparison in termsof 
omputational eÆ
ien
y and a

ura
y have been made using (i) a simultane-ous resolution of the set of ODEs, therefore, using the so-
alled Method of Lines(MOL) (ii) a sequential integration of physi
al-spa
e and �-spa
e using an Opera-tor Splitting Method (OS) (iii) a sequential integration of physi
al-spa
e, di�usionin �-spa
e and the 
onditional rea
tion rate. In the following 
ases (ii) and (iii)will be referen
ed respe
tively as OS1 and OS2. Validation of the integrationpro
edure 
an be found in 
hapter 5.Numeri
ally, equation 3.1 
an be implemented for OS1 as�Q(1)i�t = �hvj�i � rQ(1)i + r � (�� ~P (�)DtrQ(1)i )�� ~P (�)t 2 [t0; t0 + �OSxyz�t℄�Q(2)i�t = hN j�i�2Q(2)i��2 + hWij�i (3.3)t 2 [t0; t0 +�t℄�Q(3)i�t = �hvj�i � rQ(3)i + r � (�� ~P (�)DtrQ(3)i )�� ~P (�)t 2 [t0 + �OSxyz�t; t0 +�t℄where equations 3.3 are solved sequentially in the time interval t 2 [t0; t0 + �t℄where �t is the CMC timestep. Q(i)i = Q(i�1)i is used to initialize ea
h innertimestep. All thermodynami
 properties and boundary 
onditions are updatedat every inner timestep. �OSxyz 2 [0; 1℄ is a weight 
oeÆ
ient that de�nes howmu
h of the physi
al transport inner iteration has to be performed prior the �-spa
e timestep. Solving equation 3.3 step (2) is similar to the transient 
ameletequation and will be denoted as `0DCMC'Analogously the OS2 is formulated as�Q(1)i�t = �hvj�i � rQ(1)i + r � (�� ~P (�)DtrQ(1)i )�� ~P (�)t 2 [t0; t0 + �OSxyz�t℄
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3.3 Solvers and integration methods�Q(2)i�t = hN j�i�2Q(2)i��2t 2 �t0 +�t(iNW � 1)nNW ; t0 +�t(iNW � 1 + �OS�)nNW ��Q(3)i�t = hWij�i (3.4)t 2 �t0 +�t(iNW � 1)nNW ; t0 +�t iNWnNW ��Q(4)i�t = hN j�i�2Q(4)i��2t 2 �t0 +�t(iNW � 1 + �OS�)nNW ; t0 +�t iNWnNW ��Q(5)i�t = �hvj�i � rQ(5)i + r � (�� ~P (�)DtrQ(5)i )�� ~P (�)t 2 [t0 + �OSxyz�t; t0 +�t℄where the additional symbols nNW , iNW represent respe
tively the number ofinternal iteration between di�usion in �-spa
e and 
hemistry and its 
ounter.�OS� 2 [0; 1℄ is a weight 
oeÆ
ient that de�nes how mu
h of the di�usion in�-spa
e inner iteration has to be performed prior the 
hemi
al timestep. Thesupers
ripts (1-5) 
an be misleading: they state the di�erent type of splittingmore than a proper sequen
e.It 
an be seen from equations 3.3 and 3.4, that the OS has the 
hara
teristi
of redu
ing the ODEs system size the solver has to solve simultaneously. In OS1this advantage is partially balan
ed by the restarting 
osts that the solver has in
ase the Ja
obian of the right-hand side term has to be re-evaluated at ea
h 
all.The use of a solver like CHEMEQII 
an avoid this in
onvenien
e. It was found,furthermore, that using the OS2 methodology, the restarting 
osts for VODPKare negligible sin
e the system is of mu
h smaller size than OS1. The OS2 usingVODPK is therefore the method of 
hoi
e for CMC unsteady 
al
ulation. Inequation 3.4, furthermore, we noti
e that the 
onditional 
hemi
al sour
e term isevaluated on his own leaving room to the use of look-up tables instead of a dire
tintegration method. This 
an improve the numeri
al eÆ
ien
y of the 
ode in 
aseof very large 
hemi
al me
hanisms, but was not the aim of the present work.
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3.4 ParallelizationThe use of an OS methodology needs a 
areful analysis on the a

ura
y ofthe solution obtained. Numeri
ally the OS solves sequentially phenomena thatare 
oupled in nature. A detailed analysis of the e�e
t of the OS in 
ase of sti�problem 
an be found in Strang (1968) and Sportisse (2000). In the latter thee�e
t of the order of integration between a sti� and a non sti� operator is treatedas a fun
tion of the splitting time. It was shown that the non-sti� operator shouldalways 
ome �rst and the a

ura
y depends on the order of integration and thesplitting time. For �OS� = 0:5 and �OSxyz = 0:5, Strang (1968) 
laimed se
ondorder a

ura
y. The fa
t that no distin
tion is done in OS between slow and fast-variable, the error 
ommitted 
an be large for fast spe
ies with small times
ales(Sportisse (2000)). Future development might 
onsider a system redu
tion basedon a single perturbation analysis rather then based on the external timestep.Examples of OS method in the CMC 
an be found in Kim et al. (2000b), Kimand Huh (2002), Devaud and Bray (2003), and in Wright et al. (2005).3.4 ParallelizationA natural improvement in the 
omputational eÆ
ien
y for large s
ale 
al
ula-tions 
an be a
hieved by making the 
ode 
ompliant for parallel 
al
ulation andusing a multipro
essor ma
hine. Two di�erent methodologies 
an be pursued: (i)splitting the 
omputational domain in multiple zones (sets) that 
an be solvedin parallel allowing the boundaries to ex
hange information (halo 
ells), (ii) tak-ing advantage of the OS methodology and solving in parallel only the �-spa
epart of the 
al
ulation (0DCMC), the most 
omputationally expensive. The �rstmethodology has the advantage of a better use of the ma
hine memory sin
e onlyinformation on the lo
al set has to be stored and is the one usually implementedin the CFD software. The se
ond has in general better parallel eÆ
ien
y, takesadvantage that ea
h 0DCMC 
an be treated as a separate entity and uses an al-gorithm to automati
 balan
e the load on ea
h CPU. The memory requirementsare normally higher in the latter 
ase sin
e the full matrix of solution has tobe stored on ea
h of the pro
essors. Sin
e in 
ombustion modelling not all thedomain is involved in 
omputational expensive 
al
ulations (normally only the
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3.5 CFD/CMC interfa
ehigh temperature 
ells require high CPU time), methodology (ii) allows betterparallel eÆ
ien
y and has been implemented in the present work.The algorithm implemented 
an be explained for OS1, equation 3.3, as follows.At �rst, step (1) is 
omputed on the master node, whi
h results in an arrayof 
onditional s
alars that is the initial 
ondition for step (2) that is sent toall pro
essors. The 
ells are sorted a

ording to the 
omputational time thathad on step (2) in the previous timestep and redistributed su
h that the mostnumeri
ally-expensive 
ells fall on di�erent CPUs. On
e step (2) is 
ompleted,the array with the newly 
al
ulated 
onditional s
alars is retrieved by the mainnode as well as the CPU time per 
ell that ea
h CPU took. Step (3) is performedon the master node and the 
y
le 
an start again for the next timestep.3.5 CFD/CMC interfa
eIn this se
tion the interfa
e between the CFD solver STAR-CD (2004) and the
ombustion 
ode is des
ribed in 
ase of �xed and moving grid. Figure 3.1 showsthe 
oupling between the two 
odes.Star-CD solves transport equations for velo
ity �eld (��, eu, ev, ew), turbulentquantities (ek, e�), enthalpy (eh), mixture fra
tion mean (e�) and varian
e (f�002).All s
alars 
omputed are Favre average quantities. Three di�erent methods 
anbe used to 
ouple the 
ombustion to the CFD 
ode depending on the type ofsimulation to perform: (i) only density is passed from the CMC to the CFD
ode. Sin
e 
onditional Favre averages are 
al
ulated, the mean density 
an beobtained as Klimenko and Bilger (1999)�� = �Z h�j�i�1 ~P (�)d���1 (3.5)Knowing the density, the 
ow �eld 
an be updated without the need for solvingan extra equation for enthalpy. It is the most simple 
oupling but 
an not beused in 
ase of 
on�ned 
ows in presen
e of heat transferred to the wall or in
ase of evaporating multiphase 
ows in whi
h the droplet properties as fun
tionof temperature require the enthalpy equation to be solved. In these 
ases, thethermodynami
 properties of the 
uid have to be known, hen
e, two pro
edure
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3.5 CFD/CMC interfa
eare possible: (ii) the un
onditional mean mole
ular weight MWmix and spe
i�
heat 
apa
ity 
pmix may be passed as 
al
ulated from the 
onditional value or(iii) the whole 
omposition 
an be used so that the CFD software even withoutsolving transport equations for all spe
ies is able to iteratively �nd temperaturefrom enthalpy. Method (iii) is probably the most 
omputationally 
ostly sin
e itimplies the 
onvolution of all the s
alars for all the CFD 
ells but it is tested asthe most stable.We remind that the un
onditional mean for any s
alar 
an be 
al
ulated fromthe 
onditional mean using~� = Z h�j�i ~P (�)d� (3.6)To 
ompute the 
oeÆ
ients of the CMC equations an averaging pro
edure hasto be set to allow the data transfer from 
onditional to un
onditional quantities.Two pro
edures are available (i) mass averaging of the un
onditional quantityfrom where the 
onditional 
oeÆ
ient 
an be 
al
ulated and (ii) a mass averagingweighted by the PDF of mixture fra
tion (shortly referred as PDF-averaging inthe following) of the 
onditional 
oeÆ
ients 
al
ulated at the CFD resolution.Given ~ s
alar 
al
ulated by the CFD solver, the volume average ~ � 
an beexpressed as~ �CMC = R ~ ��dvR ��dv �����CFD2CMC (3.7)while the PDF-averaging h ~ j�i� 
an be written hash j�i�CMC = R h j�i�� ~P (�)dvR �� ~P (�)dv �����CFD2CMC (3.8)The integral on the right-hand side is 
al
ulated over all CFD 
ells belonging to aCMC 
ell. The PDF-averaging should be in general preferred espe
ially for 
oarseCMC grid. For very �ne grid in whi
h the there is a one to one 
orresponden
ebetween the CFD and CMC grids, the two formulations are equivalent. The massaveraging pro
edure is generally 
omputationally more eÆ
ient and 
an be usefulin 
ases in whi
h the CFD grid 
an not resolve properly the PDF �eld.
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3.5 CFD/CMC interfa
eThe 
oupling is realized using user-de�ned subroutines available into STAR-CD. The CFD properties are obtained from posdat.f whi
h is 
alled at the be-ginning and at the end of ea
h timestep whereas the un
onditional s
alars aretransferred using densit.f if only �� is passed (
ase (i)), densit.f and 
oteet.f if ��,MWmix and 
pmix are used (
ase (ii)) or through s
alfn.f if all s
alars are trans-ferred (
ase (iii)).Further developments in the interfa
e 
on
erns the automati
 meshing andthe appli
ation of the 
ombustion 
ode for moving grid in re
ipro
ating engine
al
ulation. STAR-CD uses a formulation of 
ell addition/removal to keep the
ell aspe
t ratio almost 
onstant during the expansion and 
ompression strokesin the engine, and a similar formulation has been implemented for the CMC grid.The CMC/CFD interfa
e manages both stati
 and moving grids. An algo-rithm is 
apable to s
reen and work with the only a
tive 
ells present in thedomain. At a �rst stage, the a
tive 
ells are re
ognized and their 
ell 
entersstored. The 
ell 
oordinates and the Favre-averaged velo
ities are translated inthe CMC 
oordinate system that 
an be either 
artesian or 
ylindri
al and ori-ented arbitrarily 
ompared to the CFD one (the origin is usually set at the inletof the s
alar or at the inje
tor). Based on the CFD domain extremes, the CMCgrid is built and a mapping between CFD and CMC 
ells is performed. The CMC
ells that do not have at least one 
orrespondent CFD 
ell are deleted so that theresulting boundaries are approximated as a stepwise fun
tion. For a stati
 grid,this o

urs on
e whereas for a moving grid this is done at every timestep.For the 
ompression and expansion pro
esses, a moving and variable CMC gridhas been implemented. The user is able to de�ne two parts of the CMC domain,a purely translating one, 
orresponding to the piston bowl, and a variable onewhi
h 
orresponds to the sweep volume. An important feature of this latter partis that the grid size is automati
ally managed based on a 
ell maximum numberand a minimum size the user de�nes. Hen
e the 
ells are squeezed/stret
hedduring the 
ompression/expansion far from the Top Dead Center (TDC). Whenthe minimum grid size is rea
hed, the grid is kept 
onstant and layers are addedor removed. During the layer addition, the solution from the previous timestepis mapped into the new grid using a linear interpolation. The grid sliding ismodeled with an additional 
onve
tion term, based on the grid relative velo
ity,
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3.6 Con
lusionintrodu
ed into the 
onditional velo
ity formulation. De�ning xiP the lo
ation ofthe point P in CMC 
oordinate system at iteration i, the relative velo
ity 
an bewritten as ~vREL = (xiP�xi�1P )=�tCFD. Using the linear model for the 
onditionalvelo
ity (equation 2.71), the moving grid 
onditional velo
ity ishvj�i = ~v� ~vREL � Dtf�02r~�(� � ~�) (3.9)The model 
an be applied for any kind of grid sliding in
luding grid re�nement.A remark is needed to understand the CMC gridding. Sin
e the CMC is a
onserved s
alar based approa
h, the needs of grid re�nement of the CMC gridare not ne
essarily the same than the CFD one. In some 
ases (i.e. to resolve the
ame brush or in a stru
tured 
ylindri
al mesh the region 
lose to the axis) theCMC grid is better resolved than the CFD grid. An algorithm of interpolation ofthe CFD solution has been implemented to transfer the 
ow�eld values to CMCnodes that does not have dire
t 
orresponden
e with any CFD ones.3.6 Con
lusionIn this 
hapter a numeri
al 
ode solving the CMC equatoins has been interfa
edwith the CFD software STAR-CD to allow fully 
oupled transient 
ombustion
al
ulation.The numeri
al eÆ
ien
y of the 
ode has been improved using an OperatorSplitting (OS) pro
edure. The OS 
onsists in the sequential integration of trans-port in physi
al spa
e, transport and 
hemistry in 
onserved s
alar spa
e, allowingthe user to de
ide whether integrating the last two simultaneously or sequentially.The solution of a smaller system of ODEs (i.e. smaller array to solve) allows bet-ter solver eÆ
ien
y redu
ing the 
omputational time as the requirement in mem-ory usage. However, the OS introdu
es a numeri
al error due to the de
ouplingof physi
al pro
esses physi
ally intera
ting, a 
areful sele
tion of the splittingtimestep 
an give a good 
ompromise of numeri
al eÆ
ien
y and a

ura
y. A
omparison of results obtained with the various splitting strategies is given in
hapter 5.The splitting pro
edure allows an easy parallelization of the 
ode. The phys-i
al transport (non sti�) is integrated on the main node, whereas the 
onserved
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3.6 Con
lusions
alar spa
e (sti�), split on di�erent ma
hines as for parallel homogeneous CMC
al
ulations. An automati
 node balan
ing algorithm has been proposed to allowan optimal s
alability of the 
ode.The 
oupling between the CFD and the CMC 
odes is performed using anautomati
 CFD mesh mapping. This pro
edure allows the �le transfer betweena generally unstru
tured CFD mesh to the stru
tured CMC grid. Sliding andmoving CMC grid typi
al of diesel engine modelling 
an be a

ounted for. Inthis purpose a modi�
ation of the CMC equations have been proposed with theaddition of an extra 
onve
tion term that takes into a

ount the relative velo
ityof the CMC nodes. An algorithm, furthermore, of 
ell addition/removal has beenimplemented to maintain the CMC 
ell density within user de�nition in 
ase ofengine 
al
ulation during the 
ompression and expansion stroke. Results fromthis 
ode will be given in 
hapters 5 and 6.
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3.7 Figures3.7 Figures

Figure 3.1: S
hemati
 of the interfa
ing of the CFD and the CMC 
odes.
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Chapter 4Results - I Autoignition in aturbulent n-heptane plumeAutoignition of a pre-vaporized n-heptane plume in a 
on�ned 
o
ow of heatedair has been studied with �rst- and se
ond-order CMC. The aim of this 
hapteris to investigate how turbulent mixing and 
hemistry intera
t in the turbulentautoignition event for a gaseous fuel. At �rst, an a priori study with a homoge-neous CMC formulation will be used to assess the dependen
e of autoignition onmixture 
omposition and 
onditional s
alar dissipation rate at the 
onditions forwhi
h experimental data are available. Subsequently, the mixing in the plume willbe presented and a CMC spa
e-mar
hing formulation has been 
onsidered. Thee�e
ts of the initial velo
ity (i.e. turbulen
e level) and temperature (i.e. 
hem-istry) will be investigated using �rst-order CMC 
losure. Se
ond order-
losureusing the same paraboli
 formulation has been implemented. At �rst a Taylorexpansion methodology has been used to solve for the 
onditional 
ovarian
es ofthe full me
hanism. First and se
ond-order predi
tions will then be 
ompared toassess the e�e
ts of 
onditional 
u
tuations. A 
omputationally eÆ
ient 
losurebased only on the temperature varian
e has then been 
onsidered with two di�er-ent 
losures strategies for the 
onditional rea
tion rate: (i) the Taylor expansion,(ii) the joint-PDF method. The 
hapter 
loses with various 
on
lusions.
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4.1 Ba
kground and obje
tives4.1 Ba
kground and obje
tivesIn the present se
tion some key 
on
epts regarding turbulent autoignition arerevisited to motivate the modelling assumptions and better interpret the results.Study of turbulent autoignition in a mixing layer using Dire
t Numeri
al Sim-ulation (DNS) has been 
ondu
ted initially by Mastorakos et al. (1997a) usinga two-dimensional 
ow �eld and a one-step 
hemistry for the rea
tion rate. Inthis work, the topology of the autoignition spot was des
ribed based on the lo-
al 
on
entration (mixture fra
tion �) and its spa
ial gradient (s
alar dissipationrate �). It was stated that inhomogeneous mixtures autoignite at a well-de�nedmixture 
omposition de�ned as `most-rea
tive' mixture fra
tion �MR, dependenton the rea
tion kineti
s, the initial 
omposition and the initial temperature ofthe rea
tants. Among the di�erent possible autoignition lo
ations the one withlower s
alar dissipation rate �j�MR ignites �rst due to the smaller heat losses.The e�e
t of turbulen
e was also investigated. It was 
on
luded that autoigni-tion is enhan
ed by turbulen
e so that in
reasing the velo
ity 
u
tuations u0 willshorten the autoignition delay �IGN . This was explained as an indire
t e�e
tthat turbulen
e has on the mixing �eld, rather than as a dire
t relation betweenthe turbulent times
ale �TURB and �IGN . High initial value of u0 enhan
es theappearan
e of �MR and eventually 
reates well-mixed spots with redu
ed gradient(�j�MR), with the overall e�e
t of in
reasing the probability of autoignition. Itwas also found that the statisti
al spread of �IGN for di�erent 
al
ulations at thesame 
ondition in
reased by redu
ing �TURB. This was attributed to the limitedsample of �MR and �j�MR within the solution domain advan
ing the hypothesisthat for an in�nite domain the statisti
 of �IGN would be narrow. Additionalwork was 
arried in Mastorakos et al. (1997b) to evaluate the e�e
t of mixing onautoignition. The results for laminar autoignition from Li~nan and Crespo (1976)and Thevenin and Candel (1995) were extended to turbulent 
ows. Autoignitionis inhibited by high value of �j�MR. A 
riti
al value 
an be observed, �CR, so thatfor �j�MR > �CR autoignition 
an not o

ur. In a turbulent 
ow the 
u
tuationsof s
alar dissipation rate above its 
onditional mean 
an be signi�
ant, �00j�MR,hen
e even if its average value h�j�MRi is above �CR instantaneously rea
tion
an pro
eed leading to ignition. The impli
ation that these studies have on the
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4.1 Ba
kground and obje
tivesmodelling approa
h to autoignition is that a 
onserved s
alar approa
h need tobe used to expli
itly a

ount for the e�e
t of �MR and �j�MR. The 
on
lusionsby Mastorakos et al. (1997a) were 
on�rmed in later work by Im et al. (1998),Sreedhara and Lakshmisha (2002b) and E
hekki and Chen (2003) using a morerealisti
 
hemistry for a three-dimensional 
ow �eld.CMC inherently resolves the e�e
ts of inhomogeneities solving for s
alars 
on-ditioned to mixture fra
tion and expli
itly in
ludes the e�e
t of the s
alar dissipa-tion rate in its equations. Hen
e, it represents an appropriate approa
h to modelturbulent autoignition. DNS plots of 
onditional temperature during the thermal`run-away' at ignition show large s
atter of the igniting parti
les, highlightingthat the 
ommon assumption of negligible 
onditional 
u
tuations ne
essary fora �rst-order 
losure is too restri
tive. A more 
omplete formulation based onhigher-order 
losure for the rea
tion rate or doubly 
onditioning 
an be ne
essarywhen the e�e
ts of 
onditional 
u
tuation is signi�
ant. Mastorakos and Bilger(1998) 
ompared the results of CMC using �rst- and se
ond-order 
losure withthe predi
tion of autoigniting DNS. The rea
tion rate was 
al
ulated in all 
asesbased on a one-step rea
tion and a Taylor expansion series trun
ated at se
ond-order was used to approximate the exponential in the 
onditional 
hemi
al sour
eterm in the se
ond-order 
losure. The se
ond-order 
orre
tion was 
losed solvingfor the 
onditional temperature varian
e equation. DNS and se
ond-order predi
-tions 
ompared favorably. It was also shown that CMC predi
tions with �rst andse
ond-order 
losure were similar at low �, while they diverged for higher valuesand, in parti
ular for � > �CRIT , �rst-order 
losure failed to predi
t ignition. Atthis later 
ondition, the pro
ess is driven by the 
u
tuations of the 
onditionals
alar dissipation rate so that only se
ond-order 
losure 
ould reprodu
e the DNSresults.Sreedhara and Lakshmisha (2002a) revisited the above analysis using a 3DDNS database of autoignition and using a rea
tion me
hanism with four rea
-tions. The use of a more 
omplex 
hemistry introdu
ed the e�e
t of the s
alar
onditional 
ovarian
es in the autoignition predi
tion. It was shown that for
omplex 
hemistry the modelling of spe
ies and temperature 
ovarian
es is alsoimportant. In this paper the in
uen
e of the spe
ies 
onditional 
u
tuations was
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4.2 Experimental 
on�gurationin
luded as a 
orre
tion term rather than extra transport equations. Neverthe-less, a sele
tion of the most 
riti
al spe
ies and rea
tions was advan
ed. In both
ases presented, the model was able to predi
t the autoignition time, but the lin-ear approximation of the exponential in the rea
tion rate, due to the Taylor seriesexpansion, 
ould not pro
eed after autoignition. CMC modelling for autoignitionis yet limited either to higher-order 
losure with very simple 
hemi
al kineti
s(Mastorakos and Bilger (1998), Sreedhara and Lakshmisha (2002a)) or to more
omplex me
hanism using a �rst-order 
losure (Kim and Huh (2002) Wright et al.(2005)). To the author's knowledge, a study on the limit of appli
ability of �rstand se
ond-order 
losure to model turbulent autoignition with detailed 
hemistryhas not been done before. The e�e
t of 
onditional rea
tive s
alar 
u
tuationson the autoignition predi
tion has not been investigated yet. Furthermore, a nu-meri
al methodology able to predi
t the in
uen
e of 
onditional 
u
tuations onautoignition and its transition to the subsequent 
ame kernel development hasnot been realized in the past, but 
an prove useful to model the `premix' phaseof diesel engine 
ombustion as well as HCCI 
ombustion.The experiment investigated in the present 
hapter has been analyzed in termsof mixing and autoignition statisti
s in Markides (2005), Markides and Mas-torakos (2005) and Markides and Mastorakos (2006a)). Numeri
al modelling ofautoignition for the present 
on�guration using hydrogen as fuel 
an be foundin Jones et al. (2007) where an LES 
uid me
hani
s solver was 
oupled with asto
hasti
 �eld method to treat 
ombustion. The present work has been partiallypublished as Markides et al. (2007).4.2 Experimental 
on�gurationThe experiment modeled in this 
hapter was performed in the Cambridge Uni-versity Engineering Department. Details on the 
on�guration, the measurementand the set of experiments performed 
an be found in Markides (2005).The experiment 
onsisted of an axi-symmetri
 inje
tion of gaseous fuel intoa stream of pre-heated turbulent 
o
owing air. With the aim of redu
ing theheat losses, the burner was 
on�ned into a va
uum-insulated quartz tube thatallowed the full opti
al a

ess. Autoignition, under 
ertain 
onditions, o

urred
63



4.2 Experimental 
on�gurationat a lo
ation depending on the fuel (i.e. type, dilution), the initial temperatureand the 
ow velo
ity. The advantage of this 
on�guration is that it involves auniform turbulent air stream, whi
h allows an estimate of the mean autoignitiondelay time from the measurement of the mean autoignition lo
ation. Another
hara
teristi
 is that the full opti
al a

ess allows an a

urate measurement ofthe mixing pattern for an optimal des
ription of autoignition. A sket
h of theexperimental apparatus 
an be seen in �gure 4.1.For a 
ertain range of TAIR, UAIR and UFU , individual autoignition eventsmanifested in the form of lo
alized `
ashes'. Ea
h event was asso
iated with anignition kernel that ignited su

essfully, propagated and extinguished. Autoigni-tion behaviour was statisti
ally steady. Random autoignition events o

urred
ontinuously at a well de�ned mean frequen
y and lo
ation. Markides (2005)referred to this regime as `Random Spots'. It was identi�ed as an intermediateand well de�ned regime between a `no ignition' and an intermediate pre-ignitionregime in whi
h no proper autoignition took pla
e; and the `
ash-ba
k regime'in whi
h the autoignition spot instead of quen
hing gave rise to an atta
hed orlifted 
ame.Experimentally, autoignition was dete
ted by 
hemilumines
en
e radiated fromof the hydroxyl radi
al (OH�) in the rea
ting regions. Measurement of autoigni-tion length (LIGN), spe
i�ed as the axial distan
e from the inje
tor to the au-toigniting region, was determined based on the PDFs of the axial positions ofthe emitting light. Two de�nitions were used: LMIN 
orresponding to the axiallo
ation of a 3% rise in the mean signal intensity among many realizations andLMODE its maximum. Typi
al plots of autoignition lo
ation are shown in �gure4.2, taken from Markides (2005).For the set of experiments 
onsidered in this 
hapter, air was ele
tri
ally pre-heated to a TAIR of 1100-1140 K and 
owed with bulk velo
ities UAIR rangingbetween 10 and 20 m/s through the quartz tube of an inner diameter (DIN) of24.8 mm open to atmosphere. Turbulen
e were generated by a grid with 3.0 mmholes and 44% solidity. Pre-vaporized nitrogen diluted n-heptane (C7H16) wasused as fuel, with the mass fra
tion of C7H16 kept 
onstant at YC7H16 = 0:95.The fuel inje
tor with inner (d) and outer diameters of 2.27 and 2.96 mm, waspla
ed aligned in the 
enterline of the quartz tube and at a distan
e of 63 mm
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4.3 Numeri
al methodfrom the turbulen
e-generating grid. The average fuel bulk velo
ities (UFUEL)ranged from 10 to 30 m/s with values for the non-dimensional velo
ity ratio� = UFUEL=UAIR between 1.05 and 1.20. The nitrogen-diluted fuel was inje
tedat temperatures (TFUEL) that were measured to be in the range 1020-1050 K,with the di�eren
e between TFUEL and TAIR within 70-100 K.4.3 Numeri
al method4.3.1 CFDAs the heat release before autoignition in negligible, the density 
hanges in the
ow �eld in the phase prior to autoignition 
an be negle
ted allowing the as-sumption of frozen mixing and the de
oupling between the CFD and the CMCsolver. The 
ow and the mixing �eld were predi
ted by the solution of a two di-mensional axi-symmetri
 problem using the 
ommer
ial CFD software FLUENT(2003). The CFD mesh, highly re�ned along the axis and 
lose to the inje
tor-exit with a radial size at the inje
tor exit of d=20, extended for the full lengthof the quartz-tube and in
orporated a total of 64500 
ells giving a grid indepen-dent solution. The 
ow �eld was 
omputed using a Reynolds Stress turbulen
emodel (RSM). Three di�erent methodologies have been 
ompared to a
hieve thebest predi
tion of the mixture fra
tion (e�), its varian
e (f�02) and dissipation rate(e�).(i) Standard transport equations using a gradient di�usion model for the tur-bulent 
ux have been used for e� and f�02 with an algebrai
 
