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Abstract

Computational studies are performed on the autoigniti@hcmmbustion characteristics in
the presence of temperature and composition inhomogeseiticountered in modern in-
ternal combustion (IC) engines in which combustion is ackdeprimarily by autoignition
of the reactant mixture. Examples of such engines includedgeneous charge compres-
sion ignition (HCCI) or partially premixed compressioniigon (PPCI) engines, which are
categorized under the generic term of low temperature cetidyu(LTC) engines. High-
fidelity computational tools with varying levels of compitgxare employed in order to
systematically investigate essential driving physical elnemical mechanisms for the phe-
nomena under consideration.

As a first baseline study, the effects of unsteady temper&tuctuations on the ignition
of homogeneous hydrogen-air mixture in a constant-volwraetor is studied both compu-
tationally and theoretically using asymptotic analystiss found that ignition delay shows
a harmonic response to the frequency of imposed tempeifhiateation and the response
monotonically attenuates as frequency increases. Theadisfffects of cumulative mean
temperature during the induction period and those of ittateeous phasing of temperature
fluctuation at the onset of ignition are identified.

Building on the results from the homogeneous ignition stutlg effects of spatial
transport on the autoignition characteristics are nexastigated using a one-dimensional
counterflow configuration, in which the well-defined unsteadalar dissipation rateyj
represents the effects of turbulent flow field. For a nonpxeohhydrogen-air system under

study, response of the ignition delay to the frequency ofttascillation is found to be
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highly non-monotonic with distinct behaviors in low-, imteediate-, and high-frequency
regimes ofy fluctuation. A newly defined ignitability parameter is prepd based on the
ignition kernel Damkohler number which systematicallg@ants for all the unsteady ef-
fects.n-Heptane, which exhibits a two-stage ignition behaviotusld next using similar
configuration. Under steady conditions, the first-stage ignition is found to be insawsit
to variation iny, while the second-stage ignition is affected significanfymilar to the
hydrogen case, the response of the ignition delay to freqyuehy fluctuation is found to
be highly non-monotonic. Interestingly, two-stage igmitis observed even at significantly
high initial temperatures when the ignition kernel is sgolge to unsteady. Mechanism
for the reappearance of the two-stage ignition in unsteaahylitions is found to be not
chemical but is attributed to the spatial broadening of gmetion kernel and subsequent

radical losses.

Guided by the above findings, multi-dimensional simuladiane conducted to inves-
tigate the effects of spatial fluctuations in temperatuet @mposition. Non-reacting 3D
engine simulations are first conducted using a full-cyclgim® simulation to investigate
different mixture formation scenarios that might exist id.engines prior to autoignition.
Different temperature-equivalence ratio correlatiores faund at the top dead center de-
pending on the timing of fuel spray injection and the levelalll heat loss. Small-scale
effects of these different mixture formation scenarios lu @autoignition and subsequent
front propagation are then studied using high-fidelity clireumerical simulation (DNS).
Numerical diagnostics are developed to identify differemddes of heat release such as
premixed flame propagation, spontaneous ignition fronpagation, and homogeneous

autoignition.

In the last part of dissertation, a novel principal compdraralysis (PCA) based ap-
proach is used to identify intrinsic low-dimensional maltfs in a complex autoigniting
environment. A small number of principal components (P@g)ch are essentially a linear

combination of primitive variables like species mass i@t and temperature, are found

Xiii



to very well represent the complex reacting system. Theagmbr thus provides a promis-
ing modeling strategy to reduce the computational complerisolving realistic detailed

chemistry in mixed mode combustion systems.
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Chapter 1

Introduction

Dwindling petroleum supply and ever-increasing greenbagess emissions are two ex-
tremely important problems faced by mankind today. Effici@nd clean utilization of
fossil fuels is thus critical to enhance the energy sushdligand to overcome the threat
of global warming. Given the fact that in United States twoets of the total petroleum
consumption is attributed to transportation, there is @enir need to develop highly effi-
cient and clean internal combustion (IC) engines for autire@pplications. Recent de-
velopments in internal combustion (IC) engine researcle ma&inly focused on achieving
low temperature combustion (LTC) in favor of superior effitty and emission perfor-
mance [, 2]. LTC engines can also enable the use of a wider spectrumets &uch as
hydrogen and bio-fuels such as ethanol, which can slowlyaedur dependence on fossil
fuels.

A number of new engine concepts, such as homogeneous chamyaression igni-
tion (HCCI), controlled autoignition (CAl), and partiallyremixed compression ignition
(PPCI), all fall into this new breed of IC engines design. Thatral idea of these designs
is to operate the engines fuel-lean and at low temperattimes avoiding the formation of
nitric oxides (NOx) and soot. Despite all the promises, hawetwo important technical
issues are impeding the immediate development of LTC esgiRistly, the initiation of
combustion in LTC engines generally relies on spontaneatsgnition of charge with-

out any external ignition sources such as a spark. Therefoagntaining the consistent
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ignition timing and combustion phasing in different engoyeles becomes a tremendous
challenge. Secondly, the rate of heat release is not ctedraleither by the finite turbulent
flame propagation speed as in a conventional spark-ignigbngasoline engine, nor by
the rate of fuel-air mixing as in a conventional compressgition (Cl) diesel engine.
Thus, if large amounts of mixture autoignites simultanégublere is an extremely rapid

pressure rise which causes severe knock and mechanicsesdr® the engine.

Mixture inhomogeneities play an important role in LTC erggitombustion. Sample
images acquired by Richtet al. [3] using planar laser-induced fluorescence (PLIF) of
the OH radical revealed a non-uniformly igniting charge jites of efforts to make the
most homogeneous fuel, temperature, and residual gadbdigin possible for that engine
configuration. Several other PLIF- and chemiluminescdrased experiments have shown
similar results {—8]. From these results, it appears that inhomogeneitieatgiche spa-
tial and temporal distribution of autoignition sites withan LTC engine. Therefore, as a
possible remedy, some degree of stratification is delibgrattroduced §, 10] in order to
avoid extremely rapid pressure rise and heat release ratée iengine. Exhaust gas re-
circulation (EGR) [L1] and multiple fuel injection 12] are some of the techniques that are
employed to introduce charge stratification in the enginedgr. Moreover, some natural
thermal stratification always exists in the cylinder due #l\weat loss. Therefore, one of
the major technical challenges in the development of LTGresgyis the difficulties in con-
trolling the start and subsequent phasing of combustiocause they essentially rely on
the spontaneous autoignition of the mixture pockets thasabjected to varying degrees

of flow/scalar inhomogeneities.

Due to turbulence mixing, large scale stratification of gealeads to small scale in-
homogeneities in temperature, fuel mass fraction, and EBR.presence of mixture in-
homogeneities results in a mixed mode combustion in LTCreeggias both volumetric
and front-like combustion modes can occur. Optical expents with HCCI engines by

Hultgvist et al.[13] have demonstrated the existence of reaction fronts tlugtgyated at
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speeds much higher than the deflagration speeds under sndhi@as. They have also
found that the small scale hot spots, which evolve due to cesgon heating, have re-
action zones propagating at speeds comparable to flamegatiiga speeds. Similarly,
visualization of combustion in the rapid compression fgcdt University of Michigan has
shown the presence of reaction fronts with speeds higharnbamal flame propagation
speeds14]. Very recently, experiments have been conducted in arcalpgngine 1.5, 16]

to investigate the effects of both thermal and compositistratification. In these exper-
iments also a very high speed progression (much greaterpitesmixed flame speeds) of
combustion event from hot regions to cold regions is obgkirvéhe engine. Moreover, itis
also found that if stratification in fuel concentration isroduced opposite to the stratifica-
tion in temperature, then the effects of thermal stratificaare substantially reduced and
a more volumetric-like ignition mode is observed. As a tle¢ioal basis for the observed
phenomena, Zeldovich [] identified the regimes of a reaction front propagating tigto

a non-uniform mixture. Of particular relevance to LTC corstion are: (i)spontaneous
propagation which is the sequential autoignition of neighbouring mnet purely due to
the differences in their respective ignition delays, withany contribution from molecular
diffusion, and (ii)premixed deflagrationwhich is a standard premixed flame propagat-
ing by molecular diffusion and conductive mechanisms. &foge, the role of these two
regimes as well as the importance of volumetric ignitioessib an LTC engines should be

completely understood for optimal development of theserssgy

At present, the effects of turbulence on autoignition aralignition delay time are
also still far from being understood. Turbulence has a telds effect on autoignition in
stratified systems: Turbulence enhances mixing which ptesnthe reaction rate, and at
the same time high turbulence leads to high levels of scédarghtion rates which inhibits
reaction by increasing the loss of radicals and heat fronigthigion kernel [Lg]. In-depth
understanding of the turbulence-autoignition interacistherefore also crucial for optimal

design of these engines.



Computational modeling of flow and combustion in enginessmmwe as an important
tool for understanding the underlying physics and thus ireexely essential to shed light
on technical issues mentioned eariler. However, the imdgl combustion process is an
extremely complex multi-physics phenomena with simultarsepresence of multi-phase
flow, turbulence, heat and mass transport, and chemicati¢snevhich non-linearly in-
teract with each other. As such, it is impossible to conduretctl numerical simulations
of realistic engine combustion even in the foreseeableréutiue to the extremely high
computational cost involved. High-fidelity computatiosaldies in simpler idealistic con-
figurations which isolate different physical phenomena threrefore, valuable and provide
great insights of the complex combustion process. Comibimat insights obtained from
various simplified studies can then provide an overall ustdeding of the complete pro-
cess. Moreover, datasets generated from high-fidelity coatipnal studies serve as a
benchmark for developing turbulent closure models for Ré&ysrAveraged-Navier-Stokes
(RANS) and Large-Eddy-Simulation (LES) for conductinglig&c engine simulations. In
view of these important facts, in this dissertation, modélsrious levels of complexity are
employed, ranging from a homogenous zero-dimensional)(Gv@el to one-dimensional
(1-D) counterflow configuration to high-fidelity two-dimeosal (2-D) direct numerical

simulations (DNS).

First part of the dissertation is devoted to understandirguience-autoignition interac-
tion. In this part, effects of monochromatic temporal datibns of flow velocity or some
key scalar on autoignition are investigated via reducededsional models in canonical
configurations. The results of time-varying response carehdily translated to a spa-
tially non-uniform situation by the Eulerian-Lagrangiasngersion. Extensive parametric
studies are conducted in order to map out the ignition benaviterms of some key rep-
resentative system parameters, such as the charactangpitude and wave number of

elementary mode of the fluctuations.

As a first step, in Chapte&8 a homogeneous constant-volume ignition of hydrogen-air
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mixture subjected to imposed harmonic oscillation in terapge is studied. Relevance
of such a simplified model to practical LTC engine applicatazan be further justified
based on the following aspects. For both premixed or nonpesinsystems, the igni-
tion kernel can be approximated as a homogeneous mixtutepsuabjected to heat and
mass transport with the surroundings, such that the subségwolution of the ignition
event may be described by a Lagrangian description of atiagrkernel whose uniform
thermodynamic conditions undergo temporal variationsnguthe ignition delay period.
Among the many thermodynamic variables, temperature isana this study because
reaction is most sensitive to temperature. In IC engineiegibns, the time-varying tem-
perature may also represent the isentropic heating of thrdgstion chamber during the
compression stroke. Parametric studies are conductedatoieg the unsteady ignition
characteristics of hydrogen-air mixture in response tartiposed temperature oscillations
at various frequencies. Hydrogen-air mixture is chosembse of the following two rea-
sons. Firstly, hydrogen is of importance because it may éedad into gasoline, diesel and
other alternative fuels as a means to control ignition, aastibn and pollutant formation
characteristics of the engine. Secondly, the ignition dergnof hydrogen-air mixture is
well understood and forms the building block in understaganore complex hydrocarbon
fuels. The resulting system with detailed chemistry isgné¢ed numerically. In addition,
analytic closed-form solutions are also obtained usiniyabn energy asymptotics. The
primary goal is to find the response of the ignition delay &mjfrency of the imposed tem-
perature oscillations. Different initial temperature gmdssure conditions are chosen such
that the two distinct chemical ignition characteristicshed hydrogen-oxygen system (high
temperature and low temperature ignition regimes) can bdiesi. Effects of the initial
pressure on the overall ignition response is also examifeel role of temperature oscilla-
tion on ignition is assessed in terms of its cumulative eéffeer the entire induction period

versus the instantaneous phasing of temperature excursétrthe onset of runaway.