losure for e�; (ii) thes
alar 
ux transport equations Craft and Launder (2002) have been applied andan extra equation for e� (Jones and Musonge (1988)) implemented; �nally (iii) asin (ii) using the 
losure developed by Thielen et al. (2005) and Suga (1995) asexplained by Kim and Mastorakos (2006). The 
al
ulation of the 
ow �eld havebeen performed by Dr. I.S. Kim. The use of these extra equations is motivatedby the need to 
apture well the early mixing region, 
lose to the inje
tor, wherethe rapid de
ay of the s
alar dissipation rate and mixture fra
tion varian
e wasnot possible to 
apture with a simple algebrai
 
losure. Details on the validityof the CD 
onstant in the algebrai
 
losure of e� 
an be found in Markides and
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4.3 Numeri
al methodMastorakos (2006a). Boundary 
onditions based on the measured turbulent in-tensity and length s
ale at the nozzle plane were imposed at the inlet. Out
owboundary 
onditions were used for the downstream exit.4.3.2 CMCFirst and se
ond-order CMC has been applied, denoted respe
tively as CMCIand CMCII. The 
ow �eld and the phenomena analyzed have been 
onsidered,in �rst approximation, as paraboli
. A spa
e-mar
hing formulation has beenapplied, hen
e negle
ting the e�e
t of axial di�usion. Under the hypothesis of thinboundary-layer 
ows, furthermore, it is assumed that the 
onditional statisti
svary little over the width of the 
ow (Klimenko (1995)) so that the system ofequation to integrate (equations 2.37 and 2.98) 
ould be redu
ed to:hvZ j�i��Q�z = hN j�i��2Q��2 + hW j�i (4.1)hvZ j�i��Gij�z = hN j�i��2Gij��2 (T1)+ hW 00i Y 00j +W 00j Y 00i j�i (T2)� 2hD(rY 00i � rY 00j )j�i (T3)+ hY 00j N 00j�i�2Qi��2 + hY 00i N 00j�i�2Qj��2 (T4)+ 1��P (�) �JGij�� (T5)� hY 00j v00Z j�i�Qi�z � hY 00i v00Z j�i�Qj�z (T6) (4.2)The energy equation 
an be rewritten analogously under the assumption of adi-abati
 wall, 
onstant pressure and no heat loss of radiation from equation 2.50and (2.111). The terms on the right-hand side of the varian
e equation havebeen grouped (Ti) as it will be referred to later. The term T6 that appears inequation (4.2) has been retained even if on a dimensional analysis its magnitudeis 
omparable to the spatial di�usion term that has been negle
ted. This sour
eterm is not dire
tly dependant on the Gij and 
an be estimated from equation4.1, its magnitude will be assessed in se
tion 4.4.4.
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4.3 Numeri
al methodh�j�i� is a 
ross-stream averaging operator. Following equation 3.8, the oper-ator for the generi
 variable  
an be written:h j�i� = R DIN0 h j�i�� ~P (�)�rdrR DIN0 �� ~P (�)2�rdr (4.3)where h j�i and ~P (�) are evaluated lo
ally in the CFD 
ells. ~P (�) is the probabil-ity density fun
tion and it is assumed to obey a �-fun
tion. As dis
ussed in se
tion2.4.6, the �nite probability region was set under the 
ondition ~P (�) > 1�10�50 inorder to de�ne [�MIN ; �MAX ℄; a sensitivity analysis on the threshold is dis
ussedin se
tion 4.4.3. The linear model was used for the 
onditional velo
ity huZj�i(equation 2.71) and the AMC and the Girimaji model have been both assessedto model the 
onditional s
alar dissipation rate hN j�i (equations 2.69 and 2.70).Validation of ~P (�) and hN j�i sub-models against experiment 
an be found inse
tion 4.4.2.The non-linear 
hemi
al sour
e term was obtained using a redu
ed n-heptaneme
hanism Bikas (2001) based on the detailed n-heptane me
hanism of Hewson(1997) and additionally validated for both low-temperature and high-temperatureautoignition in se
tion 4.4.1. This me
hanism 
ontains 31 spe
ies for whi
h equa-tions 4.1 and 4.2 are being solved and another 28 whi
h are put in steady-state,sele
ted using 
omputational singular perturbation (CSP) 
on
epts (Massias et al.(1999)). The 
onditional rea
tion rate has been solved at �rst-order (CMCI) usingequation 2.57.Two methodologies have been 
onsidered for the higher-order 
losure (CM-CII): the Taylor expansion (equation 2.65) and the joint-PDF (equation (2.58))method. In the �rst, the se
ond-order 
orre
tion has been 
al
ulated using theHessian of the rea
tion rate numeri
ally evaluated as explained in 
hapter 3. Thefull set of 
onditional varian
es and 
ovarian
es of the spe
ies in the me
hanismhave been 
onsidered for a total of n� (n+1)=2 additional equations, where n isthe number of the rea
tive spe
ies in the 
hemi
al me
hanism and temperature.The 
losure for the terms in equations 4.1 and 4.2 involving the rea
tion rate
an be 
losed ashW (Y)j�i = hW (Q)j�i| {z }hW IT j�i + 12 �2W�Yi�Yj ����Y=Q hY 00i Y 00j j�i| {z }hW IIT j�i (4.4)
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4.3 Numeri
al methodin whi
h the �rst and se
ond order term have been highlighted as it will bereferred to later, and ashW 00i Y 00j j�i = �Wi�Yk ����Y=QGkj (4.5)In the se
ond method, a presumed shape for the 
onditional joint-PDF of thes
alars and temperature ( ~P (Y; T j�)) has to be pres
ribed. Be
ause no 
lear in-di
ation is given in the literature on the shape of ~P (Y; T j�) during autoignitionand justi�ed by the strong dependen
e on temperature of the rea
tion rate, inthe present work the implementation of the joint-PDF method has been limitedto only the 
onditional statisti
 of temperature so that ~P (Y; T j�) � ~P (T j�). Theshape of ~P (T j�) during autoignition 
an be inferred by the plot of rea
tedness inMastorakos et al. (1997a) where it 
an be noti
ed that hT j�i is a bounded s
alarbetween its value at 
old mixing between fuel and oxidizer (hT j�iMIX) and atequilibrium. Here it 
an be 
al
ulated using a separate run of the 0DCMC 
odeat the same initial temperatures but with low s
alar dissipation rate (hT j�iEQ).A presumed two-parameter �-fun
tion has been used to model ~P (T j�), fun
tionof the redu
ed 
onditional mean and the redu
ed 
onditional varian
e of temper-ature respe
tively de�ned asbQT = QT � hT j�iMIXhT j�iEQ � hT j�iMIX (4.6)bGTT = GTT(hT j�iEQ � hT j�iMIX)2 (4.7)Using this formulation only one extra equation for the temperature varian
e hadto be added to CMCI and the 
losure for the rea
tion rate terms in equations 4.1and 4.2 
an be rewritten ashWi(Y; T )j�i � Z hT j�iEQhT j�iMIX Wi(Q; T )P (T j�)dT (4.8)hW 00TT 00j�i = Z hT j�iEQhT j�iMIX WT (Q; T )P (T j�)dT � hWT j�iQT (4.9)For the 
larity reasons, in equations 4.8 and 4.9 the temperature dependen
e ofthe rea
tion rate has been expli
itly stated. To simplify the nomen
lature the
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4.3 Numeri
al methodsame symbol, T , will be used for temperature and its sample spa
e. From theS-shape 
urve des
ribing the ignition/ex
tintion limit in a laminar 
ounter
ow
on�guration (Li~nan and Crespo (1976)), the autoignition limit it is not exa
tlyde�ned at the frozen temperature so a normalization based on a higher valuemay be needed, but this has not been attempted here. The use of a �-fun
tionto model ~P (T j�) has already been used in the literature by Cha and Pits
h(2002) and Kronenburg and Kostka (2005) in the 
ontext of extin
tion/reignitionproblems. In the present work the validity of this presumed shape has not beenquestioned, assuming impli
itly that some similarity between the two phenomenamay exist due to their low Damk�ohler number dependen
e. Useful 
omments onthe shape of the 
onditional joint-PDF for a two-rea
tion DNS database 
an befound for extin
tion/reignition phenomena in Swaminathan and Bilger (1999).Further studies on the 
onditional joint-PDF of the di�erent s
alars during theautoignition phase using more 
omplex 
hemistry might 
larify this issue.The 
losure of the un
losed terms in equation (4.2) has been done a

ordingto se
tion 2.5.3. It is worth to noti
e that 
onditional se
ond-moment equationsrequire the pres
ription of a number of 
onstants that appear in the 
losuremodels for terms T3, T4, T5. Unfortunately, no DNS data were available to
larify this issue and the suggested values proposed in the literature were used.Additional sensitivity analysis has been 
arried to state the importan
e that thes
alar dissipation 
onditional 
u
tuation term (T4) has on the autoignition, asreported in se
tion 4.4.4.Details on the numeri
al implementation of the CMC equations 
an be foundin 
hapter 3. The paraboli
 CMC (CMCI and CMCII) have been dis
retized usingthe Method of Lines in a system of ODEs that has been impli
itly integrated bythe pa
kage VODPK (Brown et al. (1989)). A �nite di�eren
e grid of 101 nodes
lustered around �ST = 0:065 have been used in �-spa
e. The spa
e-mar
hingstep was de�ned by the same sti� solver while the 
ow �eld were updated inintervals 
orresponding to the size of the �ne CFD mesh. All thermodynami
properties in
luding the Ja
obian and the Hessian of the rea
tion rate in theTaylor expansion and the ~P (T j�) in the Joint-PDF method have been 
al
ulatedimpli
itly. The boundary 
onditions have been set a

ording to se
tion 2.4.6.In �-spa
e only the region [�MIN ; �MAX ℄ has been solved and equation (2.75) is
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4.4 Results and dis
ussionapplied at the boundaries. ~P (T j�) is evaluated at every � on a 51 node adaptivegrid, whi
h is a fun
tion of bQT and bGTT to resolve all �-fun
tion shapes from thegaussian to the J-shape. A Æ-fun
tion is used instead of the �-fun
tion at low
onditional temperature varian
e for 
onditions bGTT < 1� 10�8. Equation (4.2),in the absen
e of the term T6, requires the initial 
ovarian
e to be initialized witha very small but �nite value to start the se
ond moment 
al
ulation. GTT = 1�10�50 has been enfor
ed to all initial rea
tant 
ovarian
es whose both 
onditionalmean mass fra
tion were �nite.4.4 Results and dis
ussionThe simulation results obtained for the autoignition experiment are analyzed anddis
ussed in the following. Se
tion 4.4.1 reports an a priori study of the 
hemi
alme
hanism and the de�nition at the present 
onditions of important parameterssu
h as �MR and �CR that will help the interpretation of the subsequent results.Se
tion 4.4.2 follows where the 
al
ulated 
ow �eld is validated against experi-ments and the sub-models for P (�) and hN j�i are also investigated. Se
tion 4.4.3presents the autoignition predi
tions for �rst-order 
losure using the paraboli
formulation (CMCI). A dis
ussion on the autoignition lo
ation, the role of the
onditional s
alar dissipation rate and the mixture fra
tion statisti
 is 
onsid-ered. Se
tion 4.4.4 using the same paraboli
 formulation present the results forthe se
ond-order 
losure (CMCII). An analysis aiming to assess the in
uen
e ofthe s
alar dissipation 
u
tuations is 
arried. Results for the Taylor expansionand the joint-PDF method are presented and dis
ussed.4.4.1 Autoignition a priori analysisThe oxidation me
hanism for n-heptane (Bikas (2001)) has been tested for homo-geneous autoignition under di�erent pressure and temperature 
onditions. Figure4.3 show a validation of the predi
ted autoignition delay against the sho
k-tubeexperiments performed by Ciezky and Adomeit (1993). In the simulations theautoignition delay is de�ned based on the maximum temperature gradient intime. The me
hanism adequately reprodu
es the region of Negative Temperature
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4.4 Results and dis
ussionCoeÆ
ients (NTC) and performs well in the hight temperature region where theautoignition experiment is situated. The me
hanism validated here will be usedthroughout the present work.As seen in Markides (2005), the autoignition of the non-premixed fuel mayo

ur at various distan
es, and hen
e mixing states, from the nozzle. Beforeembarking on the full analysis by the CMC method, here we dis
uss three apriori methods that 
ould possibly be used for analysing this bounded mixingproblem.First, autoignition of homogeneous mixtures of various initial 
onditions. Thee�e
t of mixture 
omposition, 
an be assessed through plotting the autoignitiondelay time as a fun
tion of initial mass fra
tions and temperature given by themixture fra
tion � for homogeneous rea
tor 
al
ulation. � represents the levelof mixing between two di�erent rea
tant streams, ea
h of them 
hara
terized byan initial 
omposition temperature. Using the above validated me
hanism, �gure4.4 shows iso
ontours of temperature gradient during the autoignition event inthe range of 
ondition of the autoignition experiment. The region of maximumgradient identi�es a minimum autoignition time (�REF ) for a well de�ned mix-ture fra
tion named by Mastorakos et al. (1997a) as the `most rea
tive' mixturefra
tion (�MR). It 
an be noti
ed, furthermore, that �MR is 
hara
terized by themaximum gradient of temperature, whi
h suggests that an autoignition de�nitionbased on a temperature threshold 
an also be appropriate and will be used in thefollowing se
tions. �MR depends on the 
omposition, moves towards ri
her valueswith in
reasing the fuel dilution and the initial temperatures, and is higher forhigher TFU at 
onstant TAIR (not shown).Se
ond, autoignition for a homogeneous mixture at a 
omposition de�ned bythe fuel and air 
ow rates assuming perfe
t mixing before rea
tion o

urs. Theautoignition delay at this 
ondition (�PREMIX) is greater than �REF dependinghow far the homogeneous 
omposition is from the most rea
tive one. In thepresent experiment, �PREMIX = 0:033 
an be estimated. The resulting autoigni-tion delays for various 
onditions are reported in table 4.2. The autoignition delaypredi
ted by the CMC is expe
ted to be bounded within �REF and �PREMIX .Third, autoignition of turbulent inhomogeneous mixture in whi
h the e�e
tsof dissipation due to the s
alar gradient are expli
itly treated through the 
on-
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4.4 Results and dis
ussionditional s
alar dissipation rate hN j�i. The 
al
ulations are performed using ahomogeneous CMC formulation using a 
onstant (in time) hN j�i. As a way toexplore how hN j�i may a�e
t autoignition, �gure 4.5 shows the evolution of theignition delay as fun
tion of � and hN j�i at the 
onditions as �gure 4.4. TheAmplitude Mapping Closure (AMC) model (equation 2.69), parameterized on itsmaximum value at � = 0:5, has been used to model hN j�i. It 
an be seen, as ex-pe
ted, that the shorter autoignition delay time is �REF obtained using hN j�i = 0.If hN j�i in
reases, autoignition is retarded and the rea
tion zone gets broader asthe iso
ontours of ignition delay get more horizontal. This 
an be explained bythe e�e
t of the high di�usion of radi
als and temperature from the most rea
-tive region. �MR 
hanges slightly moving towards ri
her mixture fra
tions. Forhigh values of hN j�i, autoignition 
an fail to o

ur. Now, the dissipation gets soimportant that it balan
es the produ
tion of radi
als.The lo
us of the minimum autoignition delay as a fun
tion of hN j� = 0:5i isrepresented in �gure 4.6. A 
riti
al value for the 
onditional s
alar dissipation rate(hN j�iCR) 
an be identi�ed as the asymptoti
 value of hN j�i at whi
h autoignition
an not o

ur (Mastorakos et al. (1997b), Mastorakos and Bilger (1998)). In thefull 
al
ulation, the history of hN j�i plays a role and alters the ignition lo
ation,as we shall see in se
tion 4.4.3.4.4.2 Mixing �eldMeasurement of velo
ity and mixing �eld were available for similar 
on�gurations(similarity was based on the estimated turbulent Reynolds number, Markides(2005)) to the high temperature autoignition experiment. Initially the 
ow �eldhas been validated against hot-wire measurement data for 
ow 
onditions of airinje
ted into air at ambient temperature for the equal velo
ity 
ase � = 1:05.Figure 4.7 shows the axial normalized mean (bU) and root-mean square (r.m.s.) (bu)of velo
ity, 
al
ulated using a Reynolds stress turbulen
e model. The normalizedvalues are de�ned respe
tively as bU = U=UBULK and bu = u0=U where U is themean axial velo
ity, u0 its r.m.s. and UBULK � UAIR is the bulk velo
ity. Goodagreement 
an be found in the inner region of the 
ow for both mean velo
ity andr.m.s.. A paraboli
 Poiseuille laminar pro�le has been imposed in the inje
tor
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4.4 Results and dis
ussionexit. The turbulen
e intensity in
reases in the region of high shear at the inje
torexit and the turbulen
e de
ays further downstream. An almost uniform pro�lefor both velo
ity and turbulent intensity is re
overed after 20dIN in the innerregion of the domain. The slight dis
repan
y of the predi
tions in the near wallregion is not expe
ted to signi�
antly in
uen
e the mixing fuel-air be
ause thefuel plume is thin and autoignition happens 
lose to the inje
tor.The mixing �eld has been validated against experimental measurements ofa
etone (C3H6O) Planar Laser Indu
ed Fluores
en
e (PLIF) in a equal velo
-ity 
o
ow (� = 1:17) at ambient 
onditions. Measurements are available formean mixture fra
tion (e�), varian
e (f�02) and three-dimensional dissipation rateinferred from the two-dimensional one (g�2D), as well as 
onditional statisti
 formixture fra
tion PDFs (P (�)) and 
onditional s
alar dissipation rate de�nedas hN j�i = 12h�j�i. Results are reported for the three numeri
al methodologiesmentioned in se
tion 4.3. The reader is reminded that option (i) represents thestandard methodology whi
h 
loses the turbulent 
ux appearing in the transportequation of e� and f�02 using a gradient di�usion model and the algebrai
 
losurefor �. Option (ii) stands for the additional solution of transport equations forthe turbulent 
ux and the mixture fra
tion dissipation rate. Option (iii) is asin (ii) using the additional 
losure developed by Thielen et al. (2005) and Suga(1995) (details is Kim and Mastorakos (2006)). Figures 4.8(a) and 4.9(a) showe� and f�02 axial pro�les. The di�erent methods are 
ompared, (iii) appear to besuperior in parti
ular to 
apture the rapid de
ay of e� at the inje
tor exit. f�02 isalso predi
ted satisfa
torily using (iii), although underpredi
tion in its initial riseat the inje
tor exit and a de
ay slightly lower than the measured is noti
ed. Thisis also visible in �gures 4.8(b) and 4.9(b) where the radial pro�les for method(iii) are presented. Overall good agreement between predi
tion and experiment isreported in �gure 4.10 for e� using method (iii). The predi
tions along the 
enter-line tend to underestimate the experimental value 
lose to the inje
tor exit whileover predi
ting the maximum peak in a lo
ation slightly shifted downstream.P (�) and hN j�i have also been validated against experimental measurement.Figure 4.11 shows the pro�le of the presumed P (�) for three points along the
enterline. Poor predi
tion has to be reported 
lose to the inje
tor for both�-fun
tion and 
lipped gaussian, the reason being the low predi
ted f�02 at this
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4.4 Results and dis
ussionlo
ation as well as the inadequa
y of these presumed shape to model the bimodalPDF 
aused by the air entrainment. Far from the inje
tor the P (�) resemble a J-fun
tion so that the �-fun
tion appears to be superior to the 
lipped gaussian inthis region. Far downstream, experimental data are not available due to the lowsignal intensity. P (�) eventually approa
hes a gaussian-like shape to be
ome aÆ-fun
tion in the perfe
tly mixed region and the two models be
omes very similar(not shown).The measurement and predi
tion of hN j�i are 
ompared in �gure 4.12 forthe same lo
ation as in �gure 4.11. It is worthwhile to noti
e that the larges
atter in the measurements is due to the small number of samples available in theregion of low P (�). Two-dimensional 
onditional s
alar dissipation rate (hN2Dj�i)measurements were available from the experiment. An estimation of the three-dimensional one (hN3Dj�i) was done along the 
enterline under the assumptionof axi-symmetri
 
ow. Cal
ulating separately the radial and axial 
omponent,respe
tively hN j�ir and hN j�iz, along the 
enterline the full hN j�i was estimatedhN3Dj�i = 2�hN j�ir+hN j�iz. Comparison between the Girimaji (equation 2.70)and the AMC model (equation 2.69) using the �-fun
tion for P (�) and the AMCmodel joint with the 
lipped gaussian PDF against the experiments is reported.In the region 
lose to the inje
tor, despite the a

urate predi
tion of the mean�, the error 
ommitted in the predi
tion of P (�) yields an underpredi
tion ofhN j�i. At lo
ations downstream of the inje
tor, the predi
tions get 
loser to theexperiments. In general the AMC model 
oupled with the �-fun
tion PDF givesa better predi
tion. The di�erent plots reveal the inadequa
y of all models testedto reprodu
e fully hN j�i and more sophisti
ated models (Devaud et al. (2004),Mortensen (2005)) are needed. In the following the �-fun
tion PDF and the AMCmodel have been retained as they best reprodu
e the experimental measurementin the region of interest and will hen
e be used throughout the present se
tion.Having sele
ted the best modelling strategy for this 
ow, two di�erent 
ondi-tions at high temperature have been 
onsidered respe
tively at UAIR = 13:8 m/sand UAIR = 17:64 m/s. Details on the boundary 
onditions 
an be found in table4.1. Figure 4.13 shows the 
omparison between the two 
omputed 
ases in termsof ~� and ~�. Experiments showed that in
reasing the 
o
ow velo
ity maintaining
onstant the velo
ity ratio �, did not modify the shape of the plume de�ned as the
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4.4 Results and dis
ussion
ontour �eld of the marker e�. Figures 4.13(a) and 4.13(b) on the left hand sideshow ~� iso-
ontours. The two modeled 
ases have a similar behaviour. Despite ofthe 27% rise in bulk velo
ity the iso-
ontours of ~� do not get strongly modi�ed.The di�eren
es that 
an be noti
ed are mainly attributed to the di�eren
e in �and the �ne 
olor s
ale used. However, the use of a more advan
ed turbulen
emodels like LES might improve predi
tions. Figure 4.13(a) and 4.13(b) on theright hand side show ~� iso-
ontours. The higher velo
ity results to a higher initialvalue but also to a more rapid de
ay. The 
onsequen
es of this will be analyzedin more detail in se
tion 4.4.3.4.4.3 Paraboli
 CMC �rst-order 
losureResults obtained using a paraboli
 �rst-order 
losure formulation are reported inthe present se
tion. As des
ribed in se
tion 4.3, the assumption of a paraboli

ow is unable to des
ribe phenomena like the `
ash-ba
k', but it is still 
onsideredappropriate until autoignition sin
e no strong gradients of spe
ies and tempera-ture are present. It represents moreover a way to isolate and better understandthe e�e
t of 
hemistry and turbulent mixing on autoignition.General des
ription of the phenomenaBefore entering into a detailed analysis of autoignition, a global des
riptionof the phenomenon is useful. Convoluting the CMC solution with the PDF ofmixture fra
tion 
al
ulated at the �ne CFD grid resolution, a

ording to equation3.6, 
ontour of average quantities 
an be 
al
ulated.Figure 4.14 shows pro�les of average temperatures (eT ), at the top, and tem-perature rea
tion rates (fWT ), at the bottom, along the 
enterline, 
al
ulated forthe high-velo
ity 
ase at di�erent initial 
onditions, here de�ned with TAIR. It
an be seen that the autoignition lo
ation, whi
h 
an be identi�ed as a suddenin
rease in the average temperature, is dependent on TAIR as expe
ted. After asmall de
rease of temperature at the inje
tor exit due to endothermi
 rea
tionspredi
ted by the me
hanism at these 
onditions, the temperature starts risingmonotoni
ally with the distan
e from the inje
tor until autoignition. A quali-tatively di�erent behaviour is observed at high and at low TAIR, whi
h is more
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4.4 Results and dis
ussionevident from the plot of the temperature rea
tion rate. At high TAIR, WT is amonotoni
 fun
tion of the axial dire
tion. De
reasing TAIR, not only WT getsredu
ed (the 
urves are less steep) but below a 
ertain value is stabilizing, oreven redu
ing, before autoignition o

urs.A similar 
on
lusion 
an be drawn from �gure 4.15, where iso
ontours of ~YCH2Oand ~YOH are reported for two of the 
onditions earlier presented, respe
tivelythe higher and the lower TAIR in the 
urve envelope in �gure 4.14. Sin
e theautoignition length in both 
ases is very di�erent, the y-axis in the plots is notin s
ale. These two spe
ies have been sele
ted sin
e the �rst gives an indi
ationof the advan
ement of the pre-ignition rea
tions, while the se
ond is 
reated inthe high rea
tive region and 
an be 
onsidered as a marker of the rea
tion zone.Figure 4.15(a), high temperature 
ase, shows that the CH2O 
on
entration risesmonotoni
ally until ignition and is depleted in the rea
tion zone when OH isformed. Figure 4.15(b), low temperature 
ase, shows a non monotoni
 in
reaseof CH2O with the axial distan
e, whi
h is evident from its high-
on
entrationregion before the OH rise. This indi
ates that the rea
tivity of the mixture isredu
ed before autoignition o

urs. The reason of the large spreading of the highrea
tive region in the dire
tion perpendi
ular to the 
ow, is determined by theCMC 
ross stream averaging formulation used.Theses trend in temperature or spe
ies 
on
entration, 
ould not be justi�edby dire
t measurement, however, plot similar to �gure 4.14 were sket
hed inMarkides (2005) as possible explanation to the di�erent autoignition behavioursen
ountered. The reason will be better explained later in the se
tion where thee�e
t of the mixture fra
tion statisti
s is analyzed.Autoignition lo
ationFigure 4.16(a) 
ontains the main results 
on
erning the lo
ation of autoigni-tion in the tube as a fun
tion of the inlet air temperature (TAIR). The sensitivityof the model predi
tions has been explored for a broad range of TAIR. A linear�t has been used to estimate the initial 
onditions in terms of TAIR and TFUwhen outside the experimental range of investigation. In the experiments, thetwo 
urves of LMIN and LMODE bra
ket the true mean autoignition spot lo
ation,
76



4.4 Results and dis
ussionwhile in the predi
tions, autoignition is the lo
ation where the 
onditional tem-perature �rst rises above 1600K at some value in �-spa
e. This de�nition does not
ompare dire
tly with the one given in the experiment that refers, essentially toun
onditional values of OH 
hemilumines
en
e. However, sin
e the equations areevaluated in the region of �nite ~P (�), this de�nition gives a good indi
ator whereautoignition o

urs �rst. Using this de�nition, the predi
tions are expe
ted tofollow the lower experimental 
urve (LMIN ). Data groups belonging to the same
onditions are 
onne
ted by lines, with ea
h line representing a di�erent set of
onstant UAIR and �.Figure 4.16(b) presents the same data, but in terms of the natural logarithmof the mean residen
e time until autoignition (ln(�IGN )). Furthermore, the in-dependent axis is now 1000/TAIR, su
h that this �gure 
an be 
onsidered anArrhenius plot and its gradient an a
tivation temperature, TACT . For a situationin whi
h the mixing is not playing an a
tive role in determining the delay timeuntil autoignition, one would expe
t straight lines in this plot (as previous stated,the range of temperature analyzed is outside the range of NTC for n-heptane).The e�e
t of air temperature is dire
tly evident from these plots. The experi-mental results show a de
reasing trend for both LMIN and LMODE with in
reasingTAIR. Be
ause UAIR (and hen
e �) is 
onstant for all points on ea
h line, as thetemperature is in
reased (and 1000/TAIR is de
reased), �MIN and �MODE de
reasemonotoni
ally, following the de
rease in length. From the delay time plots, �gure4.16(b), where it is apparent that the gradient is not 
onstant, it is possible to
on
lude that turbulent mixing is a
tively a�e
ting the pre-ignition 
hemistry.At higher temperatures, autoignition o

urs 
loser to the inje
tor, where the lo-
al s
alar dissipation rate is higher. At these lo
ations, the e�e
tive a
tivationtemperature in
reases, re
e
ting a de
elerating e�e
t on the 
hemistry.In se
tion 4.4.1 the 
on
ept of �REF was de�ned as the autoignition delay timefor a homogeneous stagnant adiabati
 mixture with initial 
omposition and tem-perature 
orresponding to the frozen values of a mixture with �MR and represent-ing the minimum possible ignition delay. Values for �REF at di�erent 
onditions
an be found in table 4.2 where the data of �gure 4.16(a) for the experimen-tal 
onditions are 
ompared with additional 
al
ulations for the homogeneousautoignition delay time �PREMIX of the fully premixed mixture asymptoti
ally
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4.4 Results and dis
ussionrea
hed far from inje
tion with the 
ow rates used in the experiments, whi
h
orresponds to a mixture fra
tion �PREMIX about 0.033. The autoignition timefrom experiment and CMC is longer than �REF 
onsistent with Mastorakos et al.(1997a) whi
h shows that mixing delays autoignition. �PREMIX is longer, whi
hshows that in autoignition of a bounded non-premixed 
ow the well-mixed equiv-alen
e ratio is an upper limit to autoignition delay.Predi
tions reprodu
e the salient behaviour of autoignition with respe
t tothe air temperature and are 
orre
tly lo
ated within the experimental LMIN andLMODE in terms of length and �MIN and �MODE in terms of delay time. Never-theless, dis
repan
ies 
an still be noti
ed at the low and at the high temperatureregions. At high TAIR `
ash-ba
k' o

urs in the experiments. The assumption ofparaboli
 nature of the CMC equations is not valid and an ellipti
 formulationis needed. At low TAIR the underpredi
tion in autoignition length (and delaytime) is attributed to various 
auses for example the assumption of adiabati
wall and the disregard of the radiation e�e
ts. The modelling 
hoi
es for ~P (�)and the region [�MIN ; �MAX℄ have a non-negligible e�e
t in these regions, as willbe dis
ussed later in this se
tion.E�e
t of s
alar dissipation rateA 
loser look at TAIR=1113 K reveals that for the same TAIR and an in
reasein UAIR from 13.8 to 17.8 m/s, autoignition is shifted non-linearly downstream,su
h that the autoignition delay time is in
reased. This is 
aptured by bothexperiment and simulation and 
an be explained by the in
rease in the s
alar dis-sipation 
aused by the in
rease in u0 (that in
reases with UAIR) (see �gure 4.13).This retardation of autoignition with in
reasing air velo
ity has been previouslyfound for hydrogen (Markides and Mastorakos (2005)) and a
etylene (Markides(2005)) and 
an be explained as an e�e
t of the 
onditional s
alar dissipationrate. As dis
ussed in se
tion 4.4.1, autoignition o

urs at �MR and at � < �CR.�MR 
an be evaluated from �gure 4.16(
) being �MR = 0:135 and �MR = 0:145respe
tively for the low for the high velo
ity 
ase. All other 
onditions being thesame, as the 
onditional s
alar dissipation rate at �MR in
reases, the autoignitiondelay in
reases. Figure 4.17(a) shows the evolution, along the axial dire
tion,of the 
onditional s
alar dissipation rate evaluated at �MR and �ST for the same
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4.4 Results and dis
ussioninitial temperatures (hN j� = �MRi� and hN j� = �ST i�), for di�erent velo
ities. Itis evident that the high velo
ity 
ow experien
es a higher 
onditional s
alar dissi-pation rate, whi
h is higher than the 
riti
al value for a longer distan
e, than thelow velo
ity 
ow. The same 
on
lusions 
an be drawn normalizing the graphs bythe 
onditional velo
ity and argue in terms of autoignition delay time instead ofignition length (not shown). This explains fully why the high velo
ity plume au-toignites later than the low velo
ity plume. The relative di�eren
e between �MRand �ST s
alar dissipation histories is also interesting, whi
h underline the im-portan
e of employing a

urate sub-models for the 
onditional s
alar dissipation.The e�e
ts of the 
onditional s
alar dissipation rate 
u
tuations in se
ond-order
losure are dis
ussed in se
tion 4.4.4.E�e
t of mixture fra
tion statisti
sPro
eeding downstream from the inje
tor, ~P (�) 
hanges from a bimodal tounimodal shape and then it be
omes a Æ-fun
tion where the 
ow mixes perfe
tly.The region of �nite ~P (�) 
hanges, a

ording to the threshold de�ned in se
tion4.3 on its lower limit, with the downstream distan
e. Solving the CMC equationsin the interval de�ned by ~P (�), two 
onditions 
an be en
ountered dependingon whether �MR has a �nite probability or not in the domain of interest. In the�rst 
ase, the autoignition is lo
ated at �MR and the s
alar dissipation rate willdetermine the delay from �REF . In the se
ond 
ase, the farther the � interval isfrom the nominal �MR, the slower the rea
tion rate is and ignition will be furtherdelayed. This argument supports the experimental observation that autoignitiontime may in
rease very qui
kly at operating 
onditions that shift autoignitiondownstream, to the point that suddenly no ignition spots are observed in thetube (Markides (2005); Markides and Mastorakos (2005)). A further explanationis provided in �gure 4.16(
), where at the same 
onditions as in �gure 4.16(a) thelo
ation of the �rst igniting mixture fra
tion �MR is plotted for di�erent values ofthe threshold for ~P (�). As expe
ted �MR is sensitive to the threshold used. At thelower TAIR (long LIGN) ~P (�) approa
hes a Æ-fun
tion and the range of available� redu
es with the e�e
t of spreading LIGN predi
tions. As a 
onsequen
e, in anunsteady 
al
ulation using an LES turbulen
e model, the predi
ted ~P (�) 
an be
u
tuating with the e�e
t of signi�
antly altering the autoignition lo
ation. It is
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4.4 Results and dis
ussionworth to noti
e that for the de�nition given above, �MR = �MR if �MR belongs tothe interval of realizability for ~P (�).Figure 4.17(b) presents the statisti
 of �MR and �ST along the axial dire
-tion. After a �rst rise, the probability to �nd �MR de
ays, more rapidly for thehigher velo
ity 
ase, indi
ating that for long LIGN a more homogeneous ignitionis a
hieved and �IGN is delayed. The e�e
t of the redu
ed statisti
s of �MR hastherefore a dire
t 
onsequen
e on the mean rea
tion rate and temperature rise aswas presented earlier in �gures 4.14 and 4.15.A summary of the joint e�e
ts of ~P (�) and hN j�i 
an be seen in �gure 4.18where iso-levels of ~P (�) are super imposed on 
ontours of hN j�i for the twovelo
ity 
ases. hN j�i de
ays rapidly from the initial high values, higher thanits un
onditional mean, and ~P (�) evolves from a double peak to a J-shape to auni-modal PDF approa
hing the homogeneous 
ondition. The high velo
ity 
ase,be
ause of the higher turbulent di�usivity, rea
hes the homogeneous 
onditionbefore the lower velo
ity 
ase, whi
h explains its higher sensitivity to the PDFthreshold.The transition from a non-premixed to a more homogeneous autoignition re-quires a

urate modelling of ~P (�) and of the boundary 
onditions in �-spa
e. It isa subje
t of interest for all 
ombustion devi
es based on quasi-homogeneous rea
-tant 
onditions as for HCCI (Homogeneous Charge Compression Ignition) engineor LPP (Lean Premixed Pre-vaporized) gas turbine. In those 
onditions further-more the extension of the present formulation towards an ellipti
 formulationand eventually a double-
onditioning might be needed to resolve the propagationfront in a more homogeneous environment.4.4.4 Paraboli
 CMC se
ond-order 
losureThe predi
tions of se
tion 4.4.3 based on a 
onditional �rst-order 
losure forthe rea
tion rate, have been revisited at the light of higher-order 
losures in thepresent se
tion. The aim is to assess the e�e
ts of 
onditional 
u
tuations andunderstand the limit of �rst-order 
losure in predi
ting autoignition. Nonetheless,the strengths and the limits of the present implementation will be shown in orderto validate the numeri
al method used, whi
h represent an additional novelty of
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4.4 Results and dis
ussionthe present work. To allow the 
omparison between the �rst and se
ond-order
losure, the same paraboli
 formulation and a threshold ~P (�) < 1 � 10�50 hasbeen 
onsidered.Three di�erent se
ond-order implementations have been applied (refer to se
-tion 4.3.2), (i) a se
ond-order 
losure based on a Taylor expansion of the 
ondi-tional rea
tion rate applied to all the rea
tive spe
ies in the me
hanism, (ii) thesame methodology as (i) but solving only for the temperature varian
e, (iii) aPDF method restri
ted only to the 
onditional PDF of temperature, P (T j�).Taylor expansion method - full se
ond-order 
losureSimulations using se
ond-order 
losure does not present major di�eren
es
ompared to the �rst-order ones and the des
ription provided in se
tion 4.4.3still holds.Figure 4.19 presents the di�eren
es between the ignition length predi
ted bythe �rst- and se
ond-order methods in terms of an error parameter de�ned as" = (LCMCI �LCMCII)=LCMCI. Results are reported for method (i) with respe
tto TAIR for the high velo
ity 
ase and are extended for an arbitrary 
hosen TAIR =1135K with predi
tions for methods (ii) and (iii). Sensitivity of the predi
tions tothe term T4, therefore to the s
alar dissipation rate 
onditional 
u
tuations, andto the term T6, that represent the sour
e term due to the gradient of 
onditionals
alars, in equation 4.2 is presented. " spans a small interval from very smallnegative values to less then 2%. Even though the overall predi
tions do not 
hangesubstantially, for a reason that will be better explained later, the use of se
ondorder 
losure gives better insight into the me
hanism leading to autoignition.The positive value of " reported in �gure 4.19 demonstrate that LCMCII <LCMCI that is 
onsistent with the �ndings of Mastorakos and Bilger (1998). "tends to in
rease moving towards higher TAIR to then stabilize or even de
ayslightly at high temperature. In
reasing TAIR has the e�e
t of moving the au-toignition lo
ation upstream the 
ow, hen
e in region of higher mean s
alar dis-sipation rate and, from equation 2.117, higher 
u
tuations. At the same time anin
rease in TAIR 
orresponds to an in
rease to the 
onditional s
alar dissipationrate 
riti
al value and, a

ording to �gure 4.17(a), to a redu
ed time (or length)that a 
uid parti
le spend in this region. Figure 4.19 
an, thus, be explained as
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4.4 Results and dis
ussionthe 
ompetition between those two e�e
ts. The importan
e of the 
onditionals
alar dissipation rate 
u
tuations have been assessed in the sensitivity analysison the 
onstant F = [1; 1:3℄ appearing in the model for the term T4 (equation2.117. Autoignition is enhan
ed showing that the term T4 is the driving term inautoignition 
al
ulation, 
onsistently with the �ndings of Mastorakos and Bilger(1998). This 
on
lusion urges better insight in the understanding of this termin parti
ular to �nd more universal 
losures appli
able for both autoignition and
ames. The e�e
t of term T6 has also been shown in �gure 4.19. In the autoigni-tion situation, the temperature rises monotoni
ally with distan
e, therefore, T6is a sour
e term with the overall e�e
t of enhan
ing autoignition. The readeris reminded that this term s
ales as the di�usion term in equation 4.2 and in aellipti
 formulation its e�e
t would partly be balan
ed.Figure 4.20 shows the evolution of the 
onditional temperature and its rootmean squared (r.m.s) at 
ondition TAIR = 1135K and TAIR = 1035K for threelo
ations 
lose to autoignition. The 
onditional temperature and its 
u
tuationspeak at �MR as expe
ted. Autoignition is 
hara
terized by a sudden rise in 
ondi-tional temperature as well an in
rease in its 
u
tuation that rea
hes a segregation
oeÆ
ient of about bST = bGbQT (1� bQT ) � 0:85, indi
ating a bimodal behaviour of the
onditional temperature. Figure 4.21 shows at the same lo
ations the evolution ofthe 
onditional temperature rea
tion rate 
al
ulated as a �rst-order term hW IT j�iand a se
ond-order 
orre
tion hW IIT j�i. Far from the initial 
onditions, where therea
tion rate is 
hara
terized by endothermi
 rea
tions, hen
e negative in sign(not shown), hW IT j�i is positive and monotoni
ally in
reases. hW IIT j�i behavesdi�erently. It enhan
es autoignition during the pre-ignition phase but at au-toignition 
hanges its sign at �MR redu
ing its rea
tivity while showing a doublefront in the vi
inity of �MR. This apparent 
ontradi
tion 
an be explained asa perturbation in the mean 
onditional rea
tion rate 
aused by the 
onditional
u
tuations. At autoignition hW IT j�i is at its maximum, hen
e, any perturbationyields a negative 
orre
tion.An analysis of the spe
ies 
onditional varian
es and 
ovarian
es shows that be-fore autoignition the most important 
ontributions to the se
ond-order 
orre
tion
omes from temperature followed by n-heptane (C7H16), ethylene (C2H4), oxygen(O2), 
arbon monoxide (CO), propene (C3H6), water vapor (H2O), formaldehyde
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4.4 Results and dis
ussion(CH2O) and later by the hydroxyl radi
al (OH). The results for the spe
ies 
o-varian
es are reported in �gure 4.22 using the 
orrelation 
oeÆ
ient de�ned asRij = Gij=(pGiipGjj). Beside the major spe
ies, C2H4, C3H6 and CH2O arere
ognized as intermediate spe
ies ignition pre
ursors. The me
hanism of au-toignition 
an be further investigated using the spe
ies 
orrelation, it is worth tounderline the negative 
orrelation between CH2O and OH at autoignition thatshow the 
onsumption of formaldehyde in the rea
tion zone where the hydroxylradi
al is formed as reported in �gure 4.15.Autoignition 
al
ulations using the Taylor expansion method 
ouldn't pro
eedfurther than the �rst temperature rise. Limitations in the numeri
al evaluationof the rea
tion rate Hessian matrix, based on s
alar perturbations (�rst-ordera

urate), be
omes inappropriate, in parti
ular during the autoignition thermal`run-away'. The results reported in this se
tion 
an still be 
onsidered relevant,an important test for their validity is given by the hypothesis used in the Tay-lor expansion method, in whi
h it is assumed small se
ond-order 
ontribution tothe mean rea
tion rate (�gure 4.21), low 
onditional 
u
tuations above its 
ondi-tional mean (4.20) and a 
orrelation 
oeÆ
ient of the rea
tive s
alar Rij boundedbetween [-1,1℄ (�gure 4.22).Figure 4.23 shows the balan
e of terms in the varian
e equation for tempera-ture at the same lo
ation as �gure 4.20. In the pre-ignition phase, �gure 4.23(a),T4 involving the 
onditional s
alar dissipation rate 
u
tuations is the drivingterm, and is mainly balan
ed by the rea
tion rate term T2. Approa
hing au-toignition, �gure 4.23(b) the gradient term T6 be
omes important together withT4 still balan
ed by T2. At autoignition, �gure 4.23(
), the rea
tion rate termT2 has the most important positive 
ontribution.Taylor expansion method - 
onditional temperature varian
eIn the aim of simplifying the system of equations to solve, a 
losure based onthe temperature varian
e only has been attempted. Under this assumption therea
tion rate Hessian redu
es to the se
ond derivative with respe
t to temperatureonly.Autoignition lengths for 
onditions TAIR = 1135K and TFU = 1035K areshown in �gure 4.19 with and without the gradient term T6 for F = 1. The
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4.4 Results and dis
ussionerror parameter " for both 
ases be
omes negative, indi
ating an in
rease in theautoignition length with respe
t to a �rst-order 
losure. This apparent in
on-sisten
y with the results found using the full Taylor expansion will be betterexplained later in this se
tion.The evolution of the 
onditional temperature and its 
u
tuations is shown in�gure 4.24 for di�erent lo
ations before, during and after the autoignition event.The sele
ted lo
ations are, when possible, as in �gure 4.20 so as to 
ompareresults dire
tly with di�erent methodologies. The evaluation of only the tem-perature varian
e allowed the progression of the 
al
ulation without instabilitiesafter ignition allowing the modelling of the autoignition kernel propagation. The
onditional temperature 
u
tuations evolve in similar manner as in �gure 4.20 butslightly underpredi
ted. It is noti
eable how after the �rst peak at autoignition,a double front 
orresponding to two 
ame fronts arises.Figure 4.25 reprodu
es at the same lo
ations the evolution of hW IT j�i andhW IIT j�i as previously de�ned. The �rst-order term in the rea
tion rate showshow ignition, after the �rst kernel, develops into a double 
ame (not shown)and 
onsequently to a triple-
ame. The 
ame fronts visible in hW IT j�i are mu
hnarrower than the ones inferred from the 
u
tuating temperature that involvedbroader regions. The evolution of hW IIT j�i gives an explanation for the in
reasein autoignition length using a se
ond-order formulation. During the pre-ignitionrea
tion leading to autoignition, the 
hemistry does not behave as an exponentialfun
tion with temperature. Mathemati
ally, temperature is still a monotoni
fun
tion with positive �rst derivative sin
e a positive perturbation produ
es apositive variation of the rea
tion rate, but its se
ond derivative, represented by theHessian of the temperature rea
tion rate with respe
t to temperature is negative.This explains the initial negative 
ontribution of the se
ond-order 
orre
tion thatyields to a retardation of autoignition. After ignition hW IIT j�i a
ts in two oppositeways. It redu
es the high rea
tion rate at the 
ame fronts in the inner regionand at the 
ame front while enhan
es the propagation of the 
ame in the 
ameadja
ent regions.Figure 4.26 shows the 
ontributing terms in the varian
e equation for tem-perature at the same lo
ation as �gure 4.24. The evolution is similar to �gure4.23 for the full se
ond-order 
losure. Its is signi�
ant to noti
e that without the
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4.4 Results and dis
ussionother spe
ies 
ontributions, the rea
tion rate term T2 always a
ts as to balan
ethe s
alar dissipation rate term T4 and the gradient term T6.Despite the e�e
t of redu
ing the temperature 
onditional rea
tion rate duringthe pre-ignition phase as en e�e
t of the 
omplex 
hemistry, a Taylor expansionmethod with se
ond order 
orre
tion based on only the temperature varian
e of-fers a stable and 
omputationally eÆ
ient methodology to introdu
e the e�e
ts of
onditional 
u
tuations in CMC to evaluate autoignition and 
ame propagation.PDF Method - Conditional Temperature varian
eAlternative to the Taylor expansion, the joint-PDF method o�ers the pos-sibility to 
lose the rea
tion rate without any assumption on the magnitude ofthe 
onditional s
alar 
u
tuations. Be
ause no 
lear indi
ation exists in the lit-erature on the shape of the 
onditional joint-PDF of the rea
tive spe
ies duringautoignition and with the intent to validate the numeri
al methodology, the 
on-ditional joint-PDF of spe
ies has been simpli�ed to a single s
alar PDF ( ~P (T j�)that 
an be 
losed with a presumed �-fun
tion. Results using this methodology
an de dire
tly 
ompared with the Taylor expansion method applied only to thetemperature varian
e.Autoignition lengths for 
onditions TAIR = 1135K and TFU = 1035K areshown in �gure 4.19 with and without the gradient term T6 for the 
onstantF = 1. The error parameter " is higher in the 
ase without T6 showing anopposite behaviour with respe
t to the Taylor expansion with full 
losure.Results of 
onditional temperature and its 
u
tuation are presented in �gure4.27 for the same lo
ations 
onsidered in the Taylor expansion method using onlythe temperature varian
e. Autoignition o

urs at earlier times 
ompared to �gure4.24 so the plots are more slightly more advan
ed in the rea
tion, however, the
hara
teristi
s of the autoignition kernel development is analogous to what pre-viously reported. Figure 4.28 show the evolution of the 
onditional temperaturerea
tion rate as 
al
ulate by equation (2.58). The di�erent phases of ignition,double 
ame propagating into a triple 
ame are shown. The balan
e of terms inthe varian
e equation at the same lo
ations is plotted for 
ompleteness in �gure4.29 and is similar to the evolution of the Taylor expansion method.
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4.5 Con
lusionFigure 4.30 shows, at the same lo
ation as in �gure 4.27, the evolution of~P (T j�). The temperature is bounded between frozen and equilibrium tempera-ture. Starting from a narrow ~P (T j�) due to the low varian
e, as the rea
tionspro
eed, in the region of �MR the ~P (T j�) be
omes broader leading to autoigni-tion, represented by a J-shape. The subsequent 
ame propagation is 
learlyvisible from the bimodal shape of the PDF at the � 
orresponding to the 
amefronts. The shapes of ~P (T j�) are 
onsistent with the one reported by Mastorakoset al. (1997a).The Joint-PDFmethod to 
lose the rea
tion rate terms, has as main limitationthe de�nition of 
onsistent bounds, ne
essary to apply a presumed shape. Atautoignition, from laminar autoignition theory (Li~nan and Crespo (1976)), thelower bran
h of the S-shape does not 
orrespond to the frozen mixing of therea
tants but to somehow higher temperature. This implies that at autoignitionin turbulent 
ases the lower boundary should evolve during the 
al
ulation. Apossible lower limit being the 
onditional temperature 
al
ulated at the sametime but with very high 
onditional s
alar dissipation rate. Convoluting therea
tion rate 
al
ulated with a broad or even bi-modal ~P (T j�) at autoignition,between frozen and equilibrium limit, would result to a lower unphysi
al rea
tionrate. This is the explanation for the in
onsisten
y in the autoignition lengthpredi
tions previously mentioned in �gure 4.19. Without the gradient term the~P (T j�) behaves has a gaussian-like PDF so that the in
uen
e of low temperatureregion be
omes less important and the rea
tion rate is enhan
ed.4.5 Con
lusionThe 
onditional moment 
losure model has been applied to model autoignitionof an n-heptane plume in a turbulent heated 
o
ow. A homogeneous paraboli
CMC formulation has been implemented. The 
onditional rea
tion rate has been
losed using �rst and se
ond-order 
losure. Two methodologies have been imple-mented for the se
ond-order 
losure, a Taylor expansion method solving for thefull matrix of varian
es and 
ovarian
es of the spe
ies in the 
hemi
al me
hanismand a 
onditional joint-PDF method in whi
h only the temperature statisti
 has
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4.5 Con
lusionbeen used to evaluate the 
onditional rea
tion rate, presuming the 
onditionaltemperature PDF to be a �-fun
tion.Results show that the in
reased s
alar dissipation rate 
reated by faster ba
k-ground turbulen
e delays autoignition, as revealed by a disproportionate in
reaseof ignition length with air velo
ity. At low air temperature (long ignition delay)autoignition is shifted downstream towards more homogeneous mixtures and thelo
ation of the most rea
tive mixture fra
tion within the mixture fra
tion PDFbe
omes important.Se
ond order-
losure, using a Taylor expansion method applied to all spe
ies,predi
ts shorter autoignition lengths than �rst-order 
losure 
onsistent with DNSresults. The 
onditional s
alar 
u
tuations enhan
e autoignition. The drivingterm in the 
onditional 
ovarian
e equation, during an autoignition 
al
ulation,is the one dependent on the 
onditional s
alar dissipation rate 
u
tuations.In the present 
ase �rst and se
ond-order 
losure had small di�eren
es in thepredi
tions. The reason is attributed to the rapid de
ay of the 
onditional s
alardissipation rate below its 
riti
al value. First-order 
losure appears, therefore, tobe adequate at these 
onditions.The Taylor expansion method 
an predi
t autoignition, however, it is inap-propriate to predi
t the initial phase of kernel development. The assumption ofsmall 
onditional 
u
tuations ne
essary for the expansion is not valid after ig-nition. However, the method 
an be e�e
tive to predi
t pollutant formation in
ames with low but still non-negligible 
onditional 
u
tuations.The 
onditional joint-PDF method limited to the temperature only, 
an bean eÆ
ient alternative to introdu
e the e�e
ts of 
onditional 
u
tuations withoutsolving the full set of 
ovarian
es. Without assumption on the magnitude of the
onditional 
u
tuation, it 
an be applied to predi
t autoignition as well as 
amedevelopment with 
areful de�nition of the PDF bounds.
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4.6 Tables and Figures4.6 Tables and FiguresType UAIR � = UFU=UAIR TAIR TFU �AIR �FU[m=s℄ [�℄ [K℄ [K℄ [kg=m3℄ [kg=m3℄Velo
ity 2.66 1.08 297 297 1.180 1.180Mixing 3.09 1.17 473 438 0.747 0.919Autoignition 13.80 1.05 1109 1029 0.318 1.03717.64 1.20 1126 1032 0.313 1.030Table 4.1: initial 
ondition CFD modelling.
UAIR TAIR TFU �IGN;CMC �PREMIX �REF �MR[m=s℄ [K℄ [K℄ [ms℄ [ms℄ [ms℄ [�℄13.8 1104 1027 5.35 7.83 4.13 0.1571109 1029 5.02 6.72 3.85 0.1471113 1030 4.77 6.14 3.65 0.14317.6 1113 1028 5.01 6.17 3.69 0.1321124 1032 4.31 4.80 3.13 0.1221132 1036 3.81 3.98 2.74 0.1091135 1035 3.67 3.73 2.63 0.1061138 1043 3.38 3.44 2.42 0.109Table 4.2: Autoignition delay time predi
ted by CMC, 
orresponding estimatedautoignition delay time of a homogeneous premixed mixture at �PREMIX = 0:033and autoignition delay time of a homogeneous mixture at �MR.

88



4.6 Tables and Figures

Figure 4.1: Experimental apparatus (reprodu
ed from Markides et al. (2007)).