Next, the effects of sinusoidal fluctuations in the strate @ the autoignition behav-
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ior of nonpremixed fuel-air mixtures is studied. The stuslypased on the viewpoint that
the turbulent eddies at different scales have differentasftaristic time scales; smaller ed-
dies, which are often more effective in influencing the igmitkernels, are at shorter time
scales such that one may need to consider multiple repetitatsaof such eddies during
the ignition delay. Previously, the effects of unsteadwgistrate on autoignition behav-
ior have been studied for hydrogen-aif] and methane-air mixture€(], considering a
monochromatic sinusoidal strain rate oscillation. Surdyleew [19] found that an initially
non-ignitable system may ignite under oscillatory cormdis if the excursion time over fa-
vorable strain conditions was long enough compared to acteistic ignition delay time.
Consistent results were found by Masetnal. [21] who studied the effects of impulsive
strain rate forcing on ignition of non-premixed hydrogenraixtures. More recently, Liu
and coworkersq?] studied autoignition in a strained nonpremixed system riopleying
n-heptane as a surrogate fuel for diesel, providing many mapb characteristics of the
ignition kernel behavior as well as the net effects of thadyescalar dissipation ratéf].
They extended the study to consider an impulsive burst irstiteen rate 23], in order to
represent an intermittent attack of a small turbulent edudthe ignition kernel. The effects
of different amplitude and timing have been investigatedewine duration of the impulse

was fixed.

The results from these unsteady ignition studies seem westithat the ultimate fate of
an ignition kernel depends on the history of the temporaliesion of the strain rate during
the ignition delay. However, a unified understanding of aypridion behavior in response
to various parameters governing the unsteady strain ratbati®n such as amplitude and
frequency is still missing in these studies. Therefore saering the findings from pre-
vious studies, we extend the parametric studies to consid@der range of frequencies
and different mean scalar dissipation rates with respéetitateady ignition limit, with an
objective to identify a unifying criterion for unsteady edts. A counterflow configuration

is adopted in which similarity assumption makes the systeeadimensional. Fuel and air
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are injected from opposing nozzles some distance apartarStiasipation rate fluctuates
by fluctuating velocity at the nozzle inlet sinusoidally. uBh in this configuration, fluc-
tuations in strain rate results in fluctuations in scalasigistion rate. Therefore, for this
study, the terms ‘strain rate fluctuation’ and ‘scalar gliatibn rate fluctuation’ are used

interchangeably.

Firstly, hydrogen-air system is investigated in ChagteDetailed investigation is un-
dertaken to examine the ignition kernel growth. A non-disienal ignitability parameter
is proposed based on ignition kernel Damkohler number thattthe unsteady ignition de-
lay behavior can be uniquely mapped to this parameter. uesdly, a unified ignitability
criterion is proposed. After gaining important insightsrfr the simple hydrogen-air sys-
tem, autoignition behavior afi-heptane, which is more directly relevant to IC engines,
is studied in Chapteb. One of the key distinctive features onfheptane, which is most
pronounced in diesel engine applications, is that theynadtehibit two-stage ignition un-
der the typical operating conditions. This behavior hasnbeelained by the negative
temperature coefficient (NTC) regime, due to a competitietwieen recombination of iso-
merization products and the activation of radical branglihrough HBO, at intermediate
temperatures near 900K4]. In this dissertation, we attempt to provide a more congplet
understanding of the effects of steady and unsteady scasipdtion rate om-heptane
autoignition at conditions relevant to LTC engines. In jgaitar, it complements previous
work of Liu et al.[22, 23] by emphasizing on the effect tme scale®f the unsteady fluc-
tuation. Autoignition behavior is studied in both negatteenperature-coefficient (NTC)
regime, as well as at higher temperatures. Implicationd@frésults on modeling of au-

toignition in turbulent flows in RANS/LES context are dissad.

Next part of the dissertation is focused on understandiaglitierent modes of heat re-
lease which may existin LTC engines due to the presence ofolgenities in temperature
and equivalence ratio. As mentioned earlier, premixed flpropagation, spontaneous ig-

nition front propagation17], and homogeneous autoignition may all exist in LTC engines
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due to the presence of mixture inhomogeneities. Towardsgibal of understanding dif-
ferent combustion modes in LTC engines, the first objecswve identify possible mixture
formation patterns close to top-dead center (TDC) priorutignition in a typical LTC
engine. Of particular interest is to identify the possibderelations between temperature
and equivalence ratio fields prior to autoignition. To thislein Chapte6, non-reacting
three-dimensional (3D) real engine simulations are peréat using a multi-dimensional
KIVA-3v code which is widely used for internal combustiongeme simulations{1, 25].
Depending on the fuel injection timing, exhaust gas re¢atoon, and the amount of wall
heat loss, different correlations may exist between teatpeg and equivalence ratio at
TDC. Essentially, it is found that two distinct scenariossex(1) early start of fuel injec-
tion results in largely uncorrelated temperature and ed@nce ratio fields mostly due to
turbulence mixing and wall heat loss; (2) late start of fugéction results in negatively
correlated temperature and equivalence ratio fields mdstyto evaporative cooling. Fur-
thermore, insufficient mixing between hot residual gas Witientain oxygen and the fresh
charge can result in a negatively correlated temperatutegnivalence ratio fields even in

early injection or port fuel injection cases (see, for exmnpig. 3 of Ref. [L1]).

The non-reacting engine simulations provide guidance poesentative initial scalar
fields to be studied for the autoignition characteristicsing the Kiva-3v results to set-
up initial conditions, in Chapter, the ignition and front propagation events are studied
using two-dimensional (2D) direct numerical simulatiorN®) with detailed chemistry.
Three different initial conditions are studied: Case (A) baseline case with only ther-
mal inhomogeneities and a uniform equivalence ratio fiellis Tonfiguration has been
studied in a few recent studiegd-28]; Case (B) - uncorrelated temperature and equiva-
lence ratio fields; and Case (C) - negatively correlated sgatpre and equivalence ratio
fields. High pressure hydrogen-air mixture is used and ataohgolume configuration is
adopted. Detailed hydrogen-air chemistry is employed. é-tliimensional homogeneous

isotropic turbulence spectrum is imposed on the initiadfieMain reason for using hy-
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drogen is to reduce the computational complexity in sohdetpiled chemistry which is
already very high due to the need for resolving extremely ttonts which occur at high
pressure. However, as mentioned earlier, hydrogen-atungxs important in its own right
for its practical relevance in blended hydrocarbon and roéiternative fuels. Although
turbulence is inherently three-dimensional, the preseotdimensional study is a first step
in understanding the effects of inhomogeneities in bothpemnature and equivalence ra-
tio which are representative of inhomogeneities in real IER@ines and provides valuable

insights.

As mentioned before, due to the presence of equivalenceanadi temperature inhomo-
geneities, combustion occurs in both volumetric and wéegropagation modes. There-
fore, in Chaptef7 a numerical diagnostic criterion is developed which camgjtegively
distinguish between the different modes of heat releade &sibomogeneous autoignition,
spontaneous ignition front propagation/] and premixed deflagration, in an igniting mix-
ture with thermal and compositional stratification. Prengly, a straightforward tempera-
ture gradient cut-off has been proposéd][to distinguish between spontaneous ignition
front and premixed deflagration. However, this criteriofl wot be valid when inhomo-
geneities in both temperature and equivalence ratio asepte More recently, Chen and
coworkers P7] have proposed the comparison of displacement speed afahiesith some
reference laminar flame speed, to distinguish between tmdgstion modes. However, if
the mixture has both thermal and compositional stratificgtihen it is difficult to identify
the reference laminar flame speed. Moreover, using an tictsée steady premixed flame
speed as a reference in this highly transient autoignitinguient medium is questionable.
Furthermore, this criterion breaks down if the reactiomfris not thin and the front prop-
agation is not one-dimensional, i.e. if the front does naippgate normal to itself. In
this case, displacement speed may not correctly represemgnition front speed. Thus,
an alternative criterion is sought in this dissertation. tfis end, autoignition behavior

is investigated through several 1D simulations with défarlevels of initial temperature
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gradients. A guantitative criterion based on an approggadefined Damkdhler number
of HO, species is developed in order to distinguish between thesypavpagation-like

mode and homogeneously auto-igniting mode, and to ideiittfye propagating wave is
a spontaneous ignition front or a premixed deflagration.s Thiterion is applied on the

two-dimensional DNS cases.

So far we have attempted to obtain fundamental physicallmsiof the complex com-
bustion process occuring in LTC engine environments. Indkepart of the dissertation,
we focus on the modeling aspects of LTC combustion in theectdif RANS/LES. Mod-
eling of turbulent combustion in modern engines which empih@ LTC strategy is highly
complex because of the presence of mixed modes of combugtion propagation occurs
in partially-premixed inhomogeneous mixtures, and algeopheonomena such as au-
toignition and extinction may be simultaneously presenirrént state-of-the-art turbulent
combustion models for tackling with this problem are thedorgcategory of flamelet mod-
els [29], conditional-moment-closure (CMC) model], and transported probability den-
sity function (PDF) modelsdl]. In flamelet or CMC models aa priori low-dimensional
subspace, such as mixture fraction, enthalpy, or some fdranpoogress variable is em-
ployed and it is assumed that in this subspace the fluctisatibreactive scalars are small.
One [32, 33] and two-dimensionald4, 35] models have been formulated. However, the
choice of the low-dimensional subspace is largely basednhgsigal intuition and not on
mathematically rigorous methods, and therefore, may nat dood job in achieving low
levels of fluctuations. Second-order CMC methods] have also been formulated pre-
cisely to address this issue. However, application of sg@yder CMC using detailed
chemistry is formidable because large number of conditicer@ance and covariance equa-

tions need to be solved.

In this dissertation, a novel methodology based on principaponent analysis (PCA)
is proposed to identify the inherent low-dimensional maldi$ in complex combustion

systems. PCA offers the potential to automate the selecfiam optimal basis for repre-
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senting the low-dimensional manifolds which exist in tudmi combustion37, 38]. For
conducting PCA, high-fidelity datasets from either DNS goemxments are required. The
central idea of PCA is to linearly transform a number of plolystorrelated variables into
a smaller number of uncorrelated variables called prinagpaponents (PCs). PCs are
essentially linear combination of original reactive scataiables such as temperature and
species mass fractions. The first PC accounts for as mucheofatability in the data
as possible, and each succeeding PC accounts for as muah refntlaining variability as
possible. It is a rigorous mathematical techniqig, [A0], and one can precisely define
the error in parameterizing the original reactive scalarghe low-dimensional manifold.
As such, PCA provides a low-dimensional subspace in whielfltlctuations of reactive
scalars are small, hence, offers a way to reduce the congmabtomplexity in simulating
realistic detailed chemistry. One of the caveats of using BChat principal components
may not be conserved scalars and therefore their source tédsmneed to be parameterized
in the low-dimensional principal component space.

In Chaptei8, we apply PCA to the DNS database of autoignition and freopagation
in inhomogeneous turbulent hydrogen-air mixture. A datessgresenting the entire time-
history of autoignition and front propagation is compileon the DNS database and PCA
is applied on it. The PCA parameterization is compared willfelostandard parameteri-
zations based on mixture fraction, enthalpy, and scalapdison rate which are generally
used in flamelet or CMC models. An effort is made to paramstethie source terms of
PCs in the low-dimensional space.

Next chapter presents the mathematical formulation andpotational methodology
for various numerical models employed in this dissertatkinally, in Chapte® the main

results of this dissertation are summarized along withmenendations for future work.
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Chapter 2

Formulation and Numerical Method

In this chapter, the formulation and numerical methodstferhodels employed in the sub-
sequent chapters are described. The computational makdsmthis dissertation include
a homogeneous reactor, a counterflow configuration, a duttensional RANS computa-
tional fluid dynamics solver KIVA-3v for engine simulatigrasd a multi-dimensional DNS
flow solver. The underlying mathematical formulation andneuical solution techniques

for these models will be briefly discussed.