Figure 4.2: Normalized probability density fun
tion of the true autoignition lo-
ation and of the lo
ation of light-emitting regions after the �rst propagation haso

urred (reprodu
ed from Markides et al. (2007)).
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42 bar experimentFigure 4.3: Auto-ignition delay time for a 
onstant-volume perfe
tly homogeneousrea
tor at stoi
hiometry. Computation performed using the 
hemi
al me
hanismfrom Bikas (2001). Experimental data from Ciezky and Adomeit (1993).

Figure 4.4: Autoignition-delay time [ms℄ for a homogeneous rea
tor as a fun
tionof 
omposition �. Contour plot of �hT j�i�t identi�es the lo
ation of auto-ignition.The solid line (�) de�nes the lo
us of maximum gradient, hen
e auto-ignition.The most rea
tive mixture fra
tion (�MR) is de�ned at the minimum ignition delaytime (�REF ). Initial 
onditions: YN2;OX = 0:767, YO2;OX = 0:233, TOX = 1113 K,YC7H16;FU = 0:95, YN2;FU = 0:05, TFU = 1030 K.
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Figure 4.5: Autoignition-delay time [ms℄ for homogeneous CMC as a fun
tion of
omposition �, and 
onditional s
alar dissipation rate [1/s℄ (AMC model) param-eterized on hN j� = 0:5i. Initial 
ondition as in �gure 4.4.
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tion ofhN j� = 0:5i [1/s℄ from �gure 4.5.
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ity along the radial dire
tion. (b) Normal-ized r.m.s. of axial velo
ity along the radial dire
tion at di�erent axial lo
ations(2 mm, 22 mm, 42 mm). Experimental 
onditions as in table 4.1.
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(b)Figure 4.8: Favre-mean mixture fra
tion (e�), 
omparison (a) along the axis among(i) standard 
losure, (ii) turbulent 
ux, (iii) turbulent 
ux with modi�ed C�, (b)along the radial dire
tion for 
losure (iii) at di�erent axial lo
ations (5mm, 17mm,29mm). Experimental 
onditions as in table 4.1.
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(b)Figure 4.9: Favre-mean varian
e of mixture fra
tion (f�02), legend as in �gure 4.8.
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ations as in �gure 4.8.
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(
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tion P (�). Comparisonbetween experiments and predi
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) 29mm.
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)Figure 4.12: Conditional s
alar dissipation rate hN j�i, 
omparison among ex-periment, AMC - �-fun
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lipped gaussian and Girimaji - �-fun
tion.The experimental measurements report separately the radial hN j�ir and the axial
omponent hN j�iz. At the 
enterline the estimated hN j�i is 2�hN j�ir+ hN j�iz.Lo
ations as in �gure 4.11.
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(b)Figure 4.13: e� and e� [1/s℄ at hot 
onditions as for auto-ignition experiments at(a) UAIR = 13:8 m/s, (b) UAIR = 17:64 m/s. Experimental 
onditions in table4.1. �ST = 0:065, �MR = 0:12.
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(b)Figure 4.15: Typi
al results for autoignition obtained using the CMC paraboli
formulation. (a) TAIR = 1155 K TFU = 1047 K (b) TAIR = 1055 K TFU = 1001K. (left) eYCH2O, (right) eYOH . Case UAIR = 17:64 m/s.
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onditional temperature in �-spa
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(b)Figure 4.24: (a) Evolution of hT j�i and (b) hT 002j�i1=2 at 55.47 mm, 63.08 mm,63.77 mm, 64.45 mm and 65.84 mm from the inje
tor. se
ond-order paraboli
CMC 
losed using a Taylor expansion method using only the GTT transportequation. Simulation 
onditions: UAIR = 17:64 m/s, TAIR = 1113 K, TFU = 1030K, F = 1.
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(b)Figure 4.27: (a) Evolution of hT j�i and (b) hT 002j�i1=2 at 55.47mm, 63.08mm,63.77mm, 64.45mm and 65.84mm from the inje
tor. se
ond-order paraboli
 CMC
losed using a joint-PDF method using only the GTT transport equation. Simu-lation 
onditions: UAIR = 17:64 m/s, TAIR = 1113 K, TFU = 1030 K, F = 1.
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Chapter 5Results - II Autoignition in ahigh pressure spray bombUnsteady n-heptane spray autoignition in a diesel engine-like environment hasbeen investigated using a multidimensional CMC model with �rst-order 
losurefor the 
onditional 
hemi
al sour
e term. The obje
tives of the present 
hap-ter are to investigate the me
hanism of autoignition and 
ame development indense sprays under di�erent turbulent 
onditions. Considering the ellipti
 axi-symmetri
 CMC predi
tions as a referen
e, di�erent modelling approximationshave been 
onsidered to redu
e the 
omputational domain of solution, hen
eimprove the numeri
al eÆ
ien
y of the 
ode. The present test 
ase has been,furthermore, 
onsidered to validate the 
ode implementation and the integrationpro
edure des
ribed in 
hapter 3 in terms of a

ura
y and numeri
al eÆ
ien
y.The 
hapter 
loses with various 
on
lusions and additional note on droplet evap-oration modelling in CMC.5.1 Ba
kground and obje
tivesAutoignition and 
ombustion in spray-driven fuel jets in high-pressure, high-temperature 
ombustion 
hambers, have been extensively studied as representa-tive of diesel engine 
ombustion (De
 (1997), Verhoeven et al. (1998), Pi
kett andSiebers (2004)). Here, an evaluation of the CMC developments for transient au-
111



5.1 Ba
kground and obje
tivestoignition 
al
ulation will be given. Some 
omments spe
i�
 to spray are in
ludedat the end of this 
hapter.Diesel spray 
ombustion is indeed an unsteady problem, in whi
h the e�e
tsof density variation, in parti
ular during the 
ame propagation phase followingautoignition, are not negligible and requires, therefore, a two-way 
oupling of the
ombustion model with the 
uid-me
hani
s solver. Examples of unsteady au-toignition 
al
ulations using the CMC model 
an be found in Kim et al. (2000a)and Kim and Huh (2002) for, respe
tively, a methane jet and n-heptane spray.The 
ombustion 
ode was solved in parallel with a CFD solver, to whi
h onlythe un
onditional temperature was reported, 
al
ulated as the 
onvolution of the
onditional one with the lo
al mixture fra
tion PDF. A fra
tional step methodwas used to integrate the CMC equations, therefore treating transport and re-a
tion term sequentially. The CMC grid employed was mu
h 
oarser than theCFD one in the hypothesis of weak dependen
e of the 
onditional s
alars fromspatial 
oordinate and a 50-node grid 
lustered around the stoi
hiometri
 mix-ture fra
tion was used to dis
retize �-spa
e. The results were presented in termsof autoignition delay for a 
ase in whi
h no initial turbulen
e was present priorinje
tion with reasonable agreement against experimental measurement.Interesting developments in the solution of the CMC equations are presentedin Cleary et al. (2002) and in Rogerson et al. (2007). A �nite volume formulationwas implemented using the same 
omputational mesh for both CFD and CMCsolution. Furthermore, the idea of a �-domain redu
tion was presented based onthe existen
e of �nite-width PDF of mixture fra
tion and justi�ed by numeri
aleÆ
ien
y arguments so that only few of the de�ned grid-nodes were e�e
tivelysolved. The 
al
ulations performed were steady.To the author's knowledge, an unsteady 
al
ulation to investigate the 
amepropagation subsequent the autoignition event, using the CMC model, has notbeen realized yet. Su
h a test 
ase 
an give interesting insight into autoignitionand the 
ame stru
ture during the �rst development. Furthermore, it representsa test-ben
h where the appli
ability of the developed 
losures and the integrationpro
edure for a transient 
al
ulation 
an be veri�ed. It is also an important �rststep towards the diesel engine simulations of next 
hapter.
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5.2 Experimental 
on�gurationOne of the limiting fa
tors for the appli
ation of the CMC model to 
ombus-tion simulation in realisti
 geometries has always been the limited 
omputationaleÆ
ien
y determined by the addition of an extra dimension (�-spa
e) and by thesti�ness of the 
omplex 
hemistry used. A more eÆ
ient integration of the CMCequation would result to more a�ordable CMC 
al
ulations for real industrialproblems.The diesel spray 
ombustion studied in this 
hapter models a dense spray
on�guration representative of an external sheath 
ombustion in the 
ombustiondiagram proposed by Chiu et al. (1982). Qualitative studies performed by Verho-even et al. (1998) show that autoignition o

urs in the vapour 
loud in region atthe tip or at the edge of the spray depending on the spray 
hara
teristi
s far fromthe liquid 
ore. The fo
us of the present 
hapter is on the e�e
t that turbulen
ehas on autoignition and on the 
ame development as well as a validation of thenumeri
al method used, hen
e, at a �rst approximation, the e�e
ts of dropletvaporization will not be 
onsidered. This assumption 
an be restri
tive in parti
-ular during the 
ame stabilization at the typi
al diesel spray lift-o� height (De
(1997)) but it might be a

eptable for autoignition and the early stage of 
amedevelopment. Future work is aimed to extend the present formulation to in
ludethe e�e
t of the evaporating dispersed phase.5.2 Experimental 
on�gurationA very 
omprehensive set of data of an autoigniting n-heptane spray in a high-pressure, high temperature open rea
tor with laminar or turbulent ba
kground
ow has been presented in Koss et al. (1992). The rea
tor 
onsisted of a 90mmdiameter vessel and the fuel was inje
ted along the 
enterline in the dire
tion ofthe 
o-
owing hot air. Figure 5.1 shows a representation of the burner. The airwas pressurized at 50bar and at a temperature ranging between 783 and 823K.It is reminded that the n-heptane 
riti
al 
onditions are at 27.4 bar and 540.3K. The spray evaporation rate is expe
ted to be strongly dependent on the spraydispersion. Details of the 
onditions are listed in Table 5.1. A number of dif-ferent temperatures were investigated, with and without initial turbulen
e priorto inje
tion. Turbulen
e was generated by a rapid motion of a perforated plate
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5.3 Numeri
al methodin the axial dire
tion and was a

ompanied by laser opti
al measurements, indi-
ating when the mean velo
ity had 
ompletely de
ayed and only the 
u
tuationsremained. The turbulent setup was modeled using an initial turbulen
e intensityand length s
ale of respe
tively 2.5 m/s and 10mm, values estimated from theexperimental data. The ignition delays are de�ned based on the dete
tion oflight emission in the UV and visible range by means of three opti
al �bers andphotomultipliers as des
ribed in Koss et al. (1992).5.3 Numeri
al methodThe CMC model has been integrated within the CFD pa
kage STAR-CD (2004)to resolve unsteady turbulent 
ombustion. Details on its implementation and 
ou-pling are reported in 
hapter 3. Here, the modelling options 
hosen respe
tivelyin the CFD and in the CMC settings are reported and dis
ussed.The 
ow has been 
onsidered axi-symmetri
 and a two-dimensional grid, 
lus-tered along the inje
tor axis has been 
onstru
ted. The liquid phase has beenmodeled by a Lagrangian-Eulerian parti
le tra
king pro
edure, denoted as a stan-dard dis
rete-droplet model (DDM), in whi
h the physi
al spray is representedby a �nite number of 
omputational par
els. The Reitz-Diwakar model withstandard model 
onstants has been used for both the atomization pro
ess (witha pres
ribed 
one angle of 10 degrees) and the se
ondary break-up. Turbulen
eis modeled by the �-" RNG model. Do
umentation 
on
erning both models im-plementation 
an be found in STAR-CD (2004). The thermo-physi
al propertiesof the fuel, initialized as liquid n-heptane, were de�ned internally into the CFDsolver. Enthalpy in STAR-CD is solved in the form of the total enthalpy and
are was taken to ensure that all spe
ies thermodynami
 properties were thesame in the two 
odes. No heat transfer to solid boundaries and no radiationwere 
onsidered. No transport equations for the spe
ies mass fra
tions were re-quired in the 
ow-�eld solver, as the spe
ies mass fra
tions were 
omputed bythe CMC. The mean values returned to STAR-CD were obtained by integratingthe 
onditional averages over the (presumed) PDF in 
onserved s
alar spa
e. A�-fun
tion PDF of the mixture fra
tion was assumed, whi
h is 
ontrolled by its�rst two moments, therefore transport equations for the mean and varian
e of the
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5.3 Numeri
al methodmixture fra
tion were solved by STAR-CD. Standard modelling pro
edures wereemployed for both equations (STAR-CD (2004)). It is emphasized here that full
oupling between the 
ombustion model and the aerodynami
s 
al
ulation hasbeen hen
e a
hieved, with the only 
aveat that the 
onditional averages respondto the mixing �eld 
orresponding to the beginning of the (CFD) timestep, whilethe aerodynami
s respond to the density �eld 
orresponding to the end of theprevious timestep. However, this in
onsisten
y introdu
es almost negligible er-rors, as the CFD timestep is small enough to adequately resolve even the sharpesttransients during the evolution of the spray.Equation 3.2 was implemented, therefore adding to the 
onve
tion term the
ontribution of the PDF derivative. Finite di�eren
es were used to dis
retize theCMC equations (equation 3.2). The 
onve
tion term uses an upwind di�eren
-ing s
heme, whilst 
entral di�eren
es are applied for the di�usion terms in both
onserved s
alar spa
e and real spa
e. Standard pra
ti
e was used to model theun
losed terms in the CMC equations: the linear model for the 
onditional ve-lo
ity (equation 2.71), the Amplitude Mapping Closure (equation 2.69) model forthe 
onditional s
alar dissipation rate and �rst order 
losure for the 
onditionalrea
tion rate (equation 2.57) using the n-heptane 
hemi
al me
hanism (Bikas(2001)) validated in 
hapter 4. In 
onserved s
alar spa
e, 101 nodes were used,
lustered around the stoi
hiometri
 value to enhan
e resolution in this region.The most rea
tive mixture fra
tion �MR, whi
h is the mixture fra
tion whereauto-ignition is expe
ted (Mastorakos et al. (1997a)), is 
lose to stoi
hiometry forthe present 
hemistry and 
onditions (as we shall see later) and hen
e this resolu-tion is retained as adequate to resolve both autoignition and 
ame propagation.The CMC grid in spatial 
oordinates, was de�ned to have high resolution alongthe axis where autoignition was expe
ted. A stru
tured grid of 27 � 40 nodesrespe
tively in the radial and axial dire
tion was used with a one to one 
orre-sponden
e between CFD and CMC grid was obtained in the region of interest toresolve ignition and the �rst propagation of the 
ame.In order to improve the 
omputational eÆ
ien
y of the 
ode, di�erent integra-tion pro
edures have been tested. In one approa
h, the CMC transport equationshave been dis
retized by the method of lines (MOL) in a large set of ordinarydi�erential equations (ODEs). These were subsequently integrated with the sti�
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5.3 Numeri
al methodintegrator VODPK (Byrne (1992), Brown et al. (1989), Brown and Hindmarsh(1989)). An alternative way to solve the CMC equations is the Operator Splitting(OS), or fra
tional step, approa
h. In the present implementation the 
hemi
al(and sti�) part of the system was separated from the non-sti� 
onve
tion-di�usionpart. In a �rst implementation the physi
al spa
e transport was hen
e 
omputedin a �rst step, followed by a se
ond step solving together the rea
tion and di�u-sion in 
onserved s
alar spa
e part of the whole CMC equation (OS1, equation3.3). Alternatively, a third step 
an be introdu
ed splitting further the 
onserveds
alar spa
e (OS2, equation 3.4). The advantage of this method is (i) the redu
ednumber of ODEs solved simultaneously and (ii) the possibility to use two di�er-ent solvers for ea
h sub-step depending on the 
hara
teristi
s of the ODE system.The errors that o

ur using OS methods are largely des
ribed in S
hwer et al.(2003). The use of an Operator Splitting method, furthermore, allows an easyparallelization pro
edure in whi
h, as explained in 
hapter 3, the physi
al trans-port 
an be 
al
ulated into the main node while homogeneous CMC 
al
ulations
an be pro
eed in parallel on multiple pro
essors.Di�erent settings were therefore 
onsidered here in order to estimate the in-
uen
e of splitting error and of the solver on ignition timing. At �rst a validationof OS2 was performed using a homogeneous CMC formulation. This simple 
on-�guration aims to assess the in
uen
e of the splitting on autoignition and 
amepropagation in 
onserved s
alar spa
e. The results for the simultaneous integra-tion have been 
ompared with the sequential one using four di�erent splittingtimesteps 1� 10�5s, 1 � 10�6s, 1 � 10�7s and 1 � 10�8s for in
reasing values ofthe 
onditional s
alar dissipation rate. VODPK was used, maintaining the sametoleran
es throughout all 
al
ulations. The 
hoi
e of using OS2 as method ofintegration not only redu
es even further the size of the system the solver has tointegrate, but allows to evaluate the 
hemi
al sour
e term, and more 
omputa-tionally expensive part, only for the grid-nodes with �nite mixture fra
tion PDFwith 
onsequent improvement in 
omputational time. This is not only determinedby eÆ
ien
y 
riteria as stated in Cleary et al. (2002) and in Rogerson et al. (2007)but is fundamental as des
ribed in 
hapter 4 to de�ne the limit of integration in�-spa
e. The additional advantage to solve the 
hemistry in a separate step is
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5.3 Numeri
al methodthe possibility to use a tabulated 
hemistry to evaluate the 
hemi
al sour
e term;however, this extension has not been investigated in the present work.To separate the e�e
ts of the splitting in 
onserved s
alar and physi
al spa
e,the OS1 formulation have been applied to the ellipti
 spray 
ombustion and theresults 
ompared with the ones obtained with the MOL with quite tight toleran
es(absolute toleran
e 1 � 10�14, relative toleran
e 1 � 10�6), 
onsidered as the`exa
t' solution. The physi
al spa
e transport part of the equations was solvedimpli
itly by VODPK using non-sti� settings, although any other 
onventionalsolution method for ellipti
 
onve
tion-di�usion equations would do equally well.Two di�erent solvers were tested for the solution of the sti� part, i.e. rea
tionand di�usion in 
onserved s
alar spa
e. One of these used VODPK with the samesettings as in the MOL 
ode. Be
ause the solution for ea
h grid point has to bere
al
ulated `from s
rat
h' at ea
h time-step, VODPK (like other BDF methods)su�ers from high restart 
osts due to the re
al
ulation of the Ja
obian matrixfor the very small (internal) time-steps used at the beginning of the time-step.An alternative ODE solver 
alled CHEMEQ2 has re
ently been presented and
laimed to have very small restart 
osts (Mott et al. (2000)) and is also exploredhere. It is a single point method so the restart 
osts should be small 
omparedto VODPK, but the solver may be less a

urate. The a

ura
y of the solutionwith CHEMEQ2 is validated against the MOL and also against the one obtainedwith the OS 
ode using VODPK in the sti� rea
tion-di�usion part. The se
ond
omparison assesses the magnitude of the splitting error as it avoids any in
uen
e
oming from the 
hoi
e of the sti� solver.The CFD solver used a time-step of 1�10�6s, whi
h also denotes how often theaerodynami
s (i.e. velo
ities, di�usivity, mixture fra
tion �eld, s
alar dissipationrate, pressure, and pressure rate of in
rease) was updated. Results for two di�er-ent splitting time-steps for the CMC equation are reported: (a) 1� 10�6s, wherefor ea
h CFD time-step the CMC equations are solved in only two sub-steps and(b) 1 � 10�7s, where for ea
h CFD time-step ten internal CMC time-steps havebeen used, ea
h of whi
h was further divided into two sub-steps. The timestepof the MOL solver, 
alled every outer CFD timestep, was internally determined.
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5.4 Results and dis
ussion5.4 Results and dis
ussionThe results in this se
tion validate the numeri
al method used to integrate theellipti
 CMC equation. Results for an homogeneous CMC have been used usedto validate the 
hemi
al me
hanism at these parti
ular 
onditions as well as thesplitting pro
edure de�ned as OS2. A sensitivity analysis on the integrationpro
edure and on the sti� solver used follows for the ellipti
 spray autoignitiontest-
ase. Besides the a

ura
y of the method, parti
ular emphasis is given tothe numeri
al eÆ
ien
y of the method evaluated in terms of 
omputational time(CPU time).The results in terms of autoignition delay as fun
tion of temperature are givennext for both turbulent and non-turbulent 
ases. The e�e
ts of turbulen
e on thestru
ture of the spray and on autoignition will be des
ribed. An analysis of thedi�erent terms in the 
onditional temperature equation will be reported in theaim of analyze the 
ame propagation phase of 
ombustion.5.4.1 Solver 
omparisonThe rea
tion rates throughout this 
hapter have been 
al
ulated using the 31-spe
ies redu
ed me
hanism by Bikas (2001) based on a detailed me
hanism ofn-heptane from Hewson (1997). The me
hanism was validated in 
hapter 4 for ho-mogeneous auto-ignition against sho
k-tube experiment and for high-temperatureinhomogeneous autoignition experiments. The 
ondition investigated in the sprayautoignition experiment falls in the region of NTC as de�ned from �gure 4.3. Atthis temperature range a typi
al two-stage ignition pro
ess is present as dis
ussedin Liu et al. (2004). Figure 5.2 shows the evolution of the 
onditional temperatureand its derivative in time, predi
ted by a transient igniting homogeneous CMCat 
onstant value of the s
alar dissipation rate N0 = hN j� = 0:5i = 10 1/s. Thetime derivative plot, in parti
ular, shows expli
itly the e�e
ts of the NTC evidentfrom the initial rise of temperature prior the main autoignition event.As additional validation of the 
hemi
al me
hanism, homogeneous CMC 
al-
ulations have been performed over a wide range of N0 using VODPK solver forboth detailed and redu
ed me
hanisms. The fair agreement evident in �gure 5.3shows also that the 
riti
al s
alar dissipation rate above whi
h no ignition o

urs
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5.4 Results and dis
ussionis 
lose to 100 1/s for the studied pressure and fuel and oxidiser temperatures.This value will prove useful later on during the dis
ussion of the spray auto-ignition results in the turbulent spray analysis. Additionally �gure 5.3 shows,as a preliminary 
omparison, the same 
al
ulations repeated using CHEMEQ2.Results 
ompares favourably to the results from VODPK throughout the entirerange of N0 examined. This justi�es the use of CHEMEQ2 for rea
tion-di�usionproblems, hen
e extending the regime of use of this solver from the one originallydes
ribed by its developers (Mott et al. (2000)). CHEMEQ2 en
ountered someinstability problems at high s
alar dissipation rates, but these were 
ontrolled bytightening the internal toleran
es of the solver.The same homogeneous 
al
ulations have also been used to validate the OS2methodology. In this 
ase, we refer for simpli
ity only to the VODPK solver. Theanalysis of the error due to the sequential solution of the di�usion and rea
tionterms have been evaluated as fun
tion of the time splitting (�tSPLIT ) and hN j�i.Figure 5.4(a) shows ignition delay (�IGN) as fun
tion of � for two 
onditionsof hN j�i (10 and 60 s�1). The di�eren
es with respe
t to the MOL solutionis given by �tSPLIT . The pie
ewise linear pro�le of the 
urves is be
ause theresults are printed every 1 � 10�5s. At low 
onditional s
alar dissipation ratethe autoignition time does not present di�eren
es, in the interval of 
on�den
eof 1 � 10�5s. Nevertheless splitting has an e�e
t in the propagation velo
ity ofthe 
ame, represented by the inverse of the 
urves derivative, whi
h for large�tSPLIT is underpredi
ted. Note that the propagation velo
ity is a�e
ted by thepreignition rea
tions and it is not ne
essarily the same than an ignition front
aused by en external sour
e of energy. At high 
onditional s
alar dissipationrate 
ase, 
loser to the 
riti
al value, autoignition is underpredi
ted for large�tSPLIT . This is due to an underestimation of the e�e
ts of di�usion in �-spa
e whi
h at this 
onditions tends to balan
e the 
hemi
al rea
tion term. Thesplitting error redu
es redu
ing �tSPLIT and in general for �tSPLIT = 1� 10�6s,equal to the time at whi
h the CFD solution is updated, the error is reasonable.Interesting results are shown in �gure 5.4(b) 
on
erning the CPU time. OS2 is
omputationally more eÆ
ient. Its bene�ts are noti
eable in parti
ular duringthe propagation phase when the MOL has a sharp in
rease in CPU time.
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5.4 Results and dis
ussionThe results reported next aim to assess the in
uen
e of the splitting betweenphysi
al and �-spa
e and the e�e
t of the solver 
hoi
e, so only OS1 will be
onsidered. All 
omputations in this se
tion refer to the n-heptane spray setupat 823 K with initial turbulen
e. Four di�erent methods (denoted M1 to M4in the following) are presented here: MOL solved with VODPK (M1), OS1with �tSPLIT = 1 � 10�7s solving the rea
tion-di�usion sub-step with VODPK(M2), OS1 with �tSPLIT = 1 � 10�6s solving the rea
tion-di�usion sub-stepwith VODPK (M3), and OS1 with �tSPLIT = 1 � 10�7s solving the rea
tion-di�usion sub-step with CHEMEQ2 (M4). Hen
e, a 
omparison between M2 andM4 
he
ks CHEMEQ2 against VODPK for the rea
tion-di�usion sti� part of thesystem, while a 
omparison between M2 and M3 
he
ks the e�e
t of �tSPLIT .A 
omparison with the exa
t solver M1 shows the a

ura
y of the method. A
omparison of the 
onditional temperature and of the OH mass fra
tion is shownin �gure 5.5 for a node on the axis and at the tip of the spray 1.0 ms after startof inje
tion. It is evident that the di�eren
es are very small. The Favre-averagedtemperatures are 
ompared in �gure 5.6 for the same time for solvers M1 and M4and very good agreement is evident. Sin
e both the 
onditional averages and,in 
onsequen
e, the spatial distributions of the un
onditional averages are verysimilar, we 
on
lude that the operator splitting method is a

urate, as long asthe fra
tional timestep is not too large.Finally, we 
ompare the 
omputational 
ost of the di�erent approa
hes. Forthe 
urrent 
onditions, ignition o

urs around 1.35 ms. Figure 5.7(a) shows thata rapid in
rease in CPU time o

urs when auto-ignition o

urs, an observationtypi
al of all solvers and 
onditions. Operator splitting results in a signi�
antredu
tion of CPU time: 
onsidering the more a

urate solution M1, the gain isone order of magnitude. M4 has a 
omputational 
ost similar to M3 in the phaseup to ignition. Before ignition, and despite the restart 
ost of VODPK relativeto CHEMEQ2 that would show in the use of the BDF method in the OperatorSplitting 
ode, solving the 
hemistry and mixture-fra
tion di�usion with VODPKis faster. However, after ignition, the bene�ts of CHEMEQ2 are very signi�
ant,as the MOL fails to advan
e in reasonable CPU times. The Operator Splitting
ode with CHEMEQ2 was the only solver that 
ould advan
e the 
al
ulation untila full di�usion 
ame establishment, when OS1 was used.
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5.4 Results and dis
ussionFurther test 
ases with CHEMEQ2 solver have shown that for high tempera-ture 
ondition 
lose to equilibrium or for 
ondition in whi
h the di�usion is themost important term in the equation, CHEMEQ2 be
omes unstable and an os-
illatory solution is obtained. To avoid this problem OS2 (equation 3.4) has beenimplemented, sin
e 
hemistry is solved separately CHEMEQ2 
an be used with-out any stability problem. Furthermore, redu
ing the size of the working array,VODPK be
omes more 
omputationally eÆ
ient so that no signi�
ant di�eren
ein 
omputational time was noti
ed between the two solvers in the present test
ase. Figure 5.7(b) shows a 
omparison in CPU time for OS1 and OS2 bothusing VODPK with the same toleran
es and �tSPLIT = 1� 10�6s. The solutionin physi
al and 
onditional spa
e are hardly distinguishable (not shown) and theCPU time, 
on�rming what was demonstrated from the homogenous test 
ase, isindeed favorable. The Operator Splitting method is 
learly a way to to improvethe 
omputational eÆ
ien
y of the CMC solver given a 
areful sensitivity anal-ysis to the �tSPLIT . The solver VODPK has demonstrated better a