2.1 Homogeneous Reactor Model

The time evolution of a homogeneous reacting gas mixturedlosed constant volume
system is a simple modeling approach for several practicdllpms such as I.C. engine
combustion. Although the assumption of mixture homogegntikes away several key
physical issues, it makes the problem simple and readilynafrle to modeling, and in
special cases closed-form analytical solutions can alettaned using activation-energy-
asymptotics (AEA). The state of such a homogenous reactiessribed by the pressure
(P), specific volume), Temperaturel) and species mass fractions.).
This model is used in Chapt8tto study the effects of unsteady temperature fluctuation

on the autoignition of homogeneous hydrogen/air mixturae governing equations for

constant volume reactor for thé" species mass fraction and temperature are given as:
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dYk Wkwk

2Rk 2.1
o P (2.1)
dT dT
pOCvE = - Z upWiwy, + Pocvd—tI, (2.2)
%

whereW,,, wy, u;, are the molecular weight, reaction rate and internal enefgy/* species,
respectively, ang,, ¢, are density and specific heat at constant volume for theinggact
mixture, respectively. The additional source term in timegerature equation (second term

on rhs) represents the imposed temperature oscillati@ngiva sinusoidal form:

Tr(t) = To * (1 + Asin(27 ft)) (2.3)

whereTj is the initial temperature, and and f are the amplitude and frequency of tem-
perature oscillation, respectively.

The time evolution of the reactor state is described by tlevalset of ordinary dif-
ferential equations. The governing equations are numbricdegrated by the DVODE
software packagel|l], which uses an implicit scheme to perform the time intégratThe
code is interfaced with CHEMKINAZ] package for computing detailed reaction rates and

thermodynamic properties.

2.2 Counterflow Configuration

The counterflow, also known as the opposed flow, serves as\ement configuration
to study the effects of flow straining on the characteristitsaminar flames and their
autoignition behavior. This is due to the well-defined flaiéchanical strain field in such
flows, allowing efficient computational solution. Furthenma, experimental apparatus can
be easily set up, allowing for direct quantitative compamibetween model prediction and
measured data. Figugl shows a schematic of the counterflow configuration.

Two opposing axisymmetric nozzles are separated by a disfarEither a diffusion or
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Figure 2.1: Schematic of the counterflow configuration.

a premixed flame can be formed in between the two nozzles. fAsibh flame is formed
(as seenin figur.1) when fuel and oxidizer are suppliedzat= 0 andz = L respectively.

A back-to-back twin premixed flame can be formed by supplyirgmixed fuel-oxidizer
mixture through both the nozzles. Counterflow configuratgoaspecially well-suited to
study the flame response to unsteadiness in strain rate asthayvariable such as tem-
perature or equivalence ratio. Unsteady strain rate fieldbmimposed by fluctuating
the velocity at the boundary. These studies form a buildilegkofor understanding the
complex turbulent combustion phenomena in the laminar fletimegime 13]. This con-
figuration is adopted in Chaptedsand5 to investigate autoignition response to unsteady

strain rate fields for hydrogen ameheptane fuels, respectively.
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2.2.1 Mathematical formulation

The governing equations for the steady opposed-flow gegrhatt been originally formu-
lated by Keeet al. [44] and implemented in the OPPDIF codé&y]. The formulation for
the unsteady system was derived and refined in order to déakld numerical stiffness
arising from fast transients coupled with acoustic waves46]. Defining the self-similar
variables for the axial velocity, scaled radial velocigperature, ané’” species mass

fraction as:

u=u(t,z), v/r=V(tz), T=T(zx), Y=Yt ), (2.4)

the conservation equations for mass, axial momentum, Iratianentum, energy, and

species are written as:

pOp podl  — 10y, 0 B
POt T ot W; Weoot o PV =0 (25)
ou ou Jp ov. 40 ou 4 0
ov ov , 0 ov B
orT or o or Op or B
Pep e + Pepli— = = (Aa—x) -t p(zk: & YiVi) 5 + zk: hiWiwy, = 0, (2.8)
Y}, Y, 0 B B
P TP T o (PYiVi) = Wiw, =0, k=1,--- K (2.9)

The main difference between the present formulation angidous steady probleri {]
is the decomposition of the pressure) (nto the thermodynamic pressuig) and acoustic
pressurex) as,P = po + p. This is found to relieve the temporal stiffness arisingrirast

transients experienced in unsteady simulations. The ieguett state then becomes

p = (p+po) W/RT. (2.10)
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The radial pressure-curvature eigenvalue,

_ Lop

Alt) =~ (2.11)

is a time-dependent variable that is determined as parteo$dtution. The above system

of equations is subject to the boundary conditions

x=0: u=uwup(t), V=W, T="Tt), Yi= Yo,

(2.12)
r=L: u= UL(t), V= VL(t), T = TL(t), Yk = (YR)L(t)
In particular, in Chapterd and>5, the following form thel;,(¢) and V() is used:
Vo(t) = Vipi(1 + Asin(27 ft)) = —Vi(¢) (2.13)

whereV;,,;; is the initial velocity, and4d and f are the amplitude and frequency of velocity

oscillation, respectively.

2.2.2 Numerical method

The unsteady opposed flame simulation is performed usin@B1éS code, developed by
Im et al.[47]. Equations 2.5) — (2.9) result in a system of differential-algebraic equations
(DAE), which is solved numerically using DASPK{]. A fully converged steady solu-
tion field obtained using modified version of OPPDIF]is used as the initial condition.
The OPUS code is interfaced with CHEMKINJ] and TRANSPORT 49 packages for
computing detailed reaction rates, thermodynamic praserand transport properties.

The DAE system formed by equation®.§) — (2.9) along with the algebraic bound-
ary conditions 2.12 has an indekof 3. This high index of the DAE system makes the

system extremely stiff when the time-dependent boundangition has frequency of a

! The index of a DAE system is the number of differentiatiorguieed to transform it into a system of
ordinary differential equations. A DAE with a higher indessiffer.
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few thousand hertz. To alleviate this problem, the boundanydition is specified in its
time-derivative form, tantamount to specifying the bouydzonditions onv’, V’/, 7" and
Y,. Here’ represents derivative with respect to time. This reducesrttiex and helps to

substantially reduce the computation time required foisthmulations.

2.3 KIVA-3v

KIVA is a FORTRAN program developed at Los Alamos Nationabbeatory over many
years p0, 51] and is used extensively for internal combustion engineutations [L1,
25]. It can simulate two- or three-dimensional chemicallycteae fluid flows with sprays.
It is applicable to laminar or turbulent flows, subsonic opexsonic flows, and single-
phase or dispersed two-phase flows. For turbulent flows & asRANS based solver.
The underlying governing equations are given elsewh&pdnd are not shown here for
brevity. The details of the spray model are also given in Réil. KIVA-3v uses a multi-
block structured mesh and engine geometries containingleonmlet and outlet ports as
well as vertical or canted valves can be modeled. In Ch&jt€rfVA-3v is used to model
non-reacting flow in a 3D pentroof engine, to investigatéulent mixing characteristics.
Standardc — € turbulence closure model is employed.

The numerical solution procedure for gas-phase is basedfmite volume method
called the ALE (Arbitrary Lagrangian Eulerian) methdd’[ 53]. Spatial differences are
formed on a finite-difference mesh that subdivides the cdatfmnal region into a number
of small cells that are hexahedrons. An operator splitticlgeme is used to solve the

governing equations. Further details of the numericalrilgm are given elsewheré().

2.4 Compressible Reacting Flow DNS

DNS is an important simulation tool as it is free from turlnde closure modeling assump-

tions, and therefore, provides a high-fidelity descriptidithe complex turbulent reacting
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flow system. In Chapter, DNS of a constant volume J-air mixture is conducted to
investigate its autoignition characteristics in preseotCenixture inhomogeneities. The
mathematical formulation for the compressible reacting/fis described in detail else-
where p4, 55]. The S3D code, originally developed at Sandia Nationaldratories, Liv-
ermore, CA, is used for solving the full set of compressibkridr-Stokes, species, and
energy equations for a reacting gas mixture. A fourth-oRiemnge-Kutta method for time
integration and an eight-order explicit spatial differerscheme{6, 57] is employed. De-
tailed H-air chemical mechanism with 9 chemical species and 22icgectieveloped by
Muelleret al. [58] is used. Thermal conductivity,, is given as a function of temperature
following Smooke and Giovangiglbf]. The mixture specific hedt, is a function of local
mixture composition(,, = >, C, Y}, where eaclC,  is curve-fitted as a function of
temperature using the CHEMKIN thermodynamic datab&sg [The molecular viscos-
ity is temperature dependent and constant Lewis numbeiadordual species are used.
The details of the computational mesh and the initial anchdauy conditions are given in

Chapter7.
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Chapter 3

Autoignition of Homogeneous H-Air Mixture
subjected to Unsteady Temperature Fluctuations

In this Chapter, the effects of unsteady temperature fltictuan the autoignition of ho-
mogeneous constant-volume hydrogen/air mixture is stcbhenputationally with detailed
chemical kinetics and theoretically using asymptotic gsial As mentioned in the Intro-
duction Chapter, this study is the first step towards undedshg the complex interaction
between turbulence and autoignition behavior that mayt @xisTC engines. Turbulence
has two folds effects on autoignition: It leads to fluctuati@f scalars such as temperature
which directly effect the reaction rate, and it also leadfluotuations in scalar dissipa-
tion rate which results in fluctuations of transport lossielseat/radicals from the ignition
kernel. By using a homogeneous configuration, we can isthiatéormer effect and study
it seperately. Moreover, relevance of such a simplified rhtalpractical LTC engine ap-
plication can be further justified based on the followingexdp. For both premixed or
nonpremixed systems, the ignition kernel may be approx@tas a homogeneous mixture
pocket subjected to heat and mass transport with the sutirogs) such that the subsequent
evolution of the ignition event may be described by a Lagi@amglescription of an igni-
tion kernel whose uniform thermodynamic conditions unddegmporal variations during
the ignition delay period. The study is also of relevancenftbe point of view of funda-
mental combustion science as it attempts to build upon tesidal Semenov’s explosion
criterion [61].

The governing equations and the functional form of impossdperature oscillation
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are given in Chapte2. For computational solution, detailed hydrogen reactictina-
nism [62] with 9 species and 19 reactions is used. This mechanisnmie 83 the one used
by previous related studies of hydrogen autoignition [3]. Also the same rate constants
were used in the reduced mechanism in R&f],[and the same will be used for the asymp-
totic analysis in high temperature regime to be present&gation3.1.2 In the following,
the two distinct regimes of hydrogen autoignition: high parature and low temperature
ignition regimes, are described, and then asymptotic aislg conducted using differ-
ent methodologies in the two regimes to obtain closed forewddtions of ignition delay.
Subsequently, the results from asymptotic analysis argoeosa with those obtained using
direct numerical integration using detailed chemistryafy, physical explanations for the

observed results are sought.

It is well known (see for exampleSh]) that the ignition behavior of a hydrogen-oxygen
system is characterized by two distinct chemical pathsmi#ipg on the relative dominance

between the two competing reaction steps:

H+ O, = O+ OH (R1)

H+ Oy +M=HO, + M (R9)

where the reaction number follows that in ReiZ]. The crossover temperaturé;, is
defined as the temperature at which the rates of R1 and R9 lesceopal, and is a function
of pressure. In the high temperature regiriie ¥ 7*), ignition is characterized by the
chemical branching with little thermal feedback. In the l@mperature regimd{< 7),
R9 dominates and ignition is caused by the accumulation of #hRich in turn leads to

eventual chain branching through:

HO, + Hy = H,0, + H (R17)
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H,05 + M = OH + OH + M (R15)

The ignition process in the low temperature regime invobv&gger thermal feedback than
in the high temperature regime. Therefore, in an attempetwe closed-form solutions,
a different analysis is needed for each regime in order towucfor the distinct chemical
and thermal characteristics. Description of the asymptarialysis for both regimes are

given as follows.