ura
y andstability properties so it has been 
onsidered as the solver of 
hoi
e, neverthelessfor very large systems a less a

urate solver 
an be more eÆ
ient.The Operator Splitting method apart from the improved eÆ
ien
y, allowsa natural parallelization of the 
ode. As explained in 
hapter 3, a simple andeÆ
ient way to parallelize the 
ode is to solve the physi
al transport part (non-sti�) onto the main node while the solution in �-spa
e (sti�) 
an be performedin parallel on a multipro
essor ma
hine. The result in CPU time is shown in�gure 5.8 for OS1 using the auto-balan
ing algorithm proposed in 
hapter 3. TheCPU time reported is the time spent from the 
luster main node on the pro
esswithout 
onsidering the data transfer among the di�erent ma
hines, therefore itwould 
orrespond to the e�e
tive CPU time for an in�nite-band parallel ma
hine.The s
alability in this test 
ase is almost linear.5.4.2 Mixing �eldFor the test 
ase modeled, 
al
ulated spray tip penetrations were 
omparedwith experimental data. To investigate the grid dependen
e expe
ted from theLangrangian-Eulerian spray modelling used here, three di�erent mesh resolutions
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5.4 Results and dis
ussionwere 
ompared and a suitable re�nement sele
ted. As 
an be observed in �gure5.9, the 
al
ulated spray tip penetration for this referen
e grid shows good agree-ment with the reported data. At the early stages, a slight over predi
tion is no-ti
eable, whi
h 
ould be due to the simpli�ed square inje
tion pro�le. A

ordingto the experimental data, the presen
e of turbulen
e did not a�e
t the ma
ro-s
opi
 spray propagation. In the simulation, penetration for the set-up withoutinitial turbulen
e was slightly higher at the later stages. These ina

ura
ies aretypi
al in Diesel engine 
al
ulations and are due to the spray models used. Thegood agreement shown in �gure 5.9 shows that the present CFD 
ode is adequatefor the problem 
onsidered and this suggests that the mixing �eld (mean andvarian
e mixture fra
tion), for whi
h no experimental data are available, shouldalso be reasonably predi
ted.5.4.3 Ignition delays: in
uen
e of turbulen
eFigure 5.10 shows the 
omparison of the 
omputed ignition delays with the exper-imental data. In both 
ases (with and without initial turbulen
e) the expe
tedtrend that a de
reasing temperature in
reases the ignition delay time is 
apturedwell, whi
h also gives further 
reden
e to the 
hemi
al me
hanism used. Thetwo solvers using respe
tively the MOL and the OS1 method of solution, predi
tsomewhat di�erent ignition times. This di�eren
e is attributed to CHEMEQ2ina

ura
y and to the splitting errors. If turbulen
e is present initially in the air,a redu
tion of the ignition delay 
an be observed in the experiment and this trendis 
aptured su

essfully by the simulation. Various 
on
lusions 
an be drawn fromthe data shown in �gure 5.10. First, the fair agreement of the ignition delays pre-di
ted by the OS solution pro
edure with the ones obtained by the MOL for allsix validation points 
on�rms the validity of this approa
h, although the splittingerrors are not negligible. Se
ond, the predi
tions over-predi
t ignition delay byabout 10%, whi
h 
an be due to de�
ien
ies in the spray modelling but also tothe negle
t of se
ond-order terms in the 
hemistry term of the CMC equation, aswe saw in 
hapter 4. However, we may 
on
lude that the 
lose agreement withexperimental data suggests that the �rst-order CMC method is adequate for thisproblem, at least in the 
ontext of a pra
ti
al 
al
ulation.
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5.4 Results and dis
ussionNext, we attempt to investigate the me
hanisms by whi
h the turbulen
e af-fe
ts the ignition delay. Stand-alone CMC 
omputations for a homogeneous CMCat a 
onstant pressure of 50 bar and 823 K have been 
arried out to investigatethe in
uen
e of the s
alar dissipation rate on the ignition delay and the evolutionof the 
onditional quantities and these were presented previously in �gure 5.3. Itis evident that, initially, the ignition delay de
reases very slightly as the s
alardissipation rate in
reases until it rea
hes a minimum at a N0 of around 10 1/s.For values larger than 25 1/s, a strong in
rease 
an be observed until we approa
ha s
alar dissipation rate, for whi
h ignition no longer o

urs.When examining the evolutions of the 
onditional temperature in �gure 5.2(a),we observe the following. Starting from the frozen solution, the initial in
rease intemperature and the radi
al build-up takes pla
e very 
lose to the oxidizer. Thisobservation is largely independent of the s
alar dissipation rate. As time evolves,these radi
als di�use towards higher mixture fra
tions and ignition eventuallytakes pla
e at a ri
her mixture fra
tion �MR, whi
h 
ould be ri
her even than thestoi
hiometri
 value (�ST =0.062), depending on the fuel and air stream temper-atures and the s
alar dissipation rate. For low values of hN j�i, little di�usionin 
onserved s
alar spa
e takes pla
e, and hen
e temperature and radi
als arenot transported to the mixture fra
tions favorable for ignition, hen
e providingan explanation for why the ignition time slightly de
reases as N0 in
reases fromzero. For higher values of hN j�i that signi�
antly retard the ignition delay, �MRis approximately 0.085 at the pres
ribed 
onditions, found from examining thepeak of the 
urve just before ignition in �gure 5.2(a). The retardation in ignitiontime for high s
alar dissipation rates is explained by the fa
t that heat di�usesfrom �MR to other mixture fra
tions (see 
hapter 4). Hen
e we 
on
lude that,depending on what s
alar dissipation rates the spray experien
es relative to the
riti
al value (whi
h depends on the 
hemistry, the fuel and oxidiser tempera-tures, and the pressure), its auto-ignition time may be made slightly faster, beunin
uen
ed, or retarded signi�
antly by the turbulen
e.In order to explore in more detail how the presen
e of turbulen
e alters theauto-ignition of the parti
ular spray studied here, the evolution of the s
alardissipation rates at the most rea
tive mixture fra
tion for the nodes lo
ated on
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5.4 Results and dis
ussionthe spray axis up to ignition are shown in �gure 5.11 and �gure 5.12. In the non-turbulent 
ase (�gure 5.11), non-zero values of the s
alar dissipation rates startto appear earlier than in the turbulent 
ase. This is true in parti
ular for nodesbetween 24 mm and 60 mm from the nozzle and is supported by the slower spraypropagation in the presen
e of initial turbulen
e as mentioned previously. In theturbulent set-up (�gure 5.12), 
onsiderably lower values of the s
alar dissipationrate are rea
hed at the end of the rapid build-up phase for most nodes. In thenon-turbulent 
ase, the ignition delay of approximately 1.49 ms is longer than theinje
tion duration, whi
h ends at 1.4 ms. A rapid de
ay of the s
alar dissipationrate 
an be seen for the two nodes 
losest to the inje
tor exit following the end ofinje
tion. Evaporation at the early stages is very similar for both 
ases. However,di�eren
es of an order of magnitude were observed in the varian
e of the mixturefra
tion. This large di�eren
e leads, on the one hand, to mu
h higher values forthe un
onditional s
alar dissipation rate in the 
ase of turbulen
e. On the otherhand, a larger value of the varian
e strongly a�e
ts the shape of the presumedPDFs and hen
e explains the large di�eren
es in the 
onditional s
alar dissipationrates. Turbulen
e 
reates initially high s
alar dissipation rates that de
ay qui
kerwith than without ba
kground turbulen
e. The nodes at whi
h ignition o

urs �at 54 mm and 60 mm axial position for the non-turbulent 
ase, at 42 mm and 48mm for the turbulent 
ase � have a history of low values of the s
alar dissipationrate prior to ignition, whi
h is in agreement with the explanations in the previousse
tion. The values for both nodes in the turbulent set-up are signi�
antly lowerthan the ones in the non-turbulent 
ase. We hen
e 
on
lude that the in
uen
eof turbulen
e on ignition delay is two-fold. Firstly, presen
e of initial turbulen
eleads to in
reased mixing whi
h manifests itself in shorter, broader distributionsof the 
ow-�eld quantities and strongly di�erent shapes of the mixture fra
tionPDF. Se
ondly, turbulen
e 
auses the 
reation of initially higher, but then lowers
alar dissipation rate at the most rea
tive mixture fra
tion for the nodes whereignition �nally takes pla
e. This results in earlier ignition.It is important to note that the s
alar dissipation rates that the most-rea
tive
uid experien
es before ignition are low 
ompared to the 
riti
al value of about10 1/s (from �gure 5.3, the 
riti
al N0 is about 100 1/s and, from equation 2.69,G(�) � 0:1 for � = �MR = 0:085), whi
h suggests that the retardation of ignition
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5.4 Results and dis
ussiondue to straining in this spray is not very large. Whether this observation applies todiesel engines as well is not 
lear and no generalizations 
an be made. However,the type of 
omparison presented here (i.e. to 
ompare the 
onditional s
alardissipation that the most rea
tive mixture fra
tion a
tually experien
es with the
riti
al value needed to pre
lude autoignition) may o�er an explanation as towhy many di�erent models, even quite simplisti
, perform well for some Diesel orHCCI engines: in those engines, the s
alar dissipation rates are probably not highenough to 
ause ignition retardation. It is 
onje
tured that for highly-strainedsprays, su
h as those in 
omplex and very turbulent 
ows or those from smallinje
tors, the CMC model presented here will 
apture better the expe
ted strongerturbulen
e-
hemistry intera
tions.5.4.4 In
uen
e of CMC transport terms and 
ame prop-agationFigure 5.13 displays the distributions of mean temperature, axial and radial meanvelo
ities, pressure and the 
onditional s
alar dissipation rate at stoi
hiometry(i.e. hN j� = �ST i) for various times. Unfortunately, no quantitative experimen-tal results are available to 
ompare with in the 
ame propagation phase (In anengine, the rate of rise of the pressure tra
e 
ould provide su
h a 
omparison andit will be reported in 
hapter 6.) Following ignition at the spray tip, we see arapid propagation of the 
ame upstream along the stoi
hiometri
 mixture fra
-tion until the entire spray is alight. The duration of this premixed 
ombustionphase is of the order of 0.20 ms. The distribution of the mean axial velo
ityshows that, the sudden heat release lo
ally a�e
ts the velo
ity. This leads to ahigh radial velo
ity. Downstream of the ignition lo
ation the axial velo
ity isa

elerated, whereas upstream it 
an even be
ome negative, hen
e assisting the
ame spreading towards the nozzle.The 
ame propagation phase in the present spray 
orresponds to one part ofthe premixed mode of Diesel 
ombustion. The relative importan
e of the variousCMC terms during this phase is presented in �gure 5.14. Ea
h of the terms inthe transport equation for the 
onditional temperature is 
al
ulated for everygrid point and for all mixture fra
tions and its absolute value at stoi
hiometry,
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5.4 Results and dis
ussionnormalized by the sum of these absolute values, is shown. Hen
e, for example, ifthe 
hemistry dominates (i.e. drives the unsteady term of the CMC equation),the normalized term will be 
lose to unity, while if a term is negligible, the
orresponding normalized value will be zero. Contours of these terms for thesame times as those of �gure 5.13 show the following: (i) prior to ignition the
hemi
al sour
e term dominates, with di�usion in mixture fra
tion spa
e beingthe se
ond largest term and the pressure work being negligible. The physi
alspa
e transport terms are small, but not negligible, as they are high enough toa�e
t the ignition delay and lo
ation as dis
ussed previously. (ii) At the time ofignition, 
hemistry and di�usion in 
onserved s
alar spa
e are both large, and the
onve
tion term is signi�
ant. Despite the fa
t that the 
onditional averages arestrong fun
tions of spa
e, the spatial di�usion term is not very large. (iii) The
ame propagates upstream by the 
ombined a
tion of pre-ignition rea
tion (i.e.the mixture there is already 
lose to the thermal run-away) and the 
onve
tion
aused by the dilatation following the initial explosion. The pressure work is stillnegligible in this 
ow sin
e the domain is open. Again, the spatial di�usion termis small, with the ex
eption of a small region at the edges of the spray. (iv) Longafter ignition, physi
al spa
e transport be
omes very small due to the relativelysteady nature of the fully developed spray 
ow �eld. In addition, 
hemistrybalan
es mole
ular di�usion, as expe
ted from the stru
ture of a non-premixed
ame.The spatial di�usion e�e
ts during this 
ame propagation phase are not verylarge, whi
h suggests that the 
ame spreading is not des
ribed by a 
onventionalturbulent 
ame propagation me
hanism, whi
h would be driven by turbulent dif-fusion. Examination of the 
onditional temperature equation in the limit of auniform stoi
hiometri
 mixture (i.e. a delta fun
tion of the presumed mixturefra
tion PDF at stoi
hiometry) shows that it be
omes similar to the equationdes
ribing a laminar 
ame, but with an eddy di�usivity instead of a laminar one.Hen
e, one 
ould 
onje
ture that, given that the 
hemistry is right, a solution ofthat equation would give a 
ame propagation speed of the order of SL(Dt=�)1=2,where SL is the laminar burning velo
ity at the pressure and temperature 
ondi-tions used here, Dt the turbulent di�usivity, and � the thermal di�usivity. Su
han estimate gives a turbulent 
ame speed of about 10-20 m/s, whi
h is about
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5.4 Results and dis
ussionan order of magnitude lower than the rate of spreading of the burning regionin our spray. Hen
e we 
on
lude that eddy di�usion is probably not the majorfa
tor in 
ame spreading, although it plays a role. The 
ame propagation phaseof the premixed mode of the present spray involves 
ame spreading along thestoi
hiometri
 mixture fra
tion 
ontour due to short-lived but fast velo
ity wavesthat transport heat and radi
als to regions that were not far from auto-ignitionanyway.These observations are further substantiated by examination of the magni-tude of the terms in the CMC temperature equation in 
onserved s
alar spa
e(�gure 5.15, �gure 5.16 and �gure 5.17). These will also serve to identify these
ond part of the premixed mode. Before ignition (�gure 5.15), the 
hemistryterm is the largest and peaks at the most rea
tive mixture fra
tion. The s
alardissipation rate is low enough so that di�usion in �-spa
e is not very large. (In asituation that shows signi�
ant retardation of autoignition due to straining, theterm 
orresponding to di�usion in �-spa
e is expe
ted to be mu
h higher). De-pending on the 
ow lo
ation, the spatial transport terms 
an also be important.During 
ame propagation (�gure 5.16), we observe that the 
hemistry is a
tive ina range of mixture fra
tions, whi
h indi
ate rea
tion zones propagating a
ross allmixture fra
tions to 
onsume the premixed 
uid. We also observe that the 
ondi-tional 
onve
tion term is important, while the axial di�usion term is smaller, butof 
omparable magnitude to the mole
ular mixing. The radial 
onve
tion anddi�usion terms are small, but not negligible. Long after ignition (�gure 5.17),we observe that 
hemistry is almost perfe
tly balan
ed by mole
ular mixing ev-erywhere. The stru
ture is still not that of a normal non-premixed 
ame, witha very lean and a very ri
h rea
tion zone still evident long after auto-ignition.This is 
onsistent with DNS (Mastorakos et al. (1997a)) and 
orresponds to atriple-
ame stru
ture (Yu et al. (2001)), with ever de
reasing importan
e of thelean and ri
h 
ame bran
hes as time evolves. This phase is the se
ond part ofthe premixed mode of diesel 
ombustion and, as we 
an see, lasts long after thefull spray is alight. The duration of this part de
reases with in
reasing s
alardissipation rate. We have seen similar stru
tures in 
hapter 4 (�gures 4.20 and4.21).
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5.4 Results and dis
ussionWe 
on
lude that the premixed mode of Diesel 
ombustion involves 
amepropagation a
ross mixture fra
tion spa
e by a
tion of mole
ular mixing, 
amepropagation along the stoi
hiometri
 
ontour by a
tion of the 
onditional 
on-ve
tion term, 
hemistry pro
eeding independently at di�erent parts in the 
ow,and, in en
losed environments, pressure work. It is evident that the ellipti
 CMCequation 
an 
apture many of the expe
ted phenomena present in Diesel 
om-bustion. The fa
t that a single model 
an be used for the auto-ignition mode,premixed mode, and di�usion mode of Diesel 
ombustion is an important pra
-ti
al advantage over the 
urrent industrial pra
ti
e of swit
hing between variousmodels. The magnitude of mole
ular mixing a�e
ts the auto-ignition delay timeand also the duration of the premixed phase. Hen
e modelling of the 
onditionals
alar dissipation rate is a 
ru
ial aspe
t for CMC. In addition, the importan
e ofthe physi
al transport terms suggests that attention should be given in validatingthe models that are used at present (Ri
hardson et al. (2007), Ri
hardson andMastorakos (2007)), a 
on
lusion also rea
hed by examination of the stru
ture ofa lifted 
ame in Kim and Mastorakos (2005). Further advan
es would be feasibleby implementing full se
ond-order 
losure following the methodology dis
ussedin 
hapter 4 or double 
onditioning (Kronenburg (2004)). The former may bene
essary for a

urate predi
tions of ignition time in the presen
e of high s
alardissipation rates (relative to the 
riti
al value), while the latter may be ne
essaryfor a more a

urate treatment of the 
ame propagation phase along the mixturefra
tion 
ontours.5.4.5 Note on CMC with droplet evaporationDroplet evaporation is still an a
tive �eld of resear
h, and it has several impli-
ations for mixing and 
ombustion. From the point of view of 
old 
ow mixing,additional terms appear in the transport equations for mean mixture fra
tion andits varian
e. While the mixture fra
tion generation due to evaporation 
an be
losed by the Lagrangian-Eulerian formulation used to represent the dispersedphase, the varian
e equation needs additional modelling to 
lose the extra termsdue to evaporation and to de�ne a 
orre
tor fa
tor in the expression for the
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5.4 Results and dis
ussions
alar dissipation rate (Vervis
h (2006)). Closure for the mixture fra
tion vari-an
e transport equation 
an be found in Demoulin and Borghi (2000), Reveillonand Vervis
h (2000) and Hollmann and Gutheil (1996).Development of CMC for turbulent spray 
ombustion has been initially ap-proa
hed in Klimenko and Bilger (1999), where the use of two mixture fra
tionsand one related to the ma
ro-transport and de�ned as gaseous mixture fra
tion,the se
ond involving the inter-droplet transport and asso
iated with the dropletevaporating mass fra
tion, was proposed.Additional work has been 
arried by Smith et al. (2000), where CMC mod-elling of a dispersed evaporating phase 
ombustion has been attempted and theresults 
ompared with DNS predi
tions. No distin
tion was done between thegaseous mixture fra
tion and its evaporating 
ontribution. An additional termin the transport equation for the mixture fra
tion PDF was derived, dependenton the 
onditional droplet evaporation rate, whi
h yields an extra term in theCMC equations representing a 
onve
tive 
ux in �-spa
e proportional to the 
on-ditional evaporation rate ( _s�(�)). It is worth underlining that no additional termin the 
onditional enthalpy equation were introdu
ed due to the heat latent ofvaporization. Mixture fra
tion was treated as a s
alar bounded between 0 andits value of saturation at the droplet surfa
e �SAT . New transport equations werederived for the normalized variable � = �=�SAT , in whi
h the 
onditions at theright, `
oating', boundary 
ould be extra
ted from DNS.An alternative treatment has been re
ently proposed by Rogerson et al. (2007).In their work new transport equations for the mixture fra
tion PDF and the
onditional spe
ies mass fra
tions were derived from the un
onditional s
alartransport equations written in the presen
e of the evaporating phase. A more
omplete treatment of the dispersed phase was presented: the sour
e term dueto evaporation into the 
onditional fuel transport equation, missing in previousformulation, was expli
itly derived. However, no hypothesis was made on theupper boundary of mixture fra
tion spa
e. The 
onditional temperature, re-s
aled from the adiabati
 
onditional temperature pro�le based on its 
al
ulatedun
onditional value, was not very rigorously treated.All the models proposed need additional information 
on
erning _s�(�), whi
his assumed to be a presumed fun
tion of �. Smith et al. (2000), analysing DNS of
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5.4 Results and dis
ussionburning droplet in stagnant 
ow, employed a presumed fun
tion _s� � �n, whi
hwas found to vary almost linearly in � with n ' 1:1 in the interval [0,�SAT ℄.Reveillon and Vervis
h (2000), and later Vervis
h (2006) introdu
ed the e�e
t ofthe droplet relative velo
ity, and _s�(�) � (�=�SAT )n(1 � �=�SAT ) was suggested,where n takes values between 1 and 8 respe
tively for weak and high droplet slipvelo
ities. Sreedhara and Huh (2007) have re
ently presented results on a similar
on�guration where the 
onditional evaporation rate was modeled as to di�erfrom 0 only in the interval between [~�,�SAT ℄ where a linear model was employed_s� � �.Some 
omments on the above models are due. (i) In all 
ases presented,the DNS 
onsidered droplets mu
h smaller than the Kolmogorov length s
ale,representative of external group 
ombustion around 
lusters of droplets in the
ombustion diagram of Chiu et al. (1982). In diesel engine spray this assump-tion 
an be restri
tive sin
e in the 
ore of the spray this hypothesis might dropin favor of an external sheath 
ombustion as de�ned in the same diagram. (ii)All models are de�ned based on a given value of �SAT in the 
omputational 
ell.Generally �SAT is 
al
ulated based on the droplet surfa
e temperature and themean temperature of the 
ell. In diesel spray 
ombustion the droplet tempera-ture depends on the droplet size and the droplet history in the 
ow (viewed in alagrangian manner), for many droplet belonging to the same 
ell �SAT is not uni-vo
ally de�ned. The mean 
ell temperature on the other hand is not ne
essarilythe temperature that the droplet experien
e be
ause of the e�e
t of turbulen
eso an averaged de�nition of �SAT must be given. (iii) The normalizing argumentproposed in Smith et al. (2000) regarding the CMC solution domain, or the pos-sibility to re-s
ale the submodels for the PDF of mixture fra
tion and 
onditionals
alar dissipation rate based on �SAT , as advan
ed by Vervis
h (2006), be
omesimpra
ti
al in the regions of the domain where only evaporated fuel is present,therefore, an estimation of its value based on the 
ell thermodynami
 
onditionsor through the resolution of a transport equation might be 
onsidered Demoulinand Borghi (2000). (iv) Consisten
y is required between the mixture fra
tionPDF and the 
onditional evaporation rate. In 
ase of dense sprays 
ells in theinje
tor vi
inity exist, in whi
h high evaporation rate 
oexist with narrow mix-ture fra
tion PDF modeled having a J-shape. This might result in non realisti
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5.4 Results and dis
ussionvalue for the 
onditional evaporation rate. (v) The CMC derivation in 
ase ofevaporating dispersed phase need to 
onsider an extra 
ux in both 
onditionalfuel mass fra
tion and 
onditional enthalpy due to the release of fuel from thedroplet sour
e and its latent heat of vaporization. The �rst, in parti
ular, mightbe relevant in pollutant predi
tion, sin
e the addition of fuel at ri
h mixturefra
tions might determine the level of pollutants in the rea
tion zone (i.e. sootpredi
tion). The se
ond might a�e
t the autoignition predi
tion be
ause of thesensitivity of the predi
tion to the initial temperature.A sensitivity analysis on the various models has been performed in Kim andHuh (2002) in 
ase of n-heptane spray autoignition. The CMC formulation fol-lowing Smith et al. (2000) was implemented in a transient 
al
ulation in whi
hthe varian
e of mixture fra
tion was modeled using three di�erent methods re-spe
tively: the standard transport equation for gaseous fuel, the model fromReveillon and Vervis
h (2000) and the model of Hollmann and Gutheil (1996). Itwas reported that the dis
repan
ies among the predi
ted varian
es were less then5%. Furthermore, the e�e
t of the additional term in the CMC equation was neg-ligible with respe
t to the 
al
ulated autoignition delay. A possible explanationto these results 
an be found in point (v) above sin
e the CMC implementationdisregarded the sink term due to the latent heat of evaporation in the temperatureequation.A more 
omplete formulation of the CMC for an evaporating dispersed phasewas presented in Rogerson et al. (2007) applied to a bagasse-�red boiler withoverall good agreement with the experimental measurements. Nevertheless, itsappli
ation to a diesel spray simulation presents some limitations: the 
al
ula-tion was steady and the mixture fra
tion PDF gaussian-like so the problem risenin point (iv) based on the 
onsisten
y between mixture fra
tion PDF was notevident. It is worthwhile to mention that the 
onditional evaporation rate wastreated a

ording to Smith et al. (2000) using n = 2 in their model, withoutlimitations based on �SAT . Furthermore, the 
onditional temperature equationwas not dire
tly integrated, but its pro�le re-s
aled based on budget 
onsidera-tions from the un
onditional temperature equation, whi
h limit 
onsiderably theappli
ation of the method to an autoignition problem.
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5.5 Con
lusionNo 
onsensus is yet rea
hed on the way to treat droplet evaporation intothe CMC. Work is still needed to understand and model the evaporation and
ombustion in the inter-droplet spa
e to be able to in
lude evaporation 
onsis-tently into the CMC formulation. A very re
ent paper was presented by Kli-menko and Abdel-Jawad (2007), in whi
h the 
ombustion in porous media usinga CMC-like formulation was dis
ussed. The porous spa
e 
ould be regarded asan inter-parti
le spa
e and similar treatment 
an be extended to 
ombustion ina evaporating dispersed phase.5.5 Con
lusionTwo-dimensional Conditional Moment Closure has been applied to study n-heptane spray auto-ignition at Diesel engine 
onditions. Fully impli
it and oper-ator splitting solution pro
edures and two sti� solvers have been 
ompared andthe results analyzed with respe
t to both a

ura
y and 
omputational 
ost. Usingappropriate splitting, both 
onditional quantities and spatial distributions agreevery well and signi�
ant redu
tions in 
omputational time 
an be a
hieved. Split-ting physi
al transport, mole
ular mixing and 
hemistry in three sequential steps(OS2) is the most stable and eÆ
ient pro
edure and is the integration pro
eduresele
ted in this thesis. The analysis of the error introdu
ed by the method sug-gests that redu
ing the splitting timestep the a

urate solution obtained by theMethod of Lines 
an be re
overed. Integrating simultaneously mole
ular mixingand rea
tion (OS1), motivated by the strong 
oupling between the two in a dif-fusion 
ame, results in a mu
h larger 
omputational time due to the mu
h largersystem to solve. Only the use of a solver like CHEMEQ2, with small restart 
osts,for the integration of the se
ond and sti� part 
an predi
t the full evolution of the
ame from auto-ignition to di�usion 
ame in a reasonable 
omputational time.The 
al
ulated ignition delays show very good agreement with the experimen-tal data for various temperatures and the e�e
ts of initial turbulen
e of the ba
k-ground air are also 
orre
tly 
aptured. The premixed mode of diesel 
ombustionhas been shown to 
omprise a 
ame propagation phase along the stoi
hiometri
mixture fra
tion 
ontour, driven mostly by the volumetri
 expansion following
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5.5 Con
lusionauto-ignition, and a longer 
ame propagation phase a
ross mixture fra
tion 
on-tours to 
onsume the premixed 
uid driven by mole
ular mixing.The results show that two-dimensional CMC 
an be used very e�e
tively toa

urately predi
t the ignition phase, 
ame propagation and the subsequent dif-fusion 
ame phase for auto-igniting sprays. The present work is a step towardsusing fully ellipti
 �rst-order CMC in pra
ti
al engine 
al
ulations. Further im-provements 
an be derived by better validated models for the physi
al transportterms present in the CMC equation, by se
ond-order 
losure, whi
h 
an makeignition time predi
tions more a

urate, and by double 
onditioning, whi
h maybe ne
essary for an a

urate treatment of the 
ame propagation phase.
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5.6 Tables and Figures5.6 Tables and FiguresFuel type n-heptaneFuel temperature 300 KTotal fuel inje
ted mass 6 mgInje
tion duration 1.4 msnozzle diameter 0.2 mmNozzle L/D 4Air pressure 50 barAir temperature 823 K, 813 K, 803 K823 K, 813 K, 803 K763 KTable 5.1: Aa
hen bomb operating 
onditions
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5.6 Tables and Figures

Figure 5.1: S
hemati
 of the experimental setup (reprodu
ed from Koss et al.(1992)).
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(b)Figure 5.2: Autoigniting homogeneous CMC: (a) hT j�i [K℄. (b) �hT j�i=�t [K/s℄.hN j� = 0:5i = 10 [1/s℄ Initial 
onditions YC7H16=1, YO2=0.233, YN2=0.767;TFU=300[K℄, TOX=823[K℄.
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Figure 5.3: Ignition delay [ms℄ for a homogeneous CMC fun
tion of hN j� = 0:5i[1/s℄. Initial 
onditions as in �gure 5.2.
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(b)Figure 5.4: Comparison between MOL and OS2 for homogeneous CMC. Autoigni-tion delay and 
ame development identi�ed as the lo
us of maximum 
onditionaltemperature gradient in time as fun
tion of � for hN j� = 0:5i = 10 1/s andhN j� = 0:5i = 60 1/s (a). MOL (solid line), OS2 with splitting time 1 � 10�5s(triangle), 1� 10�6s (
ir
le), 1� 10�7s (square), 1� 10�8s (diamond) (b). Initial
onditions as in �gure 5.2.
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(b)Figure 5.5: Conditional temperature [K℄ (a) and OH mass fra
tion [-℄ (b) att=1.0ms at 0.0mm radial and 42mm axial position from the inje
tor.
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(a) (b)Figure 5.6: Favre-average temperature [K℄ (a) and OH mass fra
tion [-℄ (b),1.0ms after SOI. In ea
h of the plots, the left side is from the OS1 solver usingCHEMEQ2 with a fra
tional time step of 10�7s, while the right side is from theMOL solver.
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(b)Figure 5.7: (a) Comparison of the real CPU time taken from various solvers toadvan
e the 
al
ulation to the 'lo
al' time through the inje
tion for the spray
ombustion test 
ase. (b) Comparison of CPU time between splitting the �-di�usion and 
hemistry (OS2) and treating them together (OS1).
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Figure 5.8: Parallel eÆ
ien
y using OS1.