3.1 Asymptotic Analysis

3.1.1 Low Temperature Regime

In this regime, induction period for chemical branching e@nparable and coupled with
thermal induction process. Therefore, it is expected thaignition behavior in response
to imposed temperature fluctuations can be described bym&hexplosion problem with
simple chemistry. We first define nondimensional variabed a= (copo/Qccro)T =
(¢v/q:-Yro)T for temperature andr = cp/cro for the molar fuel concentration, where
¢, is the specific heat at constant volundg, is the heat of combustion, and subscript 0
denotes the initial condition. A proper nondimensiondi@afor the time variable will be
determined in the following through the analysis. The gowey equations for one-step

overall reaction in a constant volume reactor are derived as

ar o dTy

= = Bépexp(—T,/T) + o (3.1)
dew -
- = —Bépexp(—T,/T) (3.2)

whereB andT, are appropriately chosen pre-exponential factor andatativtemperature
of the global reaction step respectivel§; () is the imposed unsteady temperature oscil-
lation given in EqQ. 2.3). In the present study, we will only consider a small ampl&u

temperature oscillation, such that amplitude of tempeeadscillation,A = O(e), where
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€= Tg/fa is a small parameter to be used in the asymptotic expanstos.igconsidered
a reasonable assumption because in most practical LTCentiiere is sufficient time for

mixing prior to ignition phase.

Equations 8.1) and @.2) can be combined by defining the coupling function:

d = =
E(T_TI_"CF) =0 (33)

which can be easily integrated with the initial condition(8f— 77),_, = 0 and(ér);—o =
1:
T—T=1-¢p. (3.4)

To determine the ignition criterion, we consider a smallpenature perturbation with

respect to the imposed oscillatory temperature:
T —T; = eb(t) + O(é?) (3.5)
with the initial condition off(0) = 0. Equations3.4) and @.5) imply that
ép=1—¢€0+ O(e) (3.6)

suggesting that the reactant consumption is negligiblenduhe induction period. Sub-
stituting Equation 3.5) into (3.1) and using the Taylor expansion for the terms inside the

exponential function fod < 1 ande < 1, the leading order equation is derived as:
@ = Ee_T"/TOeee(T}_T}))/E. (3.7)
dt €
In the absence of the imposed temperature fluctuafipe; 7;, and the equation degen-

erates to the classical homogeneous explosion prokieémfpr which the ignition delay

ist? = ¢/(Be Ta/T0), This introduces an appropriate way to nondimensionaliedime

ign
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variable ag = ¢/t , such that Equatior8(7) becomes:

ign?

O _ ooTi=Toyfe (3.8)
Equation 8.8) can be integrated with the initial conditiéiit = 0) = 0 to yield
0= —In(1—I(1)) (3.9)

where

t - = ~
I(t) = / eT1=T0))/e gy (3.10)
0

Ignition is identified as time at which — oo, which occurs ag(t) — 1. Therefore,
the integral equatior(¢) = 1 is solved to determine the ignition delay,,. It is interest-
ing to note that the well-known Semenov’s classic homoges&xplosion analysisS[]
can be extended to account for imposed unsteady osciltatiotemperature by a simple
modification in the formula.

Since the asymptotic analysis uses a one-step chemistrgffibctive activation tem-
perature must be determined. This is done by computing henexgus ignition cases with
detailed hydrogen/air mechanisit] at various initial temperatures, and curve-fitting the
slope ofln ¢,,, versusl/T;. The activation temperature is found to be 25,000 K for tlie in
tial pressure of 10 atm. The integral equation is computederically, and the results will

be compared with the results of direct calculations witladed chemistry in Sectio8.2

3.1.2 High Temperature Regime

WhenT > T, ignition is described primarily by the chain branching magism dom-
inated by (R1). When the temperature is moderately highaan Tf, the competition by
(R9) in consumption of the H radical becomes a key factordbtgrmines the overall igni-

tion response. Following previous studiég,[66, 67], the radical-induced ignition process
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is analyzed based on the 3-step reduced mechanism:

I: 3H2 + 02 =2H + QHQO, W1 = Wif (311)
II: H+ Oy +M=HOs + M, wy = wy (3.12)
IIT : H2 -+ 02 =H + HOQ, w111 = Wiob (313)

The reaction rate constants for;, wy andw,, are taken from Ref.q7]. The contribution
from step Il is usually very small but it is necessary toiati the ignition. The ignition
behavior of this system is described by the evolution of theaéical, whose governing

equation is written in dimensional form as:

dY;
Pd—tH = Wy Z( Vik, = Vi) Wk
k
= WH(lef — Wo -+ wlob)

= W (2k1¢[H][O2] — ko[H][O2][M] + k106 [H][O2])
2 Yu Yo 2 Yu Yo » Yr, Yo }
= Wg<2k 2 — kop = [M] + k L2
H{ T Wou o War W, I+ 10 7, T,
Y02 Wy
= kir(2 —R)Y, ————— k106 Y, Yo
W02 72— K)Yg + p W W, vt Yo,
= Ai(t)Yn + An(t) (3.14)
where
_ YOz . . . . .
Ar(t) = k17(2 — k) : chain branching termination
W02
Ap(t) W ————— k100 Yn, Yo, : chain initiation
II ,0 Wi Wos 100 Hy YO,
o = FolM]
kg
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Equation 8.14) can be integrated to determiing:

3 /
Yy (t) = elo Ar()dt / Aq(t)e=Jo Bt gy (3.15)
0

Throughout the ignition process, the thermal feedback mesdbe considered in this
high-temperature regime. Nonetheless, the effect of teatpe fluctuation is manifested
through the fluctuations in reaction rate of the radical goaiation. As such, a proper
definition of ignition based on H radical buildup is neededamtrast to the thermal run-
away criterion adopted in the low temperature regime amaly=ollowing Imet al. [66],

ignition is defined to occur at the time at which the H radiaalds up to:

2 _
Yy =0 <eh7“> , (3.16)
g1 + Kqi

such that the ignition delay is determined by solving théfeing integral equation:

. ti / — .
BISENIOT / " An(t)e I @ gy — g, ) 2= lli) (3.17)
0 a1 + k(tig)qn

wheree, = T2/T,;, andT, is the non-dimensional activation temperature of reaction
|. Temperature is hon-dimensionalized using the heat oftemtion and specific heaty
andg; are the fractional enthalpy release for reactions | ancé#pectively ¢; + qi; = 1).
Equation 8.17) is solved numerically and the results of ignition delay presented in
comparison with those from direct numerical integrationhwdetailed chemistry in the

next section.

3.2 Results and Discussion

For all the parametric studies, the initial temperatdrg,is fixed at 1000K, and the ini-
tial system pressurey, is varied in order to explore the behavior in two distinctitgpon

regimes. For the reaction mechanism us&q, [the crossover pressure is found to beat
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= 2.3 atm. For both ignition regimes, the initial equivalematio of the mixture is fixed at
0.1, and the amplitude of the temperature oscillation issédt= 0.02, which is equivalent
to the actual temperature variation 820 K. In the following, the results of asymptotic
analysis will first be validated against numerical resuitdgerms of the ignition delay as a
function of the frequency of the temperature oscillationb&quently, detailed examina-
tions will be given in order to explain the observed ignitaaiay behavior for both ignition

regimes.
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Figure 3.1: Non-dimensional ignition delay as a functiomoh-dimensional frequency of
temperature oscillation for the low temperature regime/fo= 1000 K andp, = 10 atm.
Results from the asymptotic analysis and direct numentabration are compared.

3.2.1 Comparison of Analytical and Numerical Results

For T, = 1000K and A = 0.02, the comparisons between analytical and numerical pre-
dictions of the ignition delay are conducted for the low anghhtemperature regimes.

Figs.3.1and 3.2 show the comparison of the ignition delay as a function ofithosed
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Figure 3.2: Non-dimensional ignition delay as a functiomoh-dimensional frequency of
temperature oscillation for the high temperature regiroe§ = 1000 K andp, = 0.01
atm. Results from the asymptotic analysis and direct nurakintegration are compared.

frequency forp, = 10atm (I" < T7*) andp, = 0.01atm (" > T*), respectively. In both the
figures, ignition delay and frequency are non-dimensiaedliwith the reference ignition
delay (ignition delay forf = 0 Hz). In the high temperature regime, the reference igni-
tion delay is somewhat different for asymptotic analysid detailed computatiort?(m =
11.4 msec and 20.69 msec respectively). Therefore, inFigheir respective reference
ignition delays are used to non-dimensionalize ignitiolagand frequency. To be consis-
tent with the asymptotic analysis, the ignition delay fonrarical calculations is defined
as time upto maximum rate of growth of; for the low temperature ignition regime, and
the time required folvy to reach a value of 0.0003 for high temperature ignitionmegi
For both ignition regimes, the ignition delay shows a harimeasponse to the imposed

frequency, while the amplitude in the excursion gradua#lyngs out as the frequency in-

27



creases. Another interesting observation is that for doghrégimes igntion delay for any
frequency of temperature oscillation is less than the esfeg ignition delay for the steady
case, i.e. ignition is always enhanced if the temperatutbemixture is oscillated in the
prescribed way. The asymptotic results for both regimesucahis behavior with excel-
lent agreement, thereby verifying that the dominant dguimechanism for ignition in the
low temperature (thermal runaway) and high temperaturdida@a runaway) regimes are
properly accounted for. While the two figures exhibit quelitely similar behavior, it is

noted that the ignition delay excursion in the low tempeamtegime is found to be more
sensitive to the same level of temperature fluctuation: dihgelst reduction in the ignition
delay during the first harmonic is approximately 30% (forltve temperature regime) and
10% (for the high temperature regime). This further confitha the low temperature ig-
nition regime is driven by thermal feedback and thus is mersstive to the fluctuations in

the mixture temperature.

3.2.2 Unsteady Ignition Response

The previous section demonstrated that ignition charsties in the low and high temper-
ature regimes are properly simplified by capturing the dsderhemical and/or thermal
mechanisms. While Equation3.10 and @.17) provide convenient closed-form solutions
to the ignition criteria for a wide range of parameters, mordepth analysis is required in
order to explain the observed ignition delay response shiowigs.3.1and3.2 Therefore,
the following results were generated by direct numericegration of the equations with
detailed chemistry. Only the low temperature regime willdigcussed here, as we have
found that the same explanation applies to the ignition Wehan the high temperature
regime.

First, to assess the effect of the system pressure, conputeas carried out at vari-
ous initial pressuresp, = 10, 15, 20, and 25 atm, for which the reference ignition ylela

is found to bet!

iwgn

= 14.34, 12.05, 10.29, and 8.975 msec, respectively. FR)shows
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Figure 3.3: Non-dimensional ignition delay as a functiomoh-dimensional frequency at
various initial pressures in the low temperature regime.

the plots of non-dimensional ignition delay against nomehsional frequency for the four
different pressure cases. Apart from slight quantitatifeicnces, the harmonic response
and damping behavior collapse very well for a wide range ekgpure. As the pressure
increases, the curves approach an asymptotic limit be¢hasystem is further away from
the crossover condition at which the competition betweerbtlanching (R1) and termina-

tion (R9) reactions become pronounced.

Next, explanation of the observed unsteady ignition bedragisought. When the sys-
tem temperature fluctuates during the ignition event, onghtriirst conjecture that the
resultant ignition delay may be related to the average teatyee during the induction
period prior to ignition. To verify this postulate, the met@mperature up to ignition is

determined by:

1 tign
Troan = / Tdt (3.18)
0

tign
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Figure 3.4: Ignition delay (left axis) and'7,..... (right axis) as a function of frequency for
po = 10 atm.

Figure3.4shows the ignition delay and the inverse of the mean temyreras a function of
frequency fop, = 10 atm. For the postulate to be valid, the two curves must be asglat
all frequencies. The results show that this is the case aminpgd the first harmonic. In other
words, the ignition behavior correlates strongly with thencilative temperature history
only up to the first harmonic, that is, if ignition occurs befdhe harmonic temperature
oscillation completes one cycle. In fact, for higher freggies it can be seen that the
two curves become totally out of phase. To further substtathis point, another set of
computations was done for the caseppf= 10 atm, but now the temperature oscillation is
180 degrees out of phase compared to that given in Z8). (In other words, now in the
first cycle temperature first decreases and subsequentbases. The ignition delay results

for various frequencies together with,(..,) ! are shown in Fig3.5. Again, it is seen that
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Figure 3.5: Ignition delay (left axis) and'7,..... (right axis) as a function of frequency for
po = 10 atm (with the phase of temperature oscillation shifted by d8grees).

ignition delay correlates with inverse of mean temperatung for the first harmonic.