0 0.5 1 1.5
time after SOI [ms]

0

20

40

60

pe
ne

tr
at

io
n 

[m
m

]

liquid core − experiment
spray tip − experiment
spray tip − simulation

Figure 5.9: Comparison of predi
ted and measured spray penetration length [mm℄vs. time after start of inje
tion (SOI). Experimental data from Koss et al. (1992).
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(b)Figure 5.10: Predi
tion and measured ignition delay [ms℄ without (a) and with(b) initial turbulen
e. Experimental data from Koss et al. (1992).
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(b)Figure 5.11: Evolution of hN j� = �MRi [1/s℄ (upper) and hT j� = �MRi [K℄(lower)for the CMC nodes on the spray axis, no initial turbulen
e.
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(b)Figure 5.12: Evolution of hN j� = �MRi [1/s℄(upper) and hT j� = �MRi [K℄ (lower)for the CMC nodes on the spray axis, with initial turbulen
e.
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Figure 5.15: Sour
e terms [K/s℄ in the CMC temperature equation during theignition phase: 1.2ms after SOI at 0.6 mm radial and 48mm axial position, TAIR =823K with initial turbulen
e.
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Figure 5.16: Sour
e terms [K/s℄ in the CMC temperature equation during 
amethe propagation phase: 1.42ms after SOI at 6mm radial and 36mm axial position,TAIR = 823K with initial turbulen
e.
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Figure 5.17: Sour
e terms [K/s℄ in the CMC temperature equation during thedi�usion 
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Chapter 6Results - III Diesel EnginemodellingFirst-order ellipti
 CMC, 
oupled with a 
ommer
ial CFD solver, has been ap-plied to diesel engine 
ombustion modelling. The CMC has been interfa
ed toan unstru
tured CFD mesh typi
al of diesel engine modelling. The implemen-tation of a moving CMC grid to re
e
t the 
hanges in the domain due to the
ompression and expansion phases has been a
hieved using an algorithm for the
ell addition/removal and modelling of the relative velo
ity due to the CMC 
ellmovement. Spe
ial 
are has been 
onsidered for the boundary 
onditions and thewall heat transfer. An eÆ
ient OS formulation has been used to integrate theCMC equations. A CMC domain redu
tion of the 3D problem to axi-symmetri
altwo-dimensional and zero-dimensional, has been explored in terms of a

ura
yand 
omputational time. Additional 
onsiderations are reported 
on
erning theinitialization of the CMC domain in 
onserved s
alar spa
e during transient 
al-
ulations.The present 
hapter represents, to the author's knowledge, the �rst appli
ationof CMC to diesel engine. It sets the framework for further improvement in dieselengine modelling using the same 
ombustion 
ode for all diesel engine 
ombustionmodes (i.e. multiple inje
tions and Homogeneous Charge Compression Ignition(HCCI) 
ombustion). The present 
hapter, after a ba
kground on diesel enginemodelling, introdu
es the new developments to extend the CMC equations andsolver to a moving grid formulation and to a 
omplex geometry. Results are
150



6.1 Ba
kground and obje
tivespresented for a Dire
t Inje
tion (DI) heavy-duty engine under two di�erent loadsat intermediate engine speeds.The 
hapter is organized as follows: after a ba
kground on diesel engine mod-elling some details on the engine and the experimental 
on�guration is given. Ades
ription of the numeri
al method and the models follows. The main resultstogether with their dis
ussion are presented. The 
hapter 
loses with various
on
lusions.6.1 Ba
kground and obje
tivesThe drive towards the stringent legislation in emission and 
onsumption moti-vates developments of new 
ombustion modes taking advantages of slow 
hem-istry e�e
ts (i.e. high Exhausted Gas Re
ir
ulation (EGR) rate) and very leaninhomogeneous mixture (i.e. multiple inje
tions, Homogeneous Charge Compres-sion Ignition (HCCI)). Numeri
al tools are therefore required to a

urate predi
t
ombustion, whi
h implies the use of 
omplex 
hemistry and a rigorous treatmentof the turbulen
e/
hemistry intera
tion. There are several modelling 
hallengesinvolved in engine 
al
ulation: an a

urate predi
tion of the 
ow �eld whi
hin
ludes the e�e
ts of spray inje
tion and vaporization, the 
ombustion and itsintera
tion with turbulen
e, a 
omplex 
hemi
al me
hanism and the e�e
t of thesolid walls.A variety of modelling approa
hes has been used to model diesel engine 
om-bustion. In the aim of obtaining simple engineering quantities like pressure tra
esor heat release rates, models based on the 
hara
teristi
 times
ales (Kong et al.(1995)) developed from the Eddy Break-up model of Magnussen (1981), 
an givereasonable agreement with the experimental data, but additional modelling isrequired to treat ignition (Halstead et al. (1977)).The la
k of universal validity, parti
ularly given by the arbitrary transition 
ri-teria between the two models, and the use of various 
onstants, gave rise to moreadvan
ed models o�ering a more promising way to treat the turbulen
e-
hemistryintera
tion and allow the in
lusion of 
omplex 
hemistry. Flamelet-based models(Peters (1984), Peters (1986)), originally based on pre
al
ulated lookup tables,have been su

essfully applied in the 
ontext of representative intera
tive 
amelet
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6.1 Ba
kground and obje
tives(RIF) model to unsteady spray 
al
ulation (Wan et al. (1997)) and diesel engine
ombustion (Pits
h et al. (1996)). However, the use of a single 
amelet to rep-resent the entire domain was found insuÆ
ient to a

urate model the premixedstage of the 
ombustion. Better predi
tions were obtained with the Eulerian par-ti
le 
amelet model (EPFM), therefore employing multiple RIFs and additionallysolve an Eulerian transport equation to obtain the probability of �nding the 
or-responding 
amelet in ea
h 
ell. An extension to the EPFM model to treat theheat transfer to the wall is presented by Hergart and Peters (2001). By introdu
-ing a se
ond mixture fra
tion 
oordinate, the RIF model was extended to more
omplex problems involving multiple inje
tions (Hasse and Peters (2005)). Thenumber of RIFs to use during a diesel engine 
y
le 
al
ulation is not universallyde�ned and 
an be problem dependent, furthermore the la
k of physi
al inter-a
tion among the 
amelets might 
ause issues in the a

urate predi
tion of thelift-o� height in spray diesel 
ombustion. An interesting development of RIFshas been proposed by Lehtiniemi et al. (2006), who starting from the work ofZhang et al. (1994), de�ned a progress variable to mark the 
amelet evolutionduring the autoignition pro
ess. Solving a transport equation for this progressvariable into the CFD grid allows for the e�e
ts of spatial transport to be added.The progress variable, 
hosen to be sensible enthalpy, was solved with the use ofpre
omputed table, as fun
tion of the lo
al thermodynami
 
onditions, mixturefra
tion, s
alar dissipation rate and progress variable itself.An alternative approa
h is represented by the extension of the 
oherent 
amemodel (CFM). The so-
alled ECFM3Z uses a three-zone rea
tor 
on
ept basedon a pre-assumed PDF of mixture fra
tion to de�ne the state of mixing and aprogress variable approa
h to 
hara
terize the advan
ement of rea
tion. ECFM3Zrepresents a 
omputationally non-expensive method able to predi
t the di�erentmodes of non-premixed turbulent 
ombustion as for diesel engines (Colin et al.(2003), Colin and Benkenida (2004)). However, it has not been validated forgeneri
 
ames yet.Re
ently, due to the advan
ement in the 
hemi
al tabulation to speed-up theevaluation of the spe
ies rea
tion rate, the transported PDF method, being byreputation 
omputationally expensive, has shown su

essful appli
ation to HCCIengine 
ombustion (Zhang et al. (2005)).
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6.2 Experimental 
on�gurationIn the 
ontext of this work, CMC has proved to be able to treat all phasesof diesel engine 
ombustion ( i.e. autoignition, premixed mode, di�usion mode)o�ering a solid theory to treat turbulen
e/
hemistry intera
tion using a 
omplex
hemistry avoiding any assumption on the topology of the rea
tion zone (
hapter5). The ellipti
 formulation of its equation over
omes the problem revealed bythe 
amelet based methods making the CMC one of the most promising modelto treat all modes of diesel engine 
ombustion.In 
hapter 4 it was shown that the in
uen
e of 
onditional 
u
tuations doesnot have a signi�
ant e�e
t if the 
onditional s
alar dissipation rate falls rapidlybelow its 
riti
al value. The analysis performed in 
hapter 5 revealed that forspray-driven diesel 
ombustion the 
onditional s
alar dissipation rate has a rapidde
ay. Se
ond-order 
losure appears, at �rst approximation, unne
essary. Never-theless, in 
ase of the spray impinging against the wall, as is the 
ase inside thepiston bowl of a DI-diesel engine, the igniting zone be
ome 
loser to the droplet
loud and the assumption of low 
onditional s
alar dissipation rate might not bevalid. In the present simulations a �rst order-
losure will be 
onsidered. However,further studies are needed to evaluate the sensitivity to 
onditional 
u
tuations.The simulations reported have still to be 
onsidered as exploratory, sin
e manythe parameters in
uen
ing 
ombustion in an engine 
y
le modelling 
ould not beexplored in the present work. Among all, an a

urate de�nition of the initial
onditions in terms of initial temperature, pressure, spe
ies 
on
entration andturbulen
e 
hara
teristi
 (i.e. in
uen
e of valve motion) is essential and should
ome from the 
onvergen
e of di�erent 
y
les. Not less important is a validation ofthe spray predi
tion (i.e. in-
ylinder opti
al measurement) that would determinethe main 
ow as well as the state of mixing inside the 
ylinder.6.2 Experimental 
on�gurationThe engine modeled has been extensively investigated experimentally and numer-i
ally in ETH-Zuri
h in Prof. K. Boulou
hos's group. The work done by Wright(2005), whi
h provided the test 
ase and the initial 
onditions for the present
al
ulations, is gratefully a
knowledged.
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6.3 Numeri
al methodThe engine is four-stroke, turbo-
harged, built with inter-
ooled 
harge air,displa
ement with roughly 1.6 liter per 
ylinder derived from the heavy-dutyLiebherr D924. The in-line four-
ylinder variant, for whi
h the data has beenreported, produ
es a peak power output of 183kW at 2100 RPM. The 
ylinderhead 
on�guration has two valves per 
ylinder type with push-rod a
tuation.The 
ommon-rail fuel inje
tion system 
onsists of a su
tion-throttled pump andan eight-nozzle inje
tor (nozzle diameter 200 �m). Further details 
on
erningboth the engine and the fuel inje
tion system are listed respe
tively in table 6.1and table 6.2.The operating 
onditions simulated are part of the set of the European Sta-tionary Cy
le (ESC) test that the heavy-duty engines have to ful�l for on-roadappli
ations. Details on the measurement 
an be found in Boulou
hos et al.(2003). Sele
tion of two of these points at respe
tively 50% and 100% load havebeen investigated by means of simulation. The engine 
onditions are summarizedin table 6.3.All points measured are with zero exhaust gas re
ir
ulation, nonetheless smallquantities of residual gases are trapped in the 
hamber. These have not beenmedelled in the simulation. The 
ow is initialized as te
hni
al air with a pre-s
ribed swirl pro�le and turbulen
e parameter at the time of intake valve 
losure,i.e. no valve motion and intake 
ow have been in
luded.6.3 Numeri
al methodThe CMC model integrated within the CFD pa
kage STAR-CD (2004) has beenused. Due to the eight-hole inje
tor, only 45 deg of the whole 
ombustion 
hamberhave been modeled exploiting symmetry. A multi-blo
k unstru
tured hexahedralgrid, whi
h makes use of the O-grid 
apabilities and lo
al re�nement of STAR-CD,has been employed. Figure 6.1 shows a s
hemati
 of the CFD mesh 
lose to TDC.STAR-CD uses a formulation of 
ells addition/removal that adds or deletes layersof 
ells during the expansion or the 
ompression stroke respe
tively. The meshis updated on the basis of dis
rete events. A

ording to the piston movement,the 
ells belonging to the stroke blo
k get 
ompressed or expanded and, basedon a user-de�ned 
ell aspe
t ratio, the number of layers is modi�ed. The piston
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6.3 Numeri
al methodbowl mesh is instead simply translating without getting distorted. The geometry,therefore, 
onsisted of 26945 
ells at BDC and of about 3680 at TDC. At TDCthe average 
ell volume was approximately 4.6 mm3. Higher 
ell density andbetter boundary resolution might be 
onsidered for future work.The modelling settings used into the CFD solver follow the one reported in
hapter 5 if not expli
itly stated. No information 
on
erning the spray penetra-tion nor angle were available. The spray has been modeled by the Huh model forthe atomization and the Reitz-Diwakar for the se
ondary break-up (STAR-CD(2004)). Droplet impingement on the solid wall has been modeled following Baiand Gosman (1996), available into STAR-CD. The �-" RNG model has been se-le
ted to treat turbulen
e. The solid boundaries have been assumed at 
onstanttemperature (i.e. in�nite heat 
apa
ity) at 500K. The thermo-physi
al propertiesof the fuel, initialized as liquid dode
ane, were de�ned internally into the CFDsolver. Sin
e the 
ombustion is modeled by an n-heptane 
hemi
al me
hanism,the inje
ted quantity has been 
al
ulated to obtain equal energy 
ontent. Thetimestep used in the 
al
ulation was about �tCFD ' 1� 10�6s.Following the implementation des
ribed in 
hapter 3, a three-dimensional �rst-order CMC has been applied to this diesel engine test 
ase. The CMC grid builtas a stru
tured 
ylindri
al grid around the CFD unstru
tured mesh, uses of a
ylindri
al formulation to allow the de�nition of 
y
li
 boundary 
onditions inthe azimuthal dire
tion. An automati
 mesh-re
ognition algorithm de�nes themat
hing between the CMC and the CFD 
ells. The CMC 
ells that does not
orrespond to any CFD 
ells are deleted whilst the one 
orresponding to theCFD boundary 
ells are identi�ed for an adequate boundary treatment. Theresulting CMC grid be
omes a pie
e-wise linear stru
tured grid surrounding theunstru
tured CFD mesh and updated at every timestep. The resolution of theCMC is limited by the size of the CMC 
ells as to have minimum one CFD 
ellper CMC 
ell. Be
ause the CMC 
ell density 
lose to the axis was higher thanthe CFD one, due to the 
ylindri
al formulation, a linear interpolation alongthe azimuthal dire
tion of the CFD solution is used to restore the CMC grid
onne
tivity. Consistent with the CFD, the piston bowl is de�ned as a slidinggrid whereas the stroke part gets modi�ed using an analogous formulation of
ell addition/removal as implemented in the CFD part. It results in a grid of
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6.3 Numeri
al method30�10�12�40 respe
tively in the radial, azimuthal and axial dire
tion at TDCand BDC. The impli
ation of a sliding grid into the CMC equation formulation
onsists in an additional 
onve
tion term due to the grid relative velo
ity that
an be in
luded in the 
onditional velo
ity term following equation 3.9.In 
onserved s
alar spa
e, 101 nodes were used, 
lustered around the stoi-
hiometri
 value to enhan
e resolution in this region. A PDF of mixture fra
tionthreshold of 1�10�20 has been 
onsidered. Linear interpolation, between the 
al-
ulated values at �MIN and �MAX and respe
tively 0 and 1 have been 
onsideredto initialize the region of negligible PDF. Standard modelling approa
hes havebeen used to 
lose the CMC transport equation: linear model for the 
onditionalvelo
ity (equation (2.71)), Amplitude Mapping Closure (equation (2.69)) for the
onditional s
alar dissipation rate, �rst order 
losure for the 
onditional rea
tionrate (equation 2.57) using the n-heptane 
hemi
al me
hanism (Bikas (2001)) andgradient di�usion for the 
onditional s
alar 
ux following the implementationdes
ribed by equation 3.2.Boundary 
onditions of symmetry were imposed at the axis and 
y
li
 in az-imuthal dire
tion. At the nozzle Diri
hlet boundary 
onditions of inert mixing ofthe rea
tants have been enfor
ed during the inje
tion phase. The implementationof the CMC at the physi
al boundaries is reported in se
tion 2.4.6 and here brie
ysummarized. Following Bilger (2001), no material 
ux through the wall was 
on-sidered. The 
oarse representation of the non-linear boundaries did not allow theuse of the proposed radi
al re
ombination. This hypothesis, however, need tobe revisited in 
ase an a

urate treatment of the wall layer is needed, in inter-nal 
ombustion engine 
ombustion. In fa
t, pro
esses of hydro
arbon adsorptionand desorption due to the thin liquid �lm of lubri
ant at the wall and spe
iesre
ombination are typi
al phenomena. In the present formulation the heat 
uxto the wall dire
tly appears in the 
onditional temperature transport equationusing the model presented in equation 2.76, 
onsistent with the un
onditionalvalue predi
ted by the CFD solver. The Twall appearing in equation 2.76 refersto �
titious points outside the 
al
ulated CMC domain 
onsidered at 
onstanttemperature equal to the CFD wall temperature. This allows to 
al
ulate the
onditional temperature equation in the wall region not ne
essarily resolved bythe CMC mesh. The 
onditional rea
tion rate is still 
al
ulated at the CMC
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6.3 Numeri
al methodboundary 
ells, but only the di�usive 
ux is then 
onsidered under the 
ondi-tion of no-slip velo
ity. The boundary treatment here implemented allows thein
lusion of wall e�e
ts into the CMC, but issues of a

ura
y are still present forvery 
oarse CMC grids that do not appropriately resolve the boundary and hen
efurther studies are needed.An Operator Splitting method (OS2 as de�ned in 
hapter 3) has been appliedto integrate the CMC equations. The three internal steps had di�erent splittingtimestep, the physi
al spa
e transport �tSPLIT;xyz = 1 � 10�6s 
oin
ident withthe CFD external timestep, whereas �tSPLIT;� = 1� 10�7s was de�ned betweenmi
romixing and rea
tion in �-spa
e. This option has been sele
ted after somesensitivity analysis on zero-dimensional CMC 
ase. VODPK has been sele
ted asthe solver for both sti� and non-sti� parts.Additional methodologies have been tested to improve the numeri
al eÆ
ien
yof the simulations. The integral method des
ribed in Klimenko (1995) has beenapplied, even thought the hypothesis of turbulent shear layer are not fully re-spe
ted. A

ording to theory the 
onditional averages are weak fun
tion of the
ow 
ross stream dire
tion so that the dimension of the CMC domain 
an be re-du
ed. Its appli
ation to the present test 
ase is represented by a two-dimensionalaxi-symmetri
 CMC grid, in whi
h the azimuthal dire
tion 
ollapses. Predi
tionswith the so de�ned two-dimensional CMC and a zero-dimensional one, more 
or-responding to a RIF-like 
al
ulation, have been 
ompared in the results 
hapterwith the full three-dimensional model.To resume, the �nal equations integrated in this 
hapter 
an be rewritten forspe
ies and temperature as�Qi�t + hhvj�i� � vREL � hDtj�i�r�ln(�� ~P (�)�)�i � rQi= r � (hDtj�i�rQi) + hN j�i��2Qi��2 + hWij�i (6.1)�QT�t + hhvj�i� � vREL � hDtj�i�r�ln(�� ~P (�)�)�i � rQT= r � (hDtj�i�rQT ) + hN j�i��2QT��2
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6.4 Results and dis
ussion+ hN j�i� " 1
p�  �
p��� + nXi=1 
p;i� �QT�� ! �QT�� #+ 1
p��� � �p�t ���� ��� 1
p� * nXi=1 hiWi����� �+� hwwallj�i
p��� (6.2)where the same nomen
lature as in 
hapter 2 has been used. Expli
it referen
e hasbeen made in equations 6.1 and 6.2 to the relative velo
ity of the grid, appearingas an extra 
onve
tion term non dependent on �. The wall heat 
ux is alsopresent a
ting as a sink in the temperature equation. Note that in the presentformulation no radiation has been 
onsidered and will be in
luded in the future.The star supers
ript used refers to the pro
ess of averaging between the CFDand the CMC grid. In parti
ular, the extension of equations 6.1 and 6.2 to thetwo-dimensional 
ase yield to an integration of the stared quantities over theazimuthal dire
tion, whereas for the zero-dimensional 
ase are integrated overthe whole domain and terms depending on the spatial gradients have been set tozero.6.4 Results and dis
ussionExperimental pressure tra
es are available for the two 
ases modeled. It is under-lined that in the heptane spray 
ombustion simulated in 
hapter 5 no validationwas available for the phase of 
ame development. An a

urate pressure predi
-tion, even if pressure represent an `integrated' quantity would give substantial
reden
e to the predi
tion of this phase of 
ombustion.Initially the 100% load test 
ase has been investigated. Results for the three-dimensional, two-dimensional and zero-dimensional CMC are plotted in �gure6.2 together with the experimental measurements. The agreement is satisfa
toryin all 
ases. Autoignition is a

urately predi
ted, the rise in pressure is slightlyunderestimate for both ellipti
 formulations. The over predi
tion observed inthe homogeneous CMC with respe
t to the ellipti
 ones was expe
ted. Withoutany spatial dependen
e, autoignition o

urs simultaneously at all most rea
tivemixture fra
tions with higher peak in the heat release rate (proportional to theslope of the pressure tra
e). The reasons for the slight under predi
tions, as the
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6.4 Results and dis
ussionturbulent 
ame speed propagation or the wall e�e
ts, will be better explainedlater. Further work on grid sensitivity might 
larify this issue. The agreementbetween three-dimensional and two-dimensional CMC 
ross stream integrated isremarkable and be
ause of the limited 
omputer power available the latter onewill be 
onsidered for further studies.Figure 6.3 shows a 
omparison of in-
ylinder pressure tra
es between exper-iment and predi
tion for the 50% load higher-velo
ity. Two-dimensional andone-dimensional CMC 
ompare very well with the experimental measurements.The two-dimensional formulation has somehow smoother pressure rise as alreadyexplained for the high load 
ase. The results are very promising for a full inte-gration of the CMC in the engine development pro
ess. It is worth to mentionthat the full 
y
le with the axi-symmetri
 CMC formulation from the IntakeValve Opening (IVO) took less then 10 days on a 2.4Ghz Linux Ma
hine. Betterperforman
es 
an be a
hieved on a parallel ma
hine.Further insight into the 
ombustion 
an be a
hieved looking on plot of the
onditional and un
onditional s
alars. Figure 6.4, 6.5 and 6.6, show the evolutionof respe
tively mixture fra
tion, temperature and OH mass fra
tion in di�erentphase of 
ombustion along the spray axis for the 100% load 
ase. Autoignitiono

urs shortly after SOI (�gure 6.4) on the edge of the spray, 
hara
terized by highlevel of OH mass fra
tion and an initial rise in temperature. The 
ame spreadsand alight all the spray (�gure 6.5). It may not be very 
lear in the �gure be
auseof the smoothing in the plotting, but the high temperature region interests theedge of the spray at its tip. The high temperature region propagates from oneside 
lose to the 
old wall where high enthalpy 
ux was found. The lo
ation of thehigh temperature region is probably one of the reasons for the under-predi
tionmentioned in the pressure tra
e. Figure 6.6 shows how the 
ame surrounding thespray impinges against the wall.From the solution at 3 deg three lo
ations in spa
e have been analyzed, markedas A, B, C in �gure 6.4. As shown by the 
onditional temperature plot (�gure6.7) the sele
ted points are a
ross the spray 
ame. It 
an be observed that pointA is still at low temperature although an initial rise is evident at mixture fra
tion� = 0:1, point B is right on the edge of the 
ame, sin
e the high 
onditionaltemperature region has not propagated yet in �-spa
e, point C a fully burning
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6.4 Results and dis
ussionsolution, as shown by the 
onditional temperature pro�le 
lose to the equilibriumtemperature.The me
hanism for the 
ame propagation 
an be investigated looking at thebalan
e of terms into the 
onditional temperature equation (�gures 6.8 - 6.10).Figure 6.8 at the point A shows that the rise in temperature, is mainly due to the
ontribution of physi
al transport. The main 
ow is spray-driven, therefore the
onve
tion along the spray axis is the most relevant during propagation. Di�usionfrom the hot temperature region is also important and is of the same magnitude asthe rea
tion rate. Figure 6.9 (point B) at the 
ame front, shows a di�erent phaseof propagation. A double 
ame is evident from the two high rea
tion rate peaksin �-spa
e, and �-di�usion balan
es the 
hemi
al sour
e term. From the inset in�gure 6.9, whi
h magni�es the zone around stoi
hiometry, it 
an be seen that allterms are a
tive. Conve
tion and di�usion a
t as sink terms sin
e they transportthe heat away form the rea
tion zone allowing propagation. The pressure termis also not negligible: its 
ontribution is positive and tends to rise temperature.It is reminded that even if �gure 6.9 is taken after TDC, the pressure is stillrising in the 
ombustion 
hamber be
ause of the high temperature. Point C,illustrated in �gure 6.10, is lo
ated into the 
ame high temperature region. Thetwo 
ame fronts shown in point B have expanded redu
ing also their absolutemagnitude and an additional peak appears at stoi
hiometry. The triple 
amealready highlighted in 
hapter 5 typi
al of a di�usive 
ombustion is re
overedhere. Pressure work is also a
tive at all mixture fra
tions. The magnitude ofthe other terms are mu
h smaller and present only at the 
ame front due to theredu
ed gradients in physi
al spa
e at this stage of 
ame development.From the 
ontour plot of un
onditional temperature a very small lift-o� heightmainly determined by the boundary 
onditions at the inje
tor has to been no-ti
ed. No results in terms of in-
ylinder opti
al measurements are available forthis engine for an a