For all frequencies larger than the first harmonic, the ignitlelay response is rather
uncorrelated with /7;,,.... In these cases, an alternative explanation is requiredhio
end, we inspect the instantaneous gradient of temperatateston near the onset of ig-
nition. As representative cases, we pick two frequencfes, 344 and 374 Hz (points
marked by A and B respectively, in Fi§.4), at whicht,;,, reaches the trough and peak
values, respectively. Figu®6 shows the time evolution of temperature and mass fraction
of H species, which is the key radical species that demaagtation, for the two fre-
guencies. The sharp peaks in H mass fraction and the ste@etature rise that occur at
ignition are a characteristic of low temperature ignitionieh is dictated by thermal run-

away; for high temperature ignition, the temperature gsseore gradual. The evolution of
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Figure 3.6: Temporal evolution of temperature afdfor f = 344 Hz andf = 374 Hz, for
Ty, = 1000 K andp, = 10 atm

Yy (shown in log scale) indicates that the cumulative effedeaiperature fluctuations is
of little significance during a large fraction of the industiperiod because the radical pool
develops in an exponential manner. Instead, when the teyseroscillation undergoes
a number of cycles during the induction period, the cherritatmal runaway behavior
is dominated by the temperature gradient near the onsendfag when the mixture is
highly reactive with the formation of radical pool. Compuayithe two frequency cases,
it is evident that the instantaneous temperature gradiethteatemperature excursion just
prior to ignition (at point marked in Fig. 3.6) appears almost oppositél(/dt > 0 for
344 Hz anddT'/dt < 0 for 374 Hz), despite the similarities in the cumulative aggr of

the temperature throughout the bulk of the induction period

To be specific and quantitative, for a range of frequenciesnonitored the temporal

gradient of temperaturd]’/dt, at a half cycle prior to ignitiort,.,.;; = t;,,—0.5/ f. Fig.3.7
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Figure 3.7: Ignition delay and7’/dt att.,;; (axis reversed) as a function of frequency for
Ty, = 1000 K andp, = 10 atm

shows the plot ofi7"/dt measured at..;; as a function of frequency, plotted together with
ignition delay. The axis foi7'/dt is reversed such thalfl'/dt > 0 would correlate with
the reduction in the ignition delay. Except for the first hame, the two curves are found
to be completely in phase, thereby demonstrating that thiag behavior is determined

by the instantaneous temperature gradient at the onsenitibiy

To summarize, effects of unsteady temperature fluctuatioauboignition of homoge-
neous hydrogen/air mixture were studied computationaltiyaso theoretically. Excellent
agreement was obtained between computational resultsdetdiled chemistry and the-
oretical results using asymptotic analysis. For low fremies (frequencies less than the

first harmonic of ignition delay response), ignition belwavs quasi-steady and correlates
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well with the cumulative mean temperature in the inductienigd. Whereas, for higher
frequencies, ignition delay correlates well with instar@aus temperature gradient of the
imposed temperature oscillation at the onset of ignition.

Having understood the direct effects of temperature fluminan the autoignition be-
havior in a homogeneous reactor configuration, in the nert @mapters we study the
effects of fluctuations in scalar dissipation rate on autibign behavior. Hydrogen and

n-heptane autoignition are studied in Chapteend5, respectively.
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Chapter 4

Effects of Unsteady Scalar Dissipation Rate on
Nonpremixed Hydrogen/Air Autoignition

In this Chapter, the effects of scalar dissipation rate dlaton on the autoignition of
a nonpremixed hydrogen/air mixture is studied using detaghemistry in a counterflow
configuration. In particular, the response of ignition geiathe frequency of scalar dis-
sipation rate fluctuation is sought. As mentioned in theolahtiction, this study is based
on the viewpoint that the turbulent eddies at different ssdlave different characteristic
timescales; smaller eddies, which are often more effective in influagdhe ignition ker-
nels, are at shorter time scales such that one may need tioeonsuiltiple repeated attacks
of such eddies during the ignition delay. The study thus$elpmproving the understand-
ing of turbulence-autoignition interaction. The primabjective of this study is to obtain a

unified description of ignition delay response to the urditesss in scalar dissipation rate.

Detailed hydrogen mechanism with 19 reactions and 9 spEtifis used in this study.
For all the results presented in this study,(B0 %) diluted with N, (50 %) is supplied from
one nozzle, impinging against air {N79 % and G - 21 %) stream from the other nozzle
0.5 cm apart. The pressure is fixed to 2 atm. Fuel side tempergt fixed to 300 K and
air side temperature is fixed to 1020 K. The crossover tenwperaat which the rates of
branching and termination reactions are eqGal,[is found to be 985 K at this pressure.
The imposed oxidizer temperature results in the ignitiom&etemperature higher than
the crossover value, and therefore the condition corredptm that of high temperature

ignition regime.
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To compute the ignition delay, a nonreactive steady saluigofirst obtained while
suppressing all reaction rates. This generates a convarigiedisolution for the unsteady
computation. The unsteady calculation is then performet veiactions turned on at=
0. Temporal fluctuation of the scalar dissipation rate isasgal by oscillating the velocity
at the nozzle inlet sinusoidally. The functional form ofa@ty oscillation at the nozzle is
given in Eq.2.130of Chapter2. In the following we first study autoignition behavior in a
steady scalar dissipation rate field. Subsequently, sffgainsteady scalar dissipation rate

are studied.
4.1 Ignition Response to Steady Scalar Dissipation Rate
As a reference, the response of the ignition delay to steeahaisdissipation rate is first

studied. In this case, the velocity at the nozzle is fixed taorts For all the results presented

in this study, mixture fraction is defined using Bilger&] definition as:

_ Yu/2Wh — (Yo — Yo.ui)/Wo

Z = 4.1
Y fuel/2Wh + Yo air/Wo 4
and the scalar dissipation rate is defined as:
2
x =2D (8—2) (4.2)
ox

where D is the thermal diffusivity. For this Chapter, unless stadtiterwise, the scalar
dissipation rate) is determined at the ignition kernel, which is defined addleation of
the maximum heat release rate. The onset of ignition is diéfsehe instant at which rate

of change of the peak temperature in the domain becomes maxim

Figure 4.1 shows the ignition delay and maximum steady state OH mastdnain
the domain as a function of the nozzle inlet velocity. Thdadsbhe in maximumYoy
plot represents the computed lower branch of the standatdh\& of flame response. The

dashed line in the same plot shows the hand-drawn contoruatiower branch to unstable
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Figure 4.1: Ignition delay and mafy as a function of velocity at nozzle inlet

and fully burning branches. The inlet velocity gives a meaxf scalar dissipation rate
determined at the ignition kernel. As the inlet velocity ectkased, the frozen steady state
solution reaches the steady turning point near the vel@tity155 cm/s. At this steady
ignition limit, the corresponding scalar dissipation rate¢he ignition kernel is found to be
X% =47 s, where subscript denotes the steady limit. The mixing layer is ignitable for
X < x%. If this condition is met, the ignition delay gradually ieases ag increases as a
result ofincreased loss of radicals and heat from the igmkernel. Note that ignition delay
plotted on the left axis is obtained from the unsteady comipurt, whereas the maximum
OH mass fraction plotted on the right axis is obtained froeady computation. These
ignition results under the steady scalar dissipation ratalitions will be used to explain

the results for unsteady scalar dissipation rate casespoelsented in the next section.
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4.2 Ignition Response to Unsteady Scalar Dissipation Rate

The response of ignition delay to unsteady scalar dissipatte is now examined. The
initial value (V;,;;) of velocity oscillation at the nozzle inlet is fixed at 105@/s. Two
different amplitudes of velocity oscillation are consiglégr A = 0.4 (Case A) and 0.8
(Case B). At both nozzle inlets velocity oscillates with 8sme magnitude and in phase.
SinceV;,,;; is close to the steady ignition limit, for both cases the t®xzelocity becomes
significantly greater than the steady ignition limit durithge oscillatory cycle. The main

consideration is the effect of frequency of oscillation ba bverall ignition delay.

Figures4.2(a) and 4.2(b) show the temporal variation ipfor Cases A and B, respec-
tively, for various frequencies of oscillation. It is seératy responds sinusoidally, while
its amplitude of oscillation becomes attenuated as thai&egy increases. In both figures,
the steady ignition limit X%) is also plotted as a bold line. It appears that the ultimate
fate of the mixture (whether it ignites or not) strongly degs on the overall mean scalar
dissipation rate) during the induction period. A rational definition of the amescalar

dissipation rate is given by:

1 tign
X = / X dt (4.3)
0

Lign
wheret,,, is the ignition delay for each frequency condition. For lowduenciesy
depends on the initial phasing and frequency of the osicilatwvhile it converges to an
asymptotic value at higher frequencies as a large numbesailfatory cycles occur during

the induction period.

Comparing Figured.2(a) and 4.2(b), it is evident that the system in Case A ignites
for all frequencies ag always falls belowy:. For Case B, howevey; exceeds; at high
frequencies and hence the system fails to ignite at higluéedges.

Figures4.3(a) and (b) show the ignition delay andas a function of frequency for

Cases A and B, respectively. For Case A, the ignition charitics are categorized into
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three regimes. At low frequencies (Regime I), ignition asciefore one complete cycle
of oscillation. In this case, the ignition behavior is clesized as a quasi-steady response
such that the ignition delay is dictated by the mean scaksigtion rate during the in-
duction time. This is clearly confirmed by the strong cottielabetween the ignition delay
andy. Atintermediate frequencies (Regime Il), the ignitionadeincreases with frequency
while Y remains almost constant. In this regime, ignition depemdhe detailed unsteady
response of the ignition kernel throughout the inductiongae This issue will be further
investigated in the next section. Finally, at higher fretgies (Regime Ill), the ignition
kernel no longer responds to the rapid oscillation and tlséesy recovers the quasi-steady
characteristics. As in Regime I, whether the mixture ige not again depends entirely
on the mean scalar dissipation rate relative to the steadi lFor Case A, ignition occurs
becauser < x¥, and in this quasi-steady regime it is clearly seen that tthion delay
andy remains almost constant over a wide range of frequencigsiré4.3(b) shows the
results for Case B, for whiclf exceeds(? in the high frequency limit. As a result, all the
trends are similar to those shown in Figdr&(a) except that ignition does not occur in the
high frequency limit. Therefore, it is difficult to identifyne boundary between Regime I

and Regime Ill in Case B.

Note that for the chosen amplitudes of oscillatieh< 0.4 and 0.8 for cases A and B,
respectively) the ignition delay in Regime | first increaaes then decreases for both the
cases. However, if the phase of oscillation is shifted by d&grees, such that scalar dissi-
pation rate first decreases and then increases, then thiemghelay would first decrease as
frequency increases in Regime I. Nonetheless, the queaihgtoncept would still be valid
in Regime | in that the ignition delay will correlate with tineean scalar dissipation rate
in the induction period. This behavior is consistent with tesults for the previous study
presented in Chapt&on the autoignition of homogeneous mixture subjected toeaay
temperature fluctuation§), in which a strong correlation between the ignition delayg a

the mean temperature was found at low frequencies.
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Figure 4.4: Ignition delay as a function of frequency*igmit delay for case A and case B

The transition from quasi-steady (Regime I) to unsteadyiiRe Il) ignition response
depends on the ratio of characteristic time scale of ungti#actuation to the characteristic
chemical time, which is the ignition delay. To confirm thismipignition delay shown in
Figures4.3(a) and (b) is plotted against the normalized frequefficy,,,. The normalized
frequency represents the number of cycleg ioscillation before ignition. Figd.4 shows
the results. The results for the two cases collapse very sladwing an initial abrupt rise
and decay in the ignition delay. The minimum ignition delaychieved at approximately
[ - tign = 1, which is considered the boundary between Regimes | alfdHén the ignition
kernel is exposed to more than one cycleyadscillation, the evolution of radical species
in the ignition kernel undergoes excursions of loss and grpand ignition event is a
cumulative effect throughout the induction period. Thusitinition response is no longer
considered quasi-steady and the ignition delay does notlete withy. To describe the

unsteady ignition behavior in the intermediate frequernge, the temporal history of the
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Damkohler number at the ignition kernel needs to be consdie

4.2.1 Damldhler number response to oscillatoryy

Following a previous study’[l], the kernel Damkohler number (Rais defined based on
the hydrogen radical as:

WH

D pu—
M U(@YR /%) + O(pYaVB) /ox

(4.4)

where VP is the diffusion velocity of H radicals. As defined, fat the ignition kernel
represents the ratio of chemical productian;) to the transport loss in the H radical.

Therefore, Da > 1 indicate that the ignition kernel is at a favorable condiitio ignite.

Figures4.5a) and (b) show the temporal history of P&or a few representative fre-
guencies in the intermediate frequency range for Cases Barekpectively. For Case B,
a high frequency of 5000 Hz for which no ignition occurs ioaiown. It is seen that Da
responds to the sinusoidal fluctuationsyin Note that ignition can occur after a number

oscillations even if Da < 1 for a significant fraction of the induction period.

An alternative view of Fig4.5b) is shown in Figuret.6 in which Dg; and Yy are
plotted in the phase space for three different frequenéiesf = 1600 Hz, as Daoscillates
around unityYy gradually increases in time and eventually takes off. Orother hand, at
higher frequenciesf(= 3000 and 5000 Hz), the evolution ij; reaches a limit cycle and

no ignition occurs.

The above results suggest that the ignition kernel can\®isome momentary unfa-
vorable conditions and eventually ignite depending on thrawative history of the kernel
Damkohler number. It is conjectured that ignition can aaéuhe favorable condition
(Dag > 1) is maintained for a duration longer than a critical value. dErive a rational

criterion, we first determine the fraction of the time dusatfor which Dg; > 1 during the
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Figure 4.5: Temporal history of Damkohler number for diffiet frequencies in the inter-
mediate frequency range for (a) case A, and (b) case B

ignition delay, given by:

_ time(Day > 1)

A, (4.5)

tign

In other words A, represents the fractional duration of favorable conditasrignition.
For the cases in which ignition does not occur, we replacel@m®minator in Eq.4.5) by

a sufficiently long time such that, converges. Subsequently, the mean kernel Damkohler
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number is defined similar to E4.Q) as:

. 1 tign
DaH = / DaH dt (46)
0

tign

Combining Egs.4.5) and @.6), the ignitability (") is defined as:

The ignitability parameter essentially accounts for thamealue of the kernel Damkdhler
number during the induction period as well as the fractiahahtion of the favorable con-
dition for ignition. Figure4.7 shows the plot of ignition delay as a functionlgffor Cases

A and B (lines + symbols) as well as for three additional c&€ds E) (lines) with different
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Figure 4.7: Ignition delay as a function of ignitability foases A-E with different frequen-
cies

values of initial velocity and amplitudeV],;;, A] = [1050, 0.7], [1050, -0.8] and [1100,
0.7], for Cases C, D, and E, respectively. The negative dugdiimplies that the phase of
velocity oscillation is shifted by 180 degrees. Cases Cyid,&all have convergegd > x:

in the high frequency limit, similar to case B. Each data pwoira given curve represents a
result for a different frequency in Regime Il. Singealiffers for different cases, the range
of frequency that corresponds to Regime Il also differs. &s@mple, the frequency range
shown in the figure ranges from 1000 Hz and to 2800 Hz for CaseHfe the range
changes to 1300-2900 Hz for Case D. Nevertheless, theagritlay versu§' curves for
all five cases collapse surprisingly well. The only excaptfor Case A, which has a dif-
ferent high frequency limit{ < x¥). In this case, the ignition delay levels off to a constant
value in the high frequency limit (the data shown are for @ieacies up to 10,000 Hz).

As discussed before, at such high frequencies the igniispanse becomes quasi-steady
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again, and thus depends solely on eithef; or ¥. Note that, for all of the cases consid-
ered, no ignition was observed fbrless than 0.59, which is denoted by a vertical dashed
line in Fig. 4.7. Therefore, this ignitability parameter serves as a gdizedhignitability
criterion for a wide range of parametric conditions, andvfites a unified description of
the unsteady ignition phenomena.

Having obtained a unified description of autoignition resgmof nonpremixed hydrogen-
air mixture to scalar dissipation rate fluctuations, in tegtrChapter we study autoignition
of more complex nonpremixeg-heptane-air mixture using a similar configuration. The
ignitability parameter developed in this Chapter will bekgd ton-heptane autoignition

in the next Chapter.
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Chapter 5

Effects of Unsteady Scalar Dissipation Rate on
Nonpremixed n-Heptane/Air Autoignition

After obtaining significant insights and a unified descdptof nonpremixed hydro-
gen/air autoignition in unsteady scalar dissipation rateditions in last Chapter, in this
Chapter we study a more complexheptane/air system. As mentioned in the Introduc-
tion Chapter, one of the key distinctive featuresdieptane, which is most pronounced
in diesel engine applications, is that they often exhibib4stage ignition under the typ-
ical operating conditions. This behavior has been expthlmethe negative temperature
coefficient (NTC) regime, due to a competition between remoation of isomerization
products and the activation of radical branching througl®Hat intermediate tempera-
tures near 900K44]. The computational methodology used in this study is sntib that
employed for hydrogen autoignition study in Chapteand the details are given in Chap-

ter 2.

For the detailed reaction kinetics model, we adoptrttieeptane mechanism with 185
reactions and 43 species], which has been extensively validated to reproduce the two
stage ignition behavior over a wide range of conditions. &brases considered, pre-
vaporizedn-Heptane (15%) diluted with N, (85 %) is supplied from the nozzle at x = 0
cm and is impinged against air {N 79 % and G - 21 %) injected from the other nozzle
at x = 0.5 cm. The pressure is fixed to 40 atm. Unless othervégeds the fuel and oxi-
dizer stream temperatures are set at 572 K and 827 K, regplgctollowing the previous

study [27]; 572 K corresponds to the boiling temperaturendieptane at 40 atm, and 827
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K is obtained by the adiabatic compression of air at 300 K fioatm to 40 atm.

As in Chapter4, unsteady scalar dissipation rate is imposed by specifgirigne-
varying velocity at both the nozzle inlets. The functionainh of the velocity oscillation
is given in Eq.2.13 of Chapter2. The initial condition for the unsteady calculations is
generated by computing a steady solution with all the readgrms suppressed. Then the

unsteady computation is performed with reactions turnedtor O.

The ignition kernel is defined as the location of maximum OHssnfraction, which
indicates region of intense chemical reaction. We will fyein subsequent discussion that
an alternative definition of the ignition kernel (such asdabgn the maximum heat release)
does not affect the results and conclusion of this study.idhigon delay is defined as the
time at which the growth rate of peak temperature in the dorhacomes maximum. In
the presence of two-stage ignition, this always correspondthe time of the second stage
ignition.

Scalar dissipation ratg, is defined in Eg4.2in Chapterd. Mixture fraction variable
is again defined following Bilger’s definitiorbf]. The values ofy at the stoichiometric
mixture fraction,y;, as well as that at the ignition kerngl,, are reported in the subsequent

results and discussion.

5.1 Steady Ignition Behavior

As a baseline case, we first examine the temporal evolutiégnition for various steady
scalar dissipation rates. Figusel shows the time evolution of the maximum temperature
for various scalar dissipation rates at the stoichiometikture fraction,y, in the frozen
flow. At the chosen parametric conditions, distinct twogstégnition behavior is clearly
seen: at the first stage, low temperature chemistry assdciwath keto-heptyl peroxide
(henceforth referred to as KET) brings the temperature ugpapyoximately 100K, and the

second stage ignition occurs after an additional delay.

As reported by Liwet al.[22], Fig. 5.1 confirms that the first stage ignition is rather in-
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Figure 5.1: Time evolution of the maximum temperature fatoas steady values of;;

sensitive to the variations ig,;, while the second stage ignition shows a strong sensitivity
For x,; exceeding the steady ignition limit of 79 sé¢ no second stage ignition is ob-
served. While Liwet aldiscussed in detail as to why this is so, here we offer anradtae,
and perhaps simpler, explanation for this observed behdvigures5.2and 5.3show the
profiles of the OH mass fraction, which is the key radical sggedemarcating the ignition
kernel location, and the corresponding scalar dissipaatain the physical and mixture
fraction coordinates, respectively, fgr, = 75.23 st. At ¢t = 0.5 msec, it is clearly seen
that the initial ignition kernel development due to the ltemperature chemistry occurs
near the oxidizer side, at which the magnitude of the scatmightion rate is practically
negligible. As the ignition progress furtheér£ 1.4 msec and later), only after the first-stage
temperature rise has occurred, the ignition kernel movestire mixing layer at which a
significant level of they exists, hence becomes sensitive to the imposed scalgpatiesi

rate.
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Figure 5.4: Temporal history of the maximum temperaturaijtign kernel location and
maximum heat release rate location in the mixture fractfmacs fory,, = 75.23 s

Figure5.4 shows the temporal evolution of the maximum temperature for 75.23
s~! along with the location of the ignition kernel in the mixturaction space.Z, is the
ignition kernel location based on the peak OH mass fractilternatively, the ignition
kernel defined as the maximum heat release locali@n,u..; IS also plotted. For either
definition, it is confirmed that the ignition kernel residaghe region of lowy throughout
the first stage, and then migrates into a higheegion only after a significant develop-
ment into the second stage induction. Although not shows,hmnsistent behavior was
observed even when the initial temperature field is comiyleteiform, indicating that the
initial nonuniform temperature profile is not solely respitate this behavior. In summary,
during the autoignition event in a mixing layer of higher hychrbon fuels and air, the first
stage ignition in general occurs in the region of low scalssigation rate, thereby avoiding

the sensitivity to the diffusive loss of radicals from theiigpn kernel.
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limit for some duration during the induction period.

Figure5.5shows the maximum temperature versus time for the osailatalar dissi-
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Figure 5.5: Time evolution of the maximum temperature fooaaillatory scalar dissipa-
tion rate at various frequencies. The steady case corrdsgonr,; = 75.23 s!.

Ignition Response to Oscillatory Scalar Dissipation R

Next, we study the effects of sinusoidal fluctuations of acdissipation rate, as prescribed
by Eqg. .13. The baseline steady case far = 75.23 s! in the previous section is chosen,
which corresponds to the initial nozzle velocities of thelfand oxidizer streams to be 65
cm/s and 90.7 cm/s, respectively. The amplitude of velazsillation at the boundary is

fixed atA = 0.7, which is chosen such that the instantanepesceeds the steady ignition

pation rate at various frequencies. Note that the effedhi@iinsteady fluctuation is not
monotonic in frequency. At 300 Hz, the ignition delay is adlyadvanced in comparison
to the steady reference condition. As frequency increaseldr, the mixture becomes

completely non-ignitable (e.g. at 1100 Hz). At even highmeqgéiency (2000 Hz), however,



the mixture becomes ignitable again with the ignition tineéagted comparable to the ref-
erence steady condition. These results are summarized.ib.Bfa), in which the ignition
delay ¢;,,) is plotted as a function of the frequency. It appears thiaiijar to the hydrogen
study presented in the last Chapter, distinct ignition bidras observed in three different
frequency regimes: low frequency (0-625 Hz), intermedisgquency (650-1700 Hz), and
high frequency £ 1700 Hz). The characteristics of each regime will be descrip the

following.

In the low frequency regime up to 625 Hz, it was found that thescillation barely
completes one cycle during the second-stage ignition délathis quasi-steady regime,
we found that the ignition delay correlates well with the meaalar dissipation rate at the

ignition kernel,x, defined similar to the hydrogen study as:

1 tign
%= / e dt (5.1)
0

tign

Figure5.6(b) shows the plot of;; as a function of frequency, appears to correlate very
well with the ignition delay behavior shown in Fi§.6(a) for the low frequency regime.
This result is consistent with that presented for the hyendair autoignition 0] in Chap-
ter 4, in which alsoy; was found to correlate well with the ignition delay at lowdteen-
cies. Figures.g(b) also shows the mean scalar dissipation rate measuréeé atdichio-
metric mixture fraction)y,; (defined similar to Eg5.1), which does not correlate as well
asy;, does. Due to the complex chemistryrmeheptane oxidation, the ignition kernel loca-
tion varies significantly during the two-stage ignition pess, hencg,; does not properly

represent the effective dissipation rate that the ignikemel experiences.