urate 
omparison. Nevertheless, results from the literature(De
 (1997)) has shown lift-o� as a typi
al feature of diesel engine 
ombustion.The reason for this underpredi
tion is attributed to the 
oarse grid employedin both CFD and CMC meshes. For simpler geometry as in a 
onstant-volumehigh-temperature vessel, with a better mesh resolution, as in Kim et al. (2007),CMC was able to 
orre
tly predi
t diesel spray lift-o� height under quasi-steady
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6.5 Con
lusion
onditions. The aim of an a

urate spray lift-o� height predi
tion is determinedby the 
onsequen
e that this has on the pollutant emission, in parti
ular soot.A

ording to De
 (1997) high lift-o� heights are asso
iated with low emission ofsoot sin
e the amount of air entrained in the 
ore of the spray is responsible fortheir oxidation.The snapshots presented are typi
al images of diesel engine 
ombustion. Theyshow the level of 
omplexity rea
hed in a diesel engine 
ombustion 
al
ulation. Inthe same simulation are present turbulent spray ignition and 
ame development,droplet dispersion, spray 
ame impinging against a 
older wall. Ea
h one on theirown represent important �elds of resear
h.6.5 Con
lusionThree-dimensional Conditional Moment Closure has been applied to study dieselengine 
ombustion. The grid movement has been 
onsidered in the CMC formu-lation with the in
lusion of an extra 
onve
tion term due to the relative velo
ityof the grid. An algorithm of 
ell addition/removal has been implemented to allowan optimal 
ell aspe
t ratio during the 
ompression and expansion stroke. Theheat transfer to the wall has also been in
luded into the CMC equation.Two test 
ases have been modeled at di�erent loads and operating speeds,the predi
ted pressure tra
es show good agreement with the experimental onesin both 
ases. The agreement of the pressure tra
es is a validation of the 
amepropagation phase that was not possible to obtain from the spray bomb in 
hapter5, whi
h was at 
onstant pressure. Further 
omparisons on heat release andpollutant emissions are planned for an a

urate validation.The results showed similar physi
s to what was presented in 
hapter 5. How-ever the spray lift-o� height typi
al of diesel 
ombustion (De
 (1997)) was notadequately predi
ted. The reason for this is attributed to the 
oarse grid in boththe CFD and CMC 
odes. Additional work is needed to evaluate the grid depen-den
y of the results. A �ner CMC grid is aimed in order to a

urate resolve thediesel lift-o� height and the solid boundaries.The three-dimensional test 
ase has been simpli�ed using an appropriate inte-gration a
ross the azimuthal dire
tion (two-dimensional CMC) and over the whole
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6.5 Con
lusiondomain (zero-dimensional CMC). The results 
ompare well with the experimentsshowing that, in some 
ases where heat losses to walls are not important, anintegral method 
an be e�e
tive in �rst approximation to predi
t 
ombustion indiesel engine at a redu
ed 
omputational 
ost.
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6.6 Tables and Figures6.6 Tables and FiguresType 4-stroke, dire
t inje
tionTurbo
harged, inter
ooledCylinders 4Bore 122 mmStroke 142 mmDispla
ement 6.64 litersCompression ratio 17.2Crank radius / 
onne
ting rod length ratio 0.3114Maximum boost pressure ratio 2.6Maximum power output 183 kWMaximum engine speed 2100 RPMMaximum BMEP 20 barMaximum peak 
ylinder pressure 160 barSwirl 0.65Table 6.1: Liebherr D924 main engine data.
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6.6 Tables and Figures
Inje
tor Common rail te
hnologiesAG P2/ETH-LMB prototypeMaximum inje
tion pressure 1600 barNozzle diameter 8 � 200 �mNozzle length diameter ratio 5.16High pressure fuel pump ETH development. Maximum pressure2000bar, su
tion throttledTable 6.2: Liebherr D924 fuel inje
tion system.

ase load engine RPM SOI [CA aTDC℄ inje
tion pressure [bar℄1 50% 1830 -4 14002 100% 1250 -4 1400Table 6.3: Engine operating 
onditions for the simulations.

Figure 6.1: S
hemati
 of the CFD grid 
lose to TDC.
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6.6 Tables and Figures
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Figure 6.2: Pressure tra
e [bar℄ for 100% load (
ase 1).
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Figure 6.3: Pressure tra
e [bar℄ for 50% load (
ase 2).
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6.6 Tables and Figures

(a)

(b)

(
)Figure 6.4: Iso
ontour of ~� [-℄ (a), ~T [K℄ (b), ~YOH [-℄ (
) along the spray axis forthe 100% load 
ase - 1.5 deg aTDC.
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6.6 Tables and Figures

(a)

(b)

(
)Figure 6.5: Iso
ontour of ~� [-℄ (a), ~T [K℄ (b), ~YOH [-℄ (
) along the spray axis forthe 100% load 
ase 3 deg aTDC.
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6.6 Tables and Figures

(a)

(b)

(
)Figure 6.6: Iso
ontour of ~� [-℄ (a), ~T [K℄ (b), ~YOH [-℄ (
) along the spray axis forthe 100% load 
ase 9 deg aTDC.
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Figure 6.7: Conditional temperature [K℄ at 3 deg aTDC 100% load for threepoint.
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Figure 6.8: Balan
e of term [K/s℄ in the 
onditional temperature equation atpoint A in �gure 6.7.
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6.6 Tables and Figures

Figure 6.9: Balan
e of term [K/s℄ in the 
onditional temperature equation atpoint B in �gure 6.7.

Figure 6.10: Balan
e of term [K/s℄ in the 
onditional temperature equation atpoint C in �gure 6.7.
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Chapter 7Con
lusionsThe aims of this thesis are twofold: to investigate turbulent non-premixed au-toignition in the Conditional Moment Closure (CMC) framework and to developa 
omputer 
ode able to predi
t turbulent non-premixed 
ombustion as for DIdiesel engines. Simulations have been performed for two dedi
ated autoignitionexperiments respe
tively a steady turbulent n-heptane plume (
hapter 4) and anunsteady n-heptane spray bomb (
hapter 5) with the intent to assess the modelbehaviour and its implementation for simple 
ases. The developed 
ode has beensubsequently used to model a DI diesel engine 
y
le (
hapter 6). Numeri
al andtheoreti
al developments have been proposed to 
lose the 
onditional 
hemi
alsour
e term at �rst and higher-order and to implement the CMC for transient
al
ulations. The results obtained are presented in the following. The 
hapter
loses with suggestions for further resear
h.7.1 Turbulent non-premixed autoignitionAutoignition of a pre-vaporized n-heptane plume in an un
loased 
o
ow of tur-bulent heated air has been investigated using a paraboli
 CMC formulation. Theuse of this relatively simple 
on�guration allowed to investigate the e�e
ts ofturbulent mixing on 
hemistry during the autoignition event.It was found that both the s
alar dissipation rate and the mixture fra
tionstatisti
s are important fa
tors to predi
t autoignition. As expe
ted, autoignitiono

urs at the `most rea
tive' mixture fra
tion (�MR), whi
h is fun
tion of the
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7.1 Turbulent non-premixed autoignitionfuel (i.e. the 
hemi
al me
hanism), the 
omposition (i.e. dilution), the initialtemperature of the rea
tants and the 
onditional s
alar dissipation rate.The autoignition delay time of a rea
tive non-premixed mixture is boundedbetween two referen
e times: the ignition time of a homogeneous mixture at a
omposition de�ned by the `most rea
tive' mixture fra
tion (�REF ) and by the per-fe
t mixing of the rea
tants (�PREMIX) as, respe
tively, its lower and upper limits.Hen
e, the mixture fra
tion statisti
s (P (�)) be
omes an important parameter todistinguish between the non-premixed and the homogeneous autoignition. In thepresent 
on�guration, for long autoignition delays P (�) approa
hes a Æ-fun
tionat its premixed 
omposition, however, the autoignition delay is determined by thehistory of the rea
tive 
uid parti
les and an evaluation of the autoignition delaytime based on �PREMIX yields erroneous results. On the other hand, if �MR doesnot belong to the realizable P (�), autoignition 
an not be estimated by �REF andit 
an be delayed or even fails to happen within the domain length.Autoignition o

urs at low value of the 
onditional s
alar dissipation rate. Inparti
ular, all 
onditions kept the same, the longer the time the 
uid parti
lepasses at high s
alar dissipation rate, espe
ially 
lose to its 
riti
al value (�CR)at whi
h autoignition fails to happen, the higher is the autoignition delay time.In 
onditions of high 
onditional s
alar dissipation rate the 
u
tuations aboveits 
onditional mean value be
ome an important term for the evolution of au-toignition. It has been shown, prior autoignition, that the 
ontribution of the
onditional 
ovarian
e of s
alar dissipation rate and the rea
tive s
alars is themost important 
ontribution to the balan
e of terms of the 
onditional 
ovari-an
e equation.The �rst-order CMC was able to satisfa
tory predi
t autoignition time andlo
ation in both the 
o
ow plume and the spray-driven 
ow. The su

ess ofthe �rst-order formulation to predi
t autoignition is attributed to the rapid de-
ay that the 
onditional s
alar dissipation rate exhibits in both 
on�gurationsstudied. This does not imply that the 
onditional 
u
tuations are negligible atautoignition. It has been been shown, in fa
t, that using higher-order 
losurethe PDF of 
onditional temperature exhibits a bimodal behaviour at the ther-mal `run-away' and during the 
ame propagation phase 
onsistently with DNS
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7.1 Turbulent non-premixed autoignitionresults. It is expe
ted that solving for se
ond-order 
losure will improve predi
-tions of autoignition at higher values of the 
onditional s
alar dissipation rate orwhen predi
tion of minor spe
ies is required.Higher order 
losure may have an in
uen
e also in the propagation velo
ity ofthe edge 
ames following autoignition. It was shown that the 
onditional 
u
tu-ations have a positive 
ontribution in the evaluation of the 
onditional rea
tionrate during the initial development of the 
ame kernel in mixture fra
tion spa
e.In physi
al spa
e the 
onditional s
alar 
ux represents an important generationterm in the 
onditional 
ovarian
e equations. At the edge of a 
ame this 
ontri-bution may be signi�
ant and the turbulent 
ame speed may be a�e
ted.Autoignition of a n-heptane spray in a diesel engine-like 
on�guration has beenstudied in the e�ort of analyze the e�e
t of turbulen
e. Results show that ignitiono

urs at the edge of the spray in parti
ular at its tip where the 
onditions ofexisten
e of `most rea
tive' mixture fra
tion and low 
onditional s
alar dissipationrate 
oexist. High turbulen
e shortens the autoignition delay, whi
h is explainedby a faster de
ay of the 
onditional s
alar dissipation rate. After autoignitionthe hot kernel propagates lighting the whole spray. The me
hanism of 
amepropagation has been presented showing how after autoignition a double 
ame isformed (`premixed' phase of diesel engine 
ombustion) to stabilize as a triple 
ametypi
al of a lifted jet 
ame. In this �rst attempt to represent spray 
ombustion the
ontribution of the dispersed evaporating phase has not been 
onsidered in theCMC implementation. The results 
ompare well with the experiments, however,the 
ontribution of droplet evaporation may be signi�
ant and requires futureresear
h.The 
ombustion 
ode developed has been employed to model a diesel engine
y
le. Results 
ompare well with the experimental pressure tra
es, whi
h gives
redibility to the model and the numeri
al method used. This 
onstitutes a �rstvalidation of the 
ame propagation phase that was not feasible in the previousspray-driven autoignition experiment at 
onstant pressure. The level of detailand insight that the CMC model provides on diesel engine 
ombustion highlightsits potential to be used as a pra
ti
al tool for engine diagnosti
.
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7.2 Numeri
al implementation7.2 Numeri
al implementationOne of the outputs of the present work is the two numeri
al 
odes whose re-sults have been presented throughout this thesis. The �rst 
onsists in a three-dimensional, transient 
ode whi
h has been 
oupled with a 
uid me
hani
s solverfor unsteady turbulent 
ombustion 
al
ulations. The se
ond has a paraboli
 one-dimensional radial formulation solving the �rst two 
onditional moments, there-fore 
losing the 
onditional rea
tion rate at �rst or higher-order. In the followinga short des
ription of both is presented.7.2.1 Ellipti
, transient, �rst-order 
losureA �rst-order ellipti
 CMC 
ode has been 
oupled with a 
uid me
hani
s solverfor transient turbulent 
ombustion simulations. The CMC model solves trans-port equations for 
onditional s
alars, therefore, in the aim of resolving the spatialgradient of these last, its mesh requirement may di�ers form a typi
al un
ondi-tional 
uid me
hani
s solver. Gradients of 
onditional s
alars are present withinthe edge of a 
ame, at autoignition, at the intera
tion with a solid wall, et
...Whereas, in the 
oupling, the 
uid me
hani
s solver needs to properly resolve thevelo
ity and mixing �eld, with parti
ular 
are to the 
onserved s
alar statisti
sP(�) in temporal and spatial 
oordinates. An interfa
e is, therefore, required tomap the two 
omputational meshes with the data transfer a
hieved by an appro-priate averaging or by 
onvolution with the lo
al P(�) respe
tively pro
eedingfrom the CFD to the CMC mesh and vi
e versa.A �nite di�eren
e formulation has been used to dis
retize the CMC equations.This has been 
hosen in order to avoid estimation of the 
onve
tive and di�usive
uxes from the CFD mesh whi
h would have en
ountered high ina

ura
ies (a�nite volume formulation would have been sele
ted if there was 
oin
iden
e ofthe 
ell fa
es between the two meshes).Two di�erent methods of integration have been implemented: the Method ofLines (MOL) and the Operator Splitting (OS) method. The former integratessimultaneously the full set of Ordinary Di�erential Equations (ODEs) obtainedfrom the dis
retization of the CMC Partial Di�erential Equations (PDEs); thelatter allows the sequential integration of the ODEs in various sub-steps of smaller
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7.2 Numeri
al implementationsubsystems. The method has to be sele
ted on the base of a 
ompromise betweena

ura
y and numeri
al eÆ
ien
y. The MOL is the most a

urate, nonetheless,it results to a very large and sti� ODE system to integrate due to the highdimensionality (i.e. �ve independent variables: three physi
al 
oordinates, �-spa
e and time) and depending to the 
hemi
al me
hanism used; MOL may beimprobable for realisti
 geometries. The OS method has the advantage thatsplitting the equation in two substeps (OS1) (i.e. transport in physi
al spa
eand rea
tion-di�usion in � spa
e) or in three substeps (OS2) (i.e. physi
al spa
e,di�usion and rea
tion in � spa
e), allows the use of smaller array with resultinggain in memory storage and solver eÆ
ien
y.The use of an OS method introdu
es an error due to the sequential resolutionof phenomena that are physi
ally 
oupled. The error is fun
tion of the splittingtimestep and of the phenomenon that needs to be resolved. It was found thata large timestep might predi
t earlier autoignition in parti
ular in 
onditions oflarge 
onditional s
alar dissipation rate and an under predi
tion in the 
amepropagation phase. It is important to underline that the solution obtained withthe MOL may be re
overed redu
ing the splitting timestep. In the present thesisthe OS2 has been sele
ted as the method of 
hoi
e for pra
ti
al 
al
ulations.Additional advantages, using an OS formulation, 
an be a
hieved employinga solver tailored a

ording to the nature of the substep. For sti� systems it maybe 
onvenient to use a solver with small restart 
osts (i.e. CHEMEQII). Based onan OS formulation the 
ode developed has been parallelized solving the physi
altransport (non-sti� substep) part the equations on a single pro
essor and the �-substep (sti� substep) in parallel on di�erent pro
essors of a CPU 
luster. Goodparallel eÆ
ien
y has been demostrated.Additional work has been done to allow the 
oupling of the present 
odewith the unstru
tured mesh typi
al of the diesel engine 
ombustion 
hambers.An algorithm of 
ell re
ognition was developed to identify the CMC nodes thathad a 
orresponden
e with the CFD boundary in order to build a domain whi
hrepresented a pie
e wise approximation of the CFD domain. Identi�ed usingthe CFD boundary 
ells, the solid wall has been 
onsidered with the in
lusion ofadditional terms into the CMC equation by modelling the heat 
ux to through thewall. In 
ase of a moving grid formulation, as during the 
ompression/expansion
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7.2 Numeri
al implementationstroke in a diesel engine 
y
le, an algorithm of 
ell removal/addition has beenimplemented for the CMC grid whi
h allows the user to spe
ify the 
ell densityand their aspe
t ratio. The presen
e of a sliding grid, furthermore, has beenmodelled into the CMC equation as an additional 
onve
tion term depending onthe grid relative velo
ity.The interfa
e and the numeri
al developments here implemented in a RANS
ontext 
an be easily extended to an LES framework with 
areful validation ofthe sub-models of the CMC equations.7.2.2 Paraboli
, steady, se
ond-order 
losureA paraboli
 formulation of the CMC has been used to implement a 
onditionalrea
tion rate 
losure at higher order than �rst. Conditional se
ond moments are
onditional varian
es and 
ovarian
es, given a 
hemi
al me
hanism of n spe
iesadditional n � (n � 1)=2 transport equations need to be added to a �rst orderformulation.Two higher-order implementations were investigated: a Taylor expansion andthe 
onditional joint PDF method. In the �rst, the 
onditional rea
tion rate hasbeen expanded up to se
ond order assuming small, but not negligible 
onditional
u
tuations. Evaluation of the rea
tion rate is done adding to the �rst-order
ontribution a se
ond order term fun
tion on the Hessian of the rea
tion rateevaluated numeri
ally. In the se
ond, 
losure of the 
onditional rea
tion rate isobtained by the 
onvolution of the rea
tion rate with the presumed 
onditionaljoint PDF of the rea
tive s
alar over the rea
tive s
alar sample spa
e. In thelatter, no 
onditions are imposed on the magnitude of the 
onditional 
u
tuationsresulting in a more general formulation.First and se
ond moments are 
oupled only through the 
onditional rea
tionrate: in the Taylor expansion formulation varian
es and 
ovarian
es are used toestimate the se
ond-order 
ontribution to the �rst order 
onditional rea
tion rate,in the PDF method to presume the 
onditional joint PDF of the rea
tive s
alars.The Taylor expansion method proved to be an eÆ
ient way to in
lude the se
-ond order e�e
ts. However, the hypothesis of small 
onditional 
u
tuations does
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7.3 Future worknot hold at ignition and the 
al
ulation 
ould not pro
eed further due to instabil-ity in the evaluation of the Hessian of the rea
tion rate. Despite the diÆ
ulties tomodel the propagation following ignition, the method presented is general and thepossibility of in
luding me
hanism of any 
omplexity without sele
ting redu
edset of 
hemi
al rea
tions for se
ond order 
losure is an advantage. The Taylorexpansion method may be used to predi
t the stru
ture of autoignition beforethe thermal `run-away' or applied to 
ame 
al
ulations with limited 
onditional
u
tuations to improve pollutant predi
tion.A se
ond order 
orre
tion based on temperature varian
e has been exploredto assess the e�e
ts the 
losure using the full me
hanism for an autoignition 
ase.It was found that for 
omplex 
hemistries as the n-heptane me
hanism used here,only the temperature 
ould not a

urately predi
t the e�e
ts of the pre-ignitionrea
tions resulting to an overall underestimation of the rea
tion rate.A di�erent 
on
lusion was drawn using the 
onditional joint PDF method.Due to limitations in the mathemati
al formulation for multidimensional PDF,in the present work only the 
onditional temperature PDF was 
onsidered to
lose the 
onditional rea
tion rate, presuming the P (T j�) to be a �-distribution.Results have shown that this method has similar predi
tion to what predi
ted bythe Taylor expansion method with the advantage of not having assumption onthe 
onditional 
u
tuations.This last method is in general 
omputationally more expensive sin
e the re-a
tion rate has to be 
al
ulated in ea
h point of the sele
ted manifold (in thepresent 
ase in the two-dimensional spa
e (�,T )), however tabulated 
hemistrymay be used in the future to improve the numeri
al eÆ
ien
y.7.3 Future workThe appli
ation of the CMC for pra
ti
al 
al
ulation introdu
es interesting 
hal-lenges whi
h 
an be used as guidelines for future work in terms of model devel-opments and numeri
al implementation.In the aim of applying the CMC as universal model for diesel engine 
ombus-tion an a

urate treatment of spray 
ombustion is ne
essary. Combustion mayo

ur in the inter droplet spa
e as well as around dense 
lusters of droplets. The
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7.3 Future workmixture fra
tion distribution, its varian
e and dissipation rate need to re
e
t thee�e
ts of the dispersed phase (Reveillon and Vervis
h (2000)). The CMC equa-tions need to be revisited in
luding additional terms due to the dispersed phase(Rogerson et al. (2007)) and the standard submodels further validated. Addi-tional work has to be done on the boundary 
onditions in mixture fra
tion spa
esin
e the interval of realizable mixture fra
tion bounds may be modi�ed a

ount-ing for the saturation mixture fra
tion (Smith et al. (2000)) and the 
ondition ateta boundaries (equations 2.73 and 2.74) may not hold.The evaluation of modern diesel engine performan
e is generally based onpower output and pollutant emissions in parti
ular nitri
 oxides and soot. Whilethe �rst 
an be in
luded dire
tly in the 
hemi
al me
hanism used, the additionof soot requires the implementation of transport equation for the �rst 
onditionalmoments and spe
ial treatment if the di�erential di�usion e�e
t of the solid par-ti
le need to be a

ounted. The implementation of soot parti
les in CMC wasinitially treated by Kronenburg et al. (2000) who suggested a di�erential di�usionformulation and a

ounting for soot only as a post pro
essing substep de
oupledfrom the main 
hemi
al me
hanism. Future development aim to implement highermoments for the soot parti
les, in
lude the soot 
hemistry into the main 
hem-i
al me
hanism and evaluating new formulations for di�erential di�usion as theone proposed by Hewson et al. (2006). Furthermore the radiation model used ingaseous 
ame 
al
ulation, may not be valid in 
ase of sooty spray 
ombustionand needs to be revisited.In the presen
e of an HCCI type of 
ombustion the 
harge in the 
ylinder hasa high degree of homogeneity. Combustion o

urs in multiple lo
ations with littlepropagation of 
ame. The limit of realizability of the P (�) and the treatment ofthe probability region may have an e�e
t and needs further investigation.Modelling of the 
ame-wall intera
tion is also be
oming an important �eldof resear
h. Heat transfer, radi
al re
ombination, absorption and desorption offuel by the lubri
ant �lm at the wall are phenomena whi
h may en e�e
t on theengine 
ombustion and the pollutant predi
tion. A 
areful resolution of the wallboundary layer is needed as well as to model for the 
uxes of spe
ies at the solidboundary (Bilger (2001)).
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7.3 Future workThe appli
ation of se
ond-order 
losure to diesel engine 
ombustion is alsoan interesting �eld of resear
h. As presented in this thesis a simpli�ed 
losurebased on the 
onditional joint PDF method solving only the temperature varian
emay give important insight into diesel engine 
ombustion at a relatively 
heap
omputational 
ost.Additional area of resear
h intends to validate the model used for se
ond-order 
losure. Of parti
ular interest are the 
onditional s
alar dissipation rate
u
tuations whi
h appear in the 
onditional 
ovarian
e equation and whi
h hasbeen proven to be the driving term in autoignition simulations. The shape ofthe 
onditional joint PDF of the various s
alars during autoignition and the
ame propagation is also interesting and may validate the present mathemati
alformulations.Further resear
h has been 
arried out by Ri
hardson and Mastorakos (2007)to validate the 
onditional turbulent 
ux model. One important output of thatwork 
onsists in a modelling approa
h to a

ount for 
ounter gradient di�usionin the 
onditional turbulent 
ux term, �nd to be important for example in thepropagation of an edge 
ame. Further work may be needed to implement thatsubmodel.It is important to mention that some of the development proposed here re-quires a high CMC resolution. An automati
 grid re�nement able to resolve thegradient in mixture fra
tion and physi
al spa
e would allow a better resolutionof the 
ame brush for an a

urate study of the 
ame propagation phase, a bet-ter de�nition of the solid boundaries as well as generally higher a

ura
y of thedis
retization.All the development proposed here may also be seen in the perspe
tive of afull 
oupling of CMC with LES for diesel engine appli
ations.