For intermediate frequencies (650-1700 Hz), ignition doesoccur at all. As the
imposed unsteady time scale becomes small, the duratiomhich the scalar dissipation
rate is favorable for ignition is not long enough for the ladrto ignite in a quasi-steady

manner. In this case, thg, andy;; values are determined by extending the integral in
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Eq. 6.) tot — oo. The ignition behavior becomes fully unsteady and neittighese
mean scalar dissipation rates adequately serve as a méasi@termine ignitability of the
mixture. To obtain a rational ignitability criterion, welfow the hydrogen autoignition
study [70] presented in Chaptet, and first define the kernel Damkohler number based on

the OH radical as:

WoH
D = 5.2
aon pu(0You/0x) + d(pYouViy) /0 |, (-2)

whereVZ, is the diffusion velocity of OH radicals. As defined, Baat the ignition kernel
represents the ratio of chemical productidry) to the transport loss in the OH radical.

Therefore, Dgy > 1 indicate that the ignition kernel is at a favorable conditio ignite.

Subsequently, the ignitability] is defined similar to Chapteras:

where

. 1 tign
DaOH = / / DaOH dt (54)
0

iwgn
is the mean kernel Damkodhler number defined similar to &d) énd

i >
A, — time(Daopp > 1) (5.5)

tign

represents the fractional duration of favorable condifarignition. In case ignition does
not occur,t;,, in Eq. 6.5 is replaced by a sufficiently long time fadx, to converge. The
ignitability (I') thus accounts for both the mean value of the kernel Danekamhmber
during the induction period as well as the fractional darabf the favorable condition for
ignition. Both of these parameters are independent andrgreriant for correct prediction
of ignition behavior as was demonstrated in the last Chapfey. 5.6(c) showsI" as a

function of frequency. For intermediate frequencies forclignition does not occui,
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value drops below 0.62. This is consistent with resultsgmreesd in Chaptet, in which the
critical I" value was found to be 0.59. Thereforas found to be an appropriate ignitability
criterion for unsteady ignition even forheptane fuel.

At higher frequencies beyond 1700 Hz, the ignition kernelorger responds to the
rapid unsteady fluctuations in scalar dissipation rate, thedsystem recovers the quasi-
steady characteristics. Therefore, as can be seen from3&ja) and (b), ignition delay

again starts to correlate well with the mean scalar dissipaaite at the ignition kernel.

5.3 Unsteady Ignition at a Higher Temperature

Through the extensive parametric studies, we have also reuadieteresting observation
at higher temperature conditions. In this case, for the gamessure at 40 atm, the initial
frozen temperature field is fixed uniformly at 920 K which $athto the intermediate tem-
perature regime where NTC chemistry becomes negligible.ifitial v, is set at 2773,
which corresponds to the initial nozzle velocities of thelfand oxidizer streams to be 290
cm/s and 336.4 cm/s, respectively in the frozen flow, and afla®ry velocity with A =
0.7 is imposed at various frequencies.

Figure5.7 shows the maximum temperature evolution for various fragies. At this
high temperature condition, the reference steady igngwamt (thin solid line) does not
reveal noticeable two-stage ignition behavior. As the eady oscillation is imposed, how-
ever, the second stage ignition behavior reappears. Thietey is more pronounced at
lower frequencies and the behavior gradually attenuatdsedrequency increases (from 50
to 500 Hz). At frequencies beyond 500 Hz, the system becoommagletely non-ignitable.
Unlike the results in the previous section, the mixture de®seturn to ignitable state even
at higher frequencies. The behavior in the high frequenoyt lkan be simply explained
based on thé parameter as discussed before, and is not repeated herbe Otiner hand,
the re-emergence of the two-stage ignition at low frequenoieeds further investigation

and is discussed as follows.
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Figure 5.7: Time evolution of the maximum temperature fooaaillatory scalar dissipa-
tion rate at various frequencies: uniform initial temperatat 920K and ., = 277 s'!.

For the large amplitude of oscillation as chosen in this c#se large instantaneous
value of y enhances the dissipation of radicals during the inductenogd, resulting in a
widespread ignition kernel. Figute8 shows the profiles of several intermediate species
(KET and H,O, respectively representing the key intermediates for tts¢ ind second
stage ignition) at the time when the system is in the middltheflong second-stage de-
lay (f = 0.002 s). It is seen that the OH peak is significantly sepdréitom from the
maximum KET or HO, regions, resulting in attenuation of the chemical reatstiat the
ignition kernel. In summary, the mechanism for the two-stagition observed in Figh.7
is attributed to enhanced transport losses, in contrasieteammonly observed two-stage
ignition behavior which is due to the chemical competitidiTC regime). The latter is
observed in both homogeneous and inhomogeneous systeifestiveformer is unique to

the nonpremixed mixing layer where strong transport effece present. This result pro-
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vides a practical implication that the occurrence of twagstignition in an IC engine may

be promoted when there exist high levels of turbulence axtiuma stratification.

5.4 Implications for Turbulent Combustion Modeling

The unsteady ignition behavior observed in this study mlesiinsights into modeling of

autoignition in turbulent reacting flows, especially in tt@ntext of the flameletZ]9] or

conditional moment closures(] approaches. Using the space-time equivalence through

the Taylor’'s hypothesis, the unsteady mixing layer undedysimay represent an igniting

unsteady flamelet subjected to turbulent fluctuations. Audative plot of the scalar dis-

sipation rate versus the mixture fraction variable throagtumber of oscillatory cycles is

shown in Fig.5.9, which resembles a typical scatter plot of turbulent remctiow data. In

the flamelet approach, the evolution of reactive scalassi¢ described by theepresenta-
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tive flamelet equation49:
i N Xz i | wi
o 202, (5-6)

in which the conditional Favre mean valyg replaces the scalar dissipation rate as the
key parameter of the equation. A similar equation is obthioethe first-order conditional
moment closure model. This approach inherently assumesethetion behavior is dictated
only by the conditional mean scalar dissipation rate, witddluctuations are neglected.
The results shown in Fidg.6 suggest that this approximation is valid only if the fluctoat
time scale is sufficiently longer or shorter than the igmitaelay such that the ignition
response can be considered quasi-steady. If it falls itaniermediate frequency regime,
then an additional parameter (suchgagdefined in this study) accounting for the magnitude
of fluctuation about the mean value must be considered, lifidtether complicating the

combustion submodels.
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The results presented in Chapt8rand4 and the present Chapter on the effects of un-
steady fluctuations in flow velocity/scalars on the autdignibehavior can be summarized
as follows. Firstly, it should be noted that the results om éfffects of temporal fluctua-
tions in flow velocity/scalars presented in these chaptarshe related to the effects of
spatial inhomogeneities through a Lagrangian-Euleriawversion. The following are the
major conclusions of these chapters. At low frequenciesuatdhation, which correspond
to large eddy turnover times, the response of ignition dédaglways quasi-steady. In
this regime, ignition delay is well correlated with the trageraged value of the imposed
oscillating variable. At very high frequencies of fluctwetj which correspond to small
eddy turnover times, the system again recovers quasiystdatacteristics. In this high
frequency regime, the ignition delay response to frequéensis off. However, it should
be emphasized that the asymptotic value of ignition deldygit frequency limit might be
different from the reference ignition delay (at zero fregeyd. The reason for this may be
attributed to the inherent non-linearity of the phenomeXtantermediate frequencies, i.e.
when the eddy turnover time is comparable to ignition detlag,ignition delay response
is completely unsteady. In this regime, time averaged vafuenposed oscillating vari-
able is not sufficient to characterize the ignition delaypogse, and additional variables
are required to describe the phenomena. In the homogengwaitisn study presented in
Chapter3, this variable was identified as the instantaneous gradid@etnperature oscilla-
tion at the onset of ignition, whereas for the nonpremixedh-air ignition studies presented
in Chapterd4 and the present Chapter an ignitability parameter was gexpéor this pur-
pose. Inreal turbulent flows, a range of eddies with a rangigrobver times will be present
and then the ignition delay response may be a representeadylination of responses

at different monochromatic frequencies.
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Chapter 6

Turbulent Mixing in LTC Engine Environments

So far, we have investigated the effects of unsteadinessiassd with some key scalar
or flow velocity on autoignition behavior and ignition deldhe primary objectives for this
and the next Chapter are to investigate the effects of $jp@ti@mogeneities in scalars such
as temperature and equivalence ratio on the modes of coimbustrealistic LTC engine
environments. As mentioned in the Introduction Chaptee tduthe presence of thermal
and compositional inhomogeneities both volumetric andtfike combustion modes have
been observed in experimeniss| 15, 16]. It is anticipated that depending on fuel-injection
timing, wall heat loss, and exhaust gas recirculation (EGBglar fields with different lev-
els on inhomgeneities and different patterns may exist poi@utoignition. Therefore, in
this Chapter we investigate the different mixture formapatterns close to top-dead-center
(TDC), prior to autoignition. Of particular interest is tdentify the possible correlations

between temperature and equivalence ratio fields priorttmgnition.

For this purpose, non-reacting simulations are conduatec f3D 4-valve pentroof
engine using KIVA-3V. The turbulence model is based on thgnRkls-Averaged-Navier-
Stokes (RANS) approach, and the conventional e model is adopted in this study. Ta-
ble 6.1 lists the specifications and the operating conditions ofetngine simulated. The
mesh consists of about 50000 grid cells and is shown ir6Fig Gasoline fuel is used to
represent realistic spray evaporation behavior. Fueljeciad from the top of the cylin-
der head vertically downwards. The results obtained inghigly will provide the repre-

sentative scalar fields to be studied for autoignition andlmgstion behavior using direct
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Bore 9.2cm
Stroke 8.5cm
Compression ratig 9.64

IVO 28 BTDC

IVC 66 ABDC

EVO 112 ATDC

EVC 28 ATDC
Thead 400 K
Tpiston 400 K
Tcylinderwall 400 K
RPM 1500
Intake temperature 400 K

Table 6.1: Engine specifications and operating conditions.

numerical simulations in next Chapter.

Using the non-reacting simulations, the effects of fuet@tijon timing on mixture for-
mation are studied. Towards this goal, two cases are studibdifferent fuel-injection
timing. Case (kA) has a start of injection (SOI) timing of 2d€grees before TDC, and
Case (kB) has SOI of 90 before TDC. Thus, Case (kA) represenearly-injection sce-
nario and Case (kB) represents a late-injection scenariooth cases, duration of injection
was 48 crank angle degrees and the global equivalence raidixed to 0.19. Both simu-
lations were initiated at 375 degrees before TDC (BTDC) &ednitial turbulence kinetic

energy was 1% of kinetic energy based on mean piston speed.

The results for Case (kA), the early injection case, arediatmined. Figuré.2shows
the fuel mass fraction and temperature fields at 15 degreBXCBih a plane normal to the
cylinder axis close to the top wall of the cylinder. It is obssl that temperature is high in
the middle and low close to the walls due to wall heat lossatt lbe seen that apart from
the slight negative correlation on the right boundary duthé&evaporation cooling effect,
the two fields are largely uncorrelated with each other. Téhiswing to the turbulence
mixing and wall heat loss effects. This is further demornsttan Fig.6.3which shows the

scatter plot of fuel mass fraction and temperature also defysees BTDC. The scatter plot
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Figure 6.1: Pentroof engine mesh with about 50000 cells fgedVA-3V simulations.

includes all the data points inside the engine cylinder drmivs that the fields are mostly
uncorrelated. For most of the cells in the cylinder, the terajure varies between about
700 K and 800 K, and the fuel mass fraction varies between ®doite0.03. The mass-

based stoichiometric fuel to air ratio for gasoline is 026mplying that the equivalence

ratio in the cylinder varies between 0 to 0.46.