179



Referen
esC. Bai and A.D. Gosman. Mathemati
al modelling of wall �lms formed by im-pinging sprays. SAE Te
hni
al Paper 960626, 1996. 155G. Bikas. Kineti
 me
hanisms for hydro
arbon ignition. PhD thesis, Universityof Aa
hen, 2001. xii, 67, 70, 90, 115, 118, 156R. W. Bilger. Marker �elds for turbulent premixed 
ombustion. Combustion andFlame, 138:188{194, 2004. 9R.W. Bilger. Turbulent 
ows with non-premixed rea
tants. In P.A. Libby andF.A. Williams, editors, Turbulent Rea
ting Flows, 
hapter 3. Springer-Verlag,1980. 7R.W. Bilger. Conditional moment 
losure for turbulent rea
ting 
ows. Physi
sof Fluids A Fluid Dynami
s, 5:436{444, 1993. 8, 12, 18, 47R.W. Bilger. Boundary 
onditions at walls for 
onditional moment 
losure mod-eling (unpublished). 2001. 35, 47, 156, 178G. Blanquart and H. Pits
h. Modeling autoignition in non-premixed turbulent
ombustion using a sto
hasti
 
amelet approa
h. Pro
eedings of the Combus-tion Institute, 30:2745{2753, 2005. 8, 10J. D. Blou
h, J-Y Chen, and C. K. Law. A joint s
alar PDF study of nonpremixedhydrogen ignition. Combustion and Flame, 135:209{225, 2003. 10R. Borghi. Turbulent 
ombustion modelling. Progress in Energy and CombustionS
ien
e, 14:245{292, 1988. 7
180



REFERENCESG. Boudier, L.Y.M. Gi
quel, T. Poinsot, D. Bissieres, and C. Berat. Comparisonof LES, RANS and experiments in an aereonauti
al gas turbine 
ombustion
hamber. Pro
eedings of the Combustion Institute, 31:3075{3082, 2007. 6K. Boulou
hos, O.N. Margari, A. Es
her, G. Barroso, B. S
hneider, and S. Kunte.Opti
al siagnosti
 on diesel spray for the validation of 
omputer aided simula-tion. 6. Internationales Symposium fur Verbrennungsdiagnostik, Baden-Baden,2003. 154P. N. Brown, G. D. Byrne, and A. C. Hindmarsh. VODE, a variable-
oeÆ
ientODE solver. SIAM Journal on S
ienti�
 and Statisti
al Computing, 10:1038{1051, 1989. 50, 69, 116P. N. Brown and A. C. Hindmarsh. Redu
ed storage matrix methods in sti� odesystems. Journal of Computational and Applied Mathemati
s, 31:40{91, 1989.50, 116W.K. Bushe and R.W. Bilger. Conditional moment 
losure modeling of turbulentnon-premixed 
ombustion with redu
ed 
hemistry. Annual Resear
h Briefs,pages 139{154, 1999. 23G.D. Byrne. Pragmati
 experiments with Krylov methods in the sti� ODE set-ting. In J. Cash and I. Gladwell, editors, Computational Ordinary Di�erentialEquations, pages 323{356. Oxford University Press, Oxford, 1992. 50, 116C.M. Cha and H. Pits
h. Higher-order 
onditional moment 
losure modelling oflo
al extin
tion and reignition in turbulent 
ombustion. Combustion Theoryand Modelling, 6:425{437, 2002. 29, 30, 69H.H. Chiu, H.Y. Kim, and E.J. Croke. Internal group 
ombustion of liquiddroplets. Pro
eedings of the Combustion Institute, 19:971{980, 1982. 113, 130H.K. Ciezky and G. Adomeit. Sho
k-tube investigationof self-ignition of n-heptane-air mixtures under engine relevant 
ondition. Combustion and Flame,93:4212{433, 1993. xii, 70, 90
181



REFERENCESM.J. Cleary, J.H. Kent, and R.W. Bilger. Predi
tion of 
arbon monoxide in �resby 
onditional moment 
losure. Pro
eedings of the Combustion Institute, 29:273{279, 2002. 112, 116O. Colin and A. Benkenida. The 3-zones extended 
oherent 
ame model(ECFM3Z) for 
omputing premixed/di�usion 
ombustion. Oil & Gas S
ien
eand Te
hnology, 59:593{609, 2004. 152O. Colin, A. Benkenida, and C. Angelberger. 3D modeling of mixing, ignition and
ombustion phenomena in highly strati�ed gasoline engine. Oil & Gas S
ien
eand Te
hnology, 58:47{62, 2003. 152T.J. Craft and B.E. Launder. Closure modelling near the two-
omponent limit.In B.E. Launder and N.D. Sandham, editors, Closure strategies for turbulentand transitional 
ows, 
hapter 3, pages 102{126. Cambridge University Press,2002. 65P. A. Davidson. Turbulen
e. Oxford University Press, 2004. 13J.E. De
. A 
on
eptual model of DI diesel 
ombustion based on laser-sheet imag-ing. SAE Te
hni
al Paper 970873, 106(3)(1319-1348), 1997. 111, 113, 160,161F.X. Demoulin and R. Borghi. Assumed PDF modelling of turbulent spray 
om-bustion. Combustion S
ien
e and Te
hnology, 158:249{271, 2000. 129, 130C.B. Devaud, R.W. Bilger, and T. Liu. A new method of modeling the 
onditionals
alar dissipation rate. Physi
s of Fluids, 16(6):2004{2011, 2004. 32, 74C.B. Devaud and K.N.C. Bray. Assessment of the appli
ability of 
onditionalmoment 
losure to a lifted turbulent 
ame: First order model. Combustionand Flame, 132:102{114, 2003. 53T. E
hekki and J.H. Chen. Dire
t numeri
al simulation of autoignition in non-homogeneous hydrogen-air mixtures. Combustion and Flame, 134:169{191,2003. 10, 62FLUENT. FLUENT V6. FLUENT In
., http://www.
uent.
om, 2003. 65
182



REFERENCESS.S. Girimaji. On the modeling of s
alar di�usion in isotropi
 turbulen
e. Physi
sof Fluids A, 4(11):2529{2537, 1992. 32K. Gkagkas and R.P. Lindstedt. Transported PDF modelling with detailed 
hem-istry of pre- and auto-ignition in CH4/air mixtures. Pro
eedings of the Com-bustion Institute, 31:1559{1566, 2007. 10M.P. Halstead, L.J. Kirs
h, and C.P. Quinn. The autoignition of hydro
arbonfuels at high temperatures and pressures - �tting of a mathemati
al model.Combustion and Flame, 30:45{60, 1977. 3, 151C. Hasse and N. Peters. A two mixture fra
tion 
amelet model applied to splitinje
tions in a DI diesel engine. Pro
eedings of the Combustion Institute, 30(2):2755{2762, 2005. 8, 152C. Hergart and N. Peters. Applying the representative intera
tive 
amelet modelto evaluate the potential e�e
t of wall heat transfer on soot emissions in asmall-bore DI diesel engine. ASME Journal of Engineering for Gas Turbinesand Power, 124(1042-1052), 2001. 8, 35, 47, 152J. C. Hewson, A. J. Ri
ks, S. R. Tieszen, A. R. Kerstein, and R. O. Fox.Conditional-moment 
losure with di�erential di�usion for soot evolution in�re. Pro
eedings of Summer Program CTR, pages 311{323, 2006. 178J.C. Hewson. Pollutant emission from nonpremixed hydro
arbon 
ames. PhDthesis, University of California, San Diego, 1997. 67, 118J.B. Heywood. Internal 
ombustion engine fundamentals. M
Graw-Hill, 1988. 2,35J.O. Hinze. Turbulen
e. M
Graw-hill, 2nd edition, 1987. 13C. Hollmann and E. Gutheil. Modelling of turbulent spray di�usion 
ames in
lud-ing detailed 
hemistry. Pro
eedings of the Combustion Institute, 26:1731{1738,1996. 129, 131
183



REFERENCESH.G. Im, J.H. Chen, and C.K. Law. Ignition of hydrogen-air mixing layer inturbulent 
ows. Pro
eedings of the Combustion Institute, 27:1047{1056, 1998.4, 10, 62W.P. Jones and P. Musonge. Closure of the Reynolds stress and s
alar 
uxequations. Physi
s of Fluids, 31(12):3589{3604, 1988. 65W.P. Jones, S. Navarro-Martinez, and O. Rhl. Large eddy simulation of hydrogenauto-ignition with a probability density fun
tion method. Pro
eedings of theCombustion Institute, 31:1765{1771, 2007. 6, 10, 63I.S. Kim. Conditional Moment Closure for non-premixed turbulent 
ombustion.PhD thesis, University of Cambridge, England, 2005. 32I.S. Kim and E. Mastorakos. Simulation of turbulent lifted jet 
ames with two-dimensional 
onditional moment 
losure. Pro
eedings of the Combustion Insti-tute, 30:905{912, 2005. 9, 26, 33, 128I.S. Kim and E. Mastorakos. Simulations of turbulent non-premixed 
ounter-
ow 
ames with �rst-order 
onditional moment 
losure. Flow, Turbulen
e andCombustion, 76:133{162, 2006. 5, 65, 73I.S. Kim, G. De Paola, and E. Mastorakos. Simulations of n-heptane 
ombus-tion in a 
onstant-volume vessel with �rst-order 
onditional moment 
losure.Te
hni
al report, Hopkinson Laboratory, Cambridge University, 2007. 160S.H. Kim. On the 
onditional varian
e and 
ovarian
e equations for se
ond-order
onditional moment 
losure. Physi
s of Fluids, 14(6):2011{2014, 2002. 22, 23,38, 39, 46S.H. Kim, K.Y. Huh, and R.W. Bilger. Se
ond-order 
onditional moment 
losuremodeling of lo
al extin
tion and reignition in turbulent non-premixed hydro-
arbon 
ames. Pro
eedings of the Combustion Institute, 29:2131{2137, 2002.28, 44, 47S.H. Kim, K.Y. Huh, and R.A. Fraser. Modeling autoignition of a turbulentmethane jet by the 
onditional moment 
losure model. Pro
eedings of theCombustion Institute, 28:185{191, 2000a. 112
184



REFERENCESS.H. Kim, K.Y. Huh, and L. Tao. Appli
ation of the ellipti
 
onditional moment
losure model to a two-dimensional nonpremixed methanol blu�-body 
ame.Combustion and Flame, 120:75{90, 2000b. 53W.T. Kim and K.Y. Huh. Numeri
al simulation of spray autoignition by the�rst-order 
onditional moment 
losure model. Pro
eedings of the CombustionInstitute, 29:569{575, 2002. 53, 63, 112, 131A.Y. Klimenko. Multi
omponent di�usion of various mixtures in turbulent 
ow.Fluid Dynami
s (ISSR), 25:327{334, 1990. 8, 18A.Y. Klimenko. Note on the 
onditional moment 
losure in turbulent shear 
ows.Physi
s of Fluids, 7(2):446{448, 1995. 49, 66, 157A.Y. Klimenko. On the relation between the 
onditional moment 
losure andunsteady 
amelets. Combustion Theory and Modelling, 20:275{294, 2001. 8A.Y. Klimenko and M.M. Abdel-Jawad. Conditional methods for 
ontinuumrea
ting 
ows in porous media. Pro
eedings of the Combustion Institute, 31:21072115, 2007. 132A.Y. Klimenko and R.W. Bilger. Conditional moment 
losure for turbulent 
om-bustion. Progress in Energy and Combustion S
ien
e, 25:595{687, 1999. 8, 10,17, 20, 21, 22, 23, 26, 28, 29, 32, 33, 34, 36, 54, 129S.C. Kong, Z. Han, and D. Reitz. Appli
ation of a diesel ignition and 
ombus-tion model for multidimensional engine simulation. SAE Te
hnival paper no.950278, 1995. 151H.J. Koss, D. Bruggemann, A. Wiartalla, H. Baker, and A. Breuer. Investigationsof the in
uen
e of turbulen
e and type of fuel on the evaporations and mixtureformation in fuel sprays. Te
hni
al report, Final Report JOULE Proje
t onIntegrated Diesel European A
tion (IDEA), 1992. xv, xvi, 113, 114, 135, 142,143A. Kronenburg. Double 
onditioning of rea
tive s
alar transport equations inturbulent nonpremixed 
ames. Physi
s of Fluids, 16(7):2640{2648, 2004. 9,128
185



REFERENCESA. Kronenburg and R.W. Bilger. Modelling di�erential di�usion in nonpremixedrea
ting turbulent 
ow: Model development. Combustion S
ien
e and Te
h-nology, 166:195,227, 2001. 24A. Kronenburg, R.W. Bilger, and J.H. Kent. Se
ond-order 
onditional moment
losure for turbulent jet di�usion 
ames. Pro
eedings of the Combustion Insti-tute, 27:1097{1104, 1998. 44A. Kronenburg, R.W. Bilger, and J.H. Kent. Modeling soot formation in turbulentmethane-air jet di�usion 
ames. Combustion and Flame, 121:24{40, 2000. 178A. Kronenburg and M. Kostka. Modeling extin
tion and reignition in turbulent
ames. Combustion and Flame, 143:342{356, 2005. 30, 46, 69K.N. Lakshmisha, Y. Zhang, B. Rogg, and K.N.C. Bray. Modelling auto-ignitionin a turbulent medium. Pro
eedings of the Combustion Institute, 24:421{428,1992. 10H. Lehtiniemi, F. Mauss, M. Balthasar, and I. Magnusson. Modeling diesel sprayignition using detailed 
hemistry with a progress variable approa
h. Combus-tion S
ien
e and Te
hnology, 178:1977{1997, 2006. 8, 152M. Lesieur and O. Metais. New trends in large-eddy simulation of turbulen
e.Annual Review of Fluid Me
hani
s, 28:45{82, 1996. 6J.D. Li and R.W. Bilger. Measurement and predi
tion of the 
onditional varian
ein a turbulent rea
tive-s
alar mixing layer. Physi
s of Fluids, 5(12):3255{3264,1993a. 44, 45J.D. Li and R.W. Bilger. A simple theory of 
onditional mean velo
ity in turbulents
alar-mixing layer. Physi
s of Fluids, 6(2):605{610, 1993b. 33A. Li~nan and A. Crespo. The asymptoti
 stru
ture of 
ounter
ow di�usion 
amesfor large a
tivation energies. Combustion S
ien
e and Te
hnology, 14:95, 1976.10, 61, 69, 86
186



REFERENCESS. Liu, J.C. Hewson, J.H. Chen, and H.Pits
h. E�e
ts of strain rate on high-pressure nonpremixed n-heptane autoignition in 
ounter
ow. Combustion andFlame, 137:320{339, 2004. 118B.F. Magnussen. On the stur
ture of turbulen
e and a generalixed eddy dissi-aption 
on
ept for 
hemi
al rea
tion n turbulent 
ow. AIAA, 19, 1981. 3,151C.N. Markides. Autoignition in turbulent 
ows. PhD thesis, Cambridge Univer-sity, 2005. 63, 64, 71, 72, 76, 78, 79C.N. Markides and E. Mastorakos. An experimental study of hydrogen autoigni-ton in a turbulent 
o-
ow of heated air. Pro
eedings of the Combustion Institute,30:883{891, 2005. 63, 78, 79C.N. Markides and E. Mastorakos. Measurements of s
alar dissipation in a tur-bulent plume with planar laser-indu
ed 
uores
en
e of a
etone. Chemi
al En-gineering S
ien
e, 61(9):2835{2842, 2006a. 63, 65C.N. Markides and E. Mastorakos. Measurements of the statisti
al distributionof the s
alar dissipation rate in a turbulent axisymmetri
 plume. The 5th In-ternational Symposium on Turbulen
e, Heat and Mass Transfer in Dubrovnik,organized by ICHMT, 2006b. 45C.N. Markides, G. De Paola, and E. Mastorakos. Measurements and simulationsof mixing and autoignition of an n-heptane plume in a turbulent 
ow of heatedair. Experimental Thermal and Fluid S
ien
e, 31(5):393{401, 2007. xii, 63, 89A. R. Masri, R. W. Dibble, and R. S. Barlow. The stru
ture of turbulent non-premixed 
ames of methanol over a range of mixing rates. Combustion andFlame, 89:167{185, 1992. 17, 27A. Massias, D. Diamandis, E. Mastorakos, and D.A. Goussis. An alhorithm forthe 
onstru
tion of global redu
ed me
hanism with CSP data. Combustion andFlame, 117:685{708, 1999. 67
187



REFERENCESE. Mastorakos, T.A. Baritaud, and T.J. Poinsot. Numeri
al simulations of au-toignition in turbulent mixing 
ows. Combustion and Flame, 109:198{223,1997a. 4, 10, 45, 61, 62, 68, 71, 78, 86, 115, 127E. Mastorakos and R.W. Bilger. Se
ond-order 
onditional moment 
losure forthe autoignition of turbulent 
ows. Physi
s of Fluids, 10(6):1246{1248, 1998.10, 62, 63, 72, 81, 82E. Mastorakos, A. Pirez Da Cruz, and T.A. Baritaud. A model for the e�e
tsof mixing on the autoignition of turbulent 
ows. Combustion S
ien
e andTe
hnology, 125:243{282, 1997b. 61, 72W.E. Mell. A validity investigation of the 
onditional moment 
losure model forturbulent 
ombustion. 1995. 23M. Mortensen. Consistent modeling of s
alar mixing for presumed, multipleparameter probability density fun
tions. Physi
s of Fluids, 17(1)(18106), 2005.31, 32, 33, 74M. Mortensen and A. Bengt. Presumed mapping fun
tions for eulerian modellingof turbulent mixing. Flow, Turbulen
e and Combustion, 72(2)(199-219), 2006.31D.R. Mott, E.S. Oran, and B. van Leer. A quasi-steady-state solver for the sti�ordinary di�erential equations of rea
tion kineti
s. Journal of ComputationalPhysi
s, 164:407{428, 2000. 50, 117, 119R. Mustata, L. Vali~no, C. Jimenez, W.P. Jones, and S. Bondi. A probabilitydensity fun
tion eulerian monte
arlo �eld method for large eddy simulation:Appli
ations to a turbulent piloted methane/air di�usion 
ame (sandia d).Combustion and Flame, 145:88{104, 2006. 9S. Navarro-Martinez, A. Kronenburg, and F. Di Mare. Conditional moment 
lo-sure for large eddy simulations. Flow, Turbulen
e and Combustion, 75:245{274,2005. 11
188



REFERENCESE.E. O'Brien and T. Jiang. The 
onditional dissipation rate of an initially binarys
alar in homogeneous turbulen
e. Physi
s of Fluids A, 3(12):3121{3123, 1991.32N. Peters. Laminar di�usion 
amelet models in non-premixed turbulent 
om-bustion. Progress in Energy and Combustion S
ien
e, 10:319{339, 1984. 7,151N. Peters. Laminar 
amelet 
on
epts in turbulent 
ombustion. Pro
eedings ofthe Combustion Institute, 21:1231{1250, 1986. 7, 151N. Peters. Turbulent 
ombustion. Cambridge University Press, 2000. 7L.M. Pi
kett and D.L. Siebers. Soot in diesel fuel jets: e�e
ts of ambient tem-perature ambient density, and inje
tion pressure. Combustion and Flame, 138:114{135, 2004. 111H. Pits
h, H. Barthsand, and N. Peters. Three-dimensional modelling of NOxand soot formation in di-diesel engines using detailed 
hemistry based in therepresentative intera
tive 
amelets. SAE Te
hni
al Paper 962057, 1996. 8, 152H. Pits
h, C.M. Cha, and S. Fedotov. Flamelet modelling of non-premixed tur-bulent 
ombustion with lo
al extin
tion and re-ignition. Combustion Theoryand Modelling, 7:317{332, 2003. 8, 47S.B. Pope. PDF methods for turbulent rea
tive 
ows. Progress in Energy andCombustion S
ien
e, 11:119{192, 1985. 9, 13, 33S.B. Pope. Turbulent 
ows. Cambridge University Press, 2000. 4, 5, 6, 9, 13J. Reveillon and L. Vervis
h. Spray vaporization in nonpremixed turbulent 
om-bustion modeling: a single droplet model. Combustion and Flame, 121:75{90,2000. 129, 130, 131, 178S. Ri
hard, O. Colin, O. Vermorel, A. Benkenida, C. Angelberger, and D. Vey-nante. Towards large eddy simulation of 
ombustion in spark ignition engines.Pro
eedings of the Combustion Institute, 31(2):3059{3066, 2007. 6
189



REFERENCESE.S. Ri
hardson, N. Chakraborty, and E. Mastorakos. Analysis of dire
t numeri
alsimulations of ignition fronts in turbulent non-premixed 
ames in the 
ontextof 
onditional moment 
losure. Pro
eedings of the Combustion Institute, 31(1):1683{1690, 2007. 33, 128E.S. Ri
hardson and E. Mastorakos. Simulations of non-premixed edge-
amepropagation in turbulent non-premixed jets (to appear). Pro
eedings of theEuropean Combustion Meeting, 2007. 9, 33, 128, 179J.W. Rogerson, J.H. Kent, and R.W. Bilger. Conditional moment 
losure in abagasse-�red boiler. Pro
eedings of the Combustion Institute, 31(2):2805{2811,2007. 112, 116, 129, 131, 178T.W. Ryan and T.J. Callahan. Homogeneous 
harge 
ompression ignition (HCCI)of diesel fuel. So
iety of Automotive Engineers 961160, 1996. 3D.A. S
hwer, P. Lu, W.H. Green, and V. Semiao. A 
onsistent-splitting ap-proa
h to 
omputing sti� steady-state rea
ting 
ows with adaptive 
hemistry.Combustion Theory and Modelling, 7:383{399, 2003. 116N.S.A. Smith, C.M. Cha, H. Pits
h, and J.C. Oefelein. Simulation and modelingof the behavior of 
onditional s
alar moments in turbulent spray 
ombustion.Pro
eedings of Summer Program CTR, pages 207{218, 2000. 129, 130, 131, 178B. Sportisse. An analysis of operator splitting te
hniques in the sti� 
ase. Journalof Computational Physi
s, 161:140{168, 2000. 53S. Sreedhara. Studies on autoignition in a turbulent nonpremixed medium usingdire
t numeri
al simulation. PhD thesis, Indian Institute of S
ien
e - Bangalore,2002. 45S. Sreedhara and K.Y. Huh. Assessment of 
losure s
hemes in se
ond-order 
on-ditional moment 
losure against DNS with extin
tion and ignition. Combustionand Flame, 143:386{401, 2005a. 43, 46S. Sreedhara and K.Y. Huh. Modeling of turbulent, two-dimensional nonpremixedCH4/H2 
ame over a blu�body using �rst- and se
ond-order ellipti
 
onditionalmoment 
losures. Combustion and Flame, 143:119{134, 2005b. 40, 46
190



REFERENCESS. Sreedhara and K.Y. Huh. Conditional statisti
s of nonrea
ting and rea
tingsprays in turbulent 
ows by dire
t numeri
al simulation. Pro
eedings of theCombustion Institute, 31:2335{2342, 2007. 130S. Sreedhara and K.N. Lakshmisha. Assessment of 
onditional moment 
losuremodels of turbulent autoignition using DNS data. Pro
eedings of the Combus-tion Institute, 29:2069{2077, 2002a. 62, 63S. Sreedhara and K.N. Lakshmisha. Autoignition in a non-premixed medium:DNS studies on the e�e
ts of three-dimensional turbulen
e. Pro
eedings of theCombustion Institute, 29:2051{2059, 2002b. 4, 10, 62P. Sripakagorn, G. Kosaly, and H. Pits
h. Lo
al extin
tionreignition in turbulentnonpremixed 
ombustion. Annual Resear
h Briefs, page 117128, 2000. 29STAR-CD. STAR� CD V3.20, Methodology. CD adap
o Group,http://www.adap
o.
om, 2004. 54, 114, 115, 154, 155G. Strang. On the 
onstru
tion and 
omparison of di�eren
e s
hemes. SIAM J.Numer. Anal, 5(3):506{517, 1968. 53K. Suga. Development and appli
ation of a non-linear eddy vis
osity model sen-sitized to stress and strain invariants. PhD thesis, Fa
ulty of Te
hnology, Uni-versity of Man
hester, 1995. 65, 73N. Swaminathan and R.W. Bilger. Study of the 
onditional 
ovarian
e and vari-an
e equations for se
ond order 
onditional moment 
losure. Physi
s of Fluids,11(9):2679{2695, 1999. 30, 43, 44, 45, 69N. Swaminathan, R.W. Bilger, and G.R. Ruets
h. Interdependen
e of the instan-taneous 
ame front stru
ture and the overall s
alar 
ux in turbulent premixed
ames. Combustion S
ien
e and Te
hology, 128:73{97, 1997. 9D. Thevenin and S. Candel. Ignition dinami
s of a di�usion 
ame rolled up in avortex. Physi
s of Fluids, 4:434, 1995. 61
191



REFERENCESL. Thielen, K. Hanjali
, H. Jonker, and R. Man
eau. Predi
tions of 
ow and heattransfer in multiple impinging jets with an ellipti
-blending se
ond-moment
losure. International Journal of Heat and Mass Transfer, 48:1583{1598, 2005.65, 73L. Vali~no. A �eld Monte Carlo formulation for 
al
ulating the provability densityfun
tion of a single s
alar in a turbulent 
ow. Flow Turbulen
e and Combustion,60(2)(157-172), 1998. 9D. Verhoeven, J.L. Vanhemelry
k, and T. Baritaud. Ma
ros
opi
 and ignition
hara
teristi
s of high-pressure sprays of single-
omponent fuels. SAE Te
hni
alPaper 981069, 107(3)(1654-1668), 1998. 111, 113L. Vervis
h. personal 
ommuni
ation. 2006. 129, 130D. Veynante and L. Vervis
h. Turbulent 
ombustion modelling. Pregess in Energyand Combustion S
ien
e, 28(193-266), 2002. 5, 33Y.P. Wan, H. Pits
h, and N. Peters. Simulation of autoignition delay and lo
ationof fuel sprays under diesel engine relevant 
onditons. SAE Te
hni
al Paper971590, 1997. 152F.A. Williams. Combustion theory. Benjamin/Cummings, 2nd edition, 1985. 16Y.M. Wright. Numeri
al investigation of turbulent spray 
ombustion with 
on-ditional moment 
losure. PhD thesis, Swiss Federal Institute of Te
hnologyZuri
h, 2005. 35, 153Y.M. Wright, G. De Paola, K. Boulou
hos, and E. Mastorakos. Simulations ofspray autoignition and 
ame establishment with two-dimensional CMC. Com-bustion and Flame, 143:402{419, 2005. 9, 53, 63Y. Yu, S.K. Kim, and Y.M. Kim. Numeri
al modelling for auto-ignition and
ombustion pro
esses of fuel sprays in high-pressure environment. CombustionS
ien
e and Te
hnology, 168:85{112, 2001. 8, 127
192



REFERENCESY. Zhang, B. Rogg, and K.N.C. Bray. 2-D simulation of turbulent autoignitionwith transient laminar 
amelet sour
e term 
losure. Combustion S
ien
e andTe
hnology, 105:211{227, 1994. 152Y.Z. Zhang, E.H. Kung, and D.C. Haworth. A PDF method for multidimen-sional modeling of HCCI engine 
ombustion: e�e
ts of turbulen
e/
hemistryintera
tions on ignition timing and emissions. Pro
eedings of the CombustionInstitute, 30(2):2763{2771, 2005. 152

193


	Table of Contents
	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	1.1 Motivation of this work
	1.2 Diesel engine combustion
	1.3 Turbulent combustion modelling
	1.3.1 Direct Numerical Simulation
	1.3.2 Reynolds (Favre) Averaged Navier-Stokes equations modelling
	1.3.3 Large Eddy Simulations
	1.3.4 Reaction rate closure

	1.4 Objective of this study

	2 Conditional Moment Closure
	2.1 Chapter objective
	2.2 PDFs and conditional statistics
	2.3 Conservation equations
	2.4 First-order closure
	2.4.1 Conditional mean species equations
	2.4.2 Primary closure hypothesis
	2.4.3 Conditional energy equation
	2.4.4 Conditional chemical source term
	2.4.5 Sub-models
	2.4.6 Boundary conditions

	2.5 Second-order closure
	2.5.1 Conditional species covariance equations
	2.5.2 Conditional energy covariance equations
	2.5.3 Sub-models
	2.5.4 Boundary conditions

	2.6 Summary

	3 Numerical method
	3.1 Chapter objective
	3.2 Discretisation
	3.3 Solvers and integration methods
	3.4 Parallelization
	3.5 CFD/CMC interface
	3.6 Conclusion
	3.7 Figures

	4 Results - I Autoignition in a turbulent n-heptane plume
	4.1 Background and objectives
	4.2 Experimental configuration
	4.3 Numerical method
	4.3.1 CFD
	4.3.2 CMC

	4.4 Results and discussion
	4.4.1 Autoignition a priori analysis
	4.4.2 Mixing field
	4.4.3 Parabolic CMC first-order closure
	4.4.4 Parabolic CMC second-order closure

	4.5 Conclusion
	4.6 Tables and Figures

	5 Results - II Autoignition in a high pressure spray bomb
	5.1 Background and objectives
	5.2 Experimental configuration
	5.3 Numerical method
	5.4 Results and discussion
	5.4.1 Solver comparison
	5.4.2 Mixing field
	5.4.3 Ignition delays: influence of turbulence
	5.4.4 Influence of CMC transport terms and flame propagation
	5.4.5 Note on CMC with droplet evaporation

	5.5 Conclusion
	5.6 Tables and Figures

	6 Results - III Diesel Engine modelling
	6.1 Background and objectives
	6.2 Experimental configuration
	6.3 Numerical method
	6.4 Results and discussion
	6.5 Conclusion
	6.6 Tables and Figures

	7 Conclusions
	7.1 Turbulent non-premixed autoignition
	7.2 Numerical implementation
	7.2.1 Elliptic, transient, first-order closure
	7.2.2 Parabolic, steady, second-order closure

	7.3 Future work

	References