Next, the results for Case (kB), the late-injection case gxamined. Figuré.4shows
the fuel mass fraction and temperature fields at 15 degre&CBTn the same cross-
sectional plane of the cylinder as the previous case. Ulldse (kA), the temperature and
fuel mass fraction fields are negatively-correlated to gdaxtent. At a location slightly to
the right of center, the fuel has evaporated and the temperaas reduced due to evapora-
tive cooling effect. In the periphery of evaporated fuelioegtemperature is high and fuel
mass fraction is almost zero. Wall heat loss effects arenaggen in the thin region near
the wall where temperature is lower. Figueé shows the scatter plot of fuel mass frac-

tion and temperature fields at 15 BTDC for Case (kB). All thisosithin the cylinder are
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Figure 6.2: (a) Fuel mass fraction, levels ranging from @éblko 0.03 (red), (b) temper-
ature, levels ranging from 680 K (blue) to 820 K (red) for Céls&). Shown in a plane
normal to cylinder axis close to top wall of cylinder, 15 degg BTDC.

represented in this scatter plot. It is evident that therist®a strong negative correlation
between the two fields. The lower constant temperature hrahthe scatter plot repre-
sents the thermal boundary layer near the walls where theesture is lower due to heat
loss. In this case, since the fuel is injected very late ghesstill a large variation in fuel
mass fraction field at 15 degrees BTDC, with the equivaleatie varying from O to 1.47
inside the cylinder. Note that about%®f the fuel is evaporated at 15 BTDC in this case.
Temperature again varies from about 700-800 K for majoritgatls within the cylinder.
Due to late fuel injection there is not enough time for tudmde mixing to modulate the
effects of evaporative cooling and this causes the temyreraind equivalence ratio fields
to be negatively correlated.

Apart from these two cases, exhaust gas recirculation (EEaR)lso result in a nega-
tively correlated equivalence ratio and temperature fiiddan early-injection or port-fuel
injection case. This can happen when the overall mixtureas bnd the hot EGR stream
contains large levels of oxygen. Incomplete mixing betwhehEGR stream and fresh
charge then results in hot pockets with excess oxygen andpoalkets with lower levels
of oxygen. This creates a negatively correlated temperagquivalence ratio field. An

illustration of this is shown in Babajimopoloes al.[11] (See Fig. 3 of Ref.11]).
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Figure 6.3: Scatter plot of temperature against fuel masgiém at 15 degrees BTDC for
Case (kA).

Having understood the different mixture formation scemmthat might exist in a real
engine prior to autoignition, in the next Chapter we study $mall-scale implications
of these different T correlations on autoignition and subsequent front propaigais-
ing high-fidelity DNS. There remains a question as to whethelarge scale correlations
observed in the RANS simulations will result in the same degyf small subgrid-scale
correlations. Considering turbulent mixing charactessstit is reasonable to assume that
uncorrelated large scales will result in uncorrelated sstales. On the other hand, even
if large scales are correlated, small scales might stilldourelated to some extent due to
turbulence mixing at small scales. Further investigatongeded to provide insights into

this issue.
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Figure 6.4: (a) Fuel mass fraction, levels ranging from @éblko 0.08 (red), (b) temper-
ature, levels ranging from 700 K (blue) to 840 K (red) for CéeB). Shown in a plane
normal to cylinder axis close to top wall of cylinder, 15 degs BTDC.
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Figure 6.5: Scatter plot of temperature against fuel maagiém at 15 degrees BTDC for
Case (kB).
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Chapter 7

DNS of Autoignition and Front Propagation in
LTC Engine Environments

The non-reacting engine simulations conducted in the lasip&&r provide guidance
to representative initial scalar fields to be studied fordhéignition characteristics. In
this Chapter we study the ignition and front propagationnéveising two-dimensional
(2D) direct numerical simulation (DNS) with detailed chetny. Based on the insights
gained from non-reacting engine simulations in last Chapiese cases with different ini-
tial conditions are studied using DNS: Case (A) is the basaiase with only temperature
inhomogeneities and a uniform equivalence ratio; CasegBhcorrelated temperature and
equivalence ratio fields; and Case (C) is negatively caedleemperature and equivalence
ratio fields. Detailed spatial and temporal evolution ofiigm and front propagation event

as well as the integrated heat release rate behavior is pedrfor the three cases.

As mentioned in the Introduction Chapter, autoignitiomhaomogeneous mixtures can
lead to a mixed mode combustion with simultaneous presenadiometric- and wave-like
modes. Furthermore, the wave-like modes can either be aatpremixed deflagration or a
spontaneously propagating ignition froat]. Therefore, in the latter part of this Chapter, a

diagnostic criterion is developed which can quantitayivistinguish between the different
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modes of heat release.

7.1 Initial Conditions for DNS

In this section, we present the initial conditions and cotaponal mesh details for DNS.
Periodic boundary conditions are employed at all the botesl@o represent the constant
volume ignition process. The computational domain is a 41 x¥4.1 mm square with
960 x 960 grid points, which gives the grid resolution of 418. Such a fine resolution
is required for resolving the thin propagating fronts whieBult due to the high pressure
conditions employed in this study. The 2D grid used is sintdahe one used in previous
studies P6, 27].
The mean flow velocities for all cases are set to 0 cm/s ihyitidlt initial time, turbu-

lence velocity fluctuations are superimposed on the statjomean velocity field based on

the Passot-Pouquet turbulent kinetic energy spectruntiem 1]:

4 2
E(k) = ?;—2 %Z—j (k‘%) exp [—2 (k%) ] (7.1)

wherek is the wave number magnitudg, is the most energetic wave number arids
the rms velocity fluctuation. In all the cases, the meanahigmperature is 1070 K, mean
hydrogen-air equivalence ratio is 0.1 and the uniform ahjressure is 41 atm. Random
temperature and composition fields are superimposed on ¢la@ nemperature and com-
position fields respectively. The temperature and equiaeaatio spectrums similar to
turbulence kinetic energy spectrum are used to specify hlaeacteristic scales of initial
hot/cold spots and initial rich/lean fuel pockets respetyi

The initial autocorrelation integral length scale of théoetty fluctuations (4, ,,) is
0.34 mm and the most energetic length scdle,j is 1.0 mm. The velocity RMS«) is
0.5 m/s. This gives integral time scalg,(= L, ./u’) of turbulent fluctuations as about
0.7 ms, and the integral scale Reynolds number of 51. In @ayeingineu’ values are

found to be of the order of 5 m/s, ard, , is of the order of 6 mm{Z]. This gives the
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turbulent integral time scale as 1.2 ms and the integraédgaynolds number as 9000 for
a typical engine. Thus the integral time scale employed irSD&Ncomparable to that of
a real engine, while the integral scale Reynolds number asitab80 times smaller than
that in an engine. The homogeneous ignition delay time fairdyyen ignition computed
at mean temperature of 1070 K and mean equivalence ratiolos@ound to be 2.46
ms, which is also comparable to ignition delay times in adgpengine. In studies of
autoignition subjected to strain rate fluctuations, [/ 3] presented in Chaptersand5, it
was found that the turbulence eddy which has a turnover tongarable to ignition delay
has maximum interaction with the ignition chemistry. Sinke turbulence integral time
scale employed in DNS is comparable to ignition delay, thegral scale eddies are the

ones that primarily interact with ignition chemistry.

The temperature and equivalence ratio fields have an RM&ifitioh of 15 K and 0.05,
respectively. The autocorrelation integral length scale most energetic length scale are
0.45 mm and 1.32 mm, respectively, for both temperature goivalence ratio fields. Note
that, as specified”/T (= 0.014) is much smaller tha#t/¢ (= 0.5). This way ignition delay
variation due to temperature fluctuation alone is compartbihat due to equivalence ratio
fluctuation alone, considering the much stronger expoakt¢ipendence of ignition delay

on temperature.

The length scales of hot spotsj and rich fuel pockets observed in an engine are
approximately five times larger than those specified in tlesgmt DNS study. However,
as mentioned before, the key turbulence mixing time scae the integral time scale, is
matched with that in a typical engine. Furthermore, thelle¥eariation in temperature
(about 100 K) considered in DNS is comparable with that ole@iin engine simulation
results in the previous section, suggesting fiatnay be comparable between DNS and a
typical engine. Experimental measurement§’oin a typical LTC engine are required to
further confirm this. If the key mixing time scale afi are matched between DNS and

a typical engine, local temperature gradients will also @ garable between DNS and a
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typical engine (see the definition of mixing time scale in @) of Ref. P7]). In a previous
study [26], local temperature gradient is shown to be the key paramaéfecting molecular
transport in high heat release regions. Thus, as demoedtbgt Hawkeset al. [2€], a
change in initial length scales may not affect the heat seldsehavior if the turbulence
mixing time scale and” are kept fixed. Based on this reasoning, the heat releasgibeha
observed in the present DNS study is expected to be relewanteal engine. The larger
Reynolds number present in the engine will only contributgards producing a larger

range of scales.

Figure 7.1: Initial temperature field for Cases (A), (B), 4y, levels ranging from 1033
K (blue) to 1116 K (red).

Three cases with different initial conditions are studisthg DNS. Case (A) is the
baseline case with only temperature inhomogeneities andfaron equivalence ratio of
0.1; Case (B) is uncorrelated temperature and equivaleatae frelds; and Case (C) is
negatively correlated temperature and equivalence rafidsfi Figure7.1 shows the initial

temperature field which is same for all three cases. The figjusevs how the hot and cold

72



1120

B
=
B
B

E'?’

Temps rature [H)]
g
&

Temperatune [K]
Termperature [K]

..I:I3

Figure 7.2: Temperature-equivalence ratio scatter plaiaal time for a: Case (A), b:
Case (B), and c: Case (C).

spots of different length scales are superimposed on the teegperature field. Figurg?2
shows the scatter plot of initial equivalence ratio and terafure fields for the three cases.
Note thatin Cases (B) and (C) the equivalence ratio digiohihas to be slightly truncated
at the lean end to prevent it from becoming negative. Theatian in equivalence ratio
specified in Cases (B) and (C) is smaller than that observednrreacting engine simula-
tions in the last Chapter. If equivalence ratios greaten thvae are present, which is more
probable for the late-injection case, there is a possyilittormation of diffusion flames
in the engine. High equivalence ratios are not employed irsiEcause in high pressure
hydrogen-air mixture there is a tendency to form shock watdsgh equivalence ratios

which the present DNS grid may not resolve.

7.2 DNS Results

As mentioned in last section, results for three differesiesaare presented here. Case (A)
is the baseline case with just temperature inhomogeneitieés uniform equivalence ratio
of 0.1. Case (B) is the case with initially uncorrelated tengpure and equivalence ratio
fields. This case represents the early-injection scenhows in Chapte6. Finally, Case
(C) is the case with initially negatively correlated tengiere and equivalence ratio fields,

representing the late-injection scenario of Chapter
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Figure 7.3: HRR contours at %0 50% and 904 heat release points. Top row: Case (A),
middle row: Case (B), bottom row: Case (C). Levels rangigifiO (blue) to 1 (red).

Figure 7.3 shows the normalized heat release rate (HRR) contours éathtiee cases
(A), (B) and (C) at three different time instants corresgagdo 10%, 50% and 90% of
total heat release. The normalization is done by the maxiimea release rate for a zero-
dimensional ignition case with initial conditions as theaménitial conditions taken in 2D
DNS, i.e. Ty = 1070 K, ¢y = 0.1, and P = 41 atm. All the plots shown in this figure have
same color scheme and the HRR levels vary from 0 (blue) tod).(fiehe top row shows the
contours for Case (A). At 18 heat release, thin reaction fronts are observed and a weak

ignition kernel is also seen at top left corner of the domaime fronts are initiated from ig-
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nition kernels at high temperature locations, and expaddcansume neighboring charge.
The constant volume simulation causes the pressure togitgeedronts expand. At 50
heat release point, a large number of reaction zones aréopedeand heat release occurs
in both thin front like regions and thick blobs. Finally, 2% heat release, mostly thick

reaction zones are seen, at which time the end charge isro@asaimost homogeneously.

The middle row of Fig.7.3 presents the results for Case (B). The development of ig-
nition kernel and subsequent front propagation is simdaCase (A). Case (B), however,
shows a much more connected reaction front & h@at release point. At 50heat release
point, most of the heat release occurs in thin front-likearg. At 90% heat release point,
heat release is more widespread in both thin and thick regidhus, both Case (A) and
Case (B) exhibit a mixed mode combustion with both fronélgcopagation and homoge-
neous ignition blobs simultaneously present in the domia#aidous stages of the ignition

event.

Finally, the bottom row shows the results for Case (C), witobws a drastically differ-
ent ignition event. At 1% heat release, no front-like propagation is seen, and hiegtse
occurs homogeneously. At %0heat release, thick structures are seen, implying that the
heat release occurs almost homogeneously. Such a homagesnemution of heat release
is sustained throughout the ignition event. Therefores @vident that Case (C) represents
a typical homogeneous ignition mode without any front pggien. This is because the
hot temperature regions have very low fuel available duéedritial negativel-¢ corre-
lation. Therefore, the radical build-up slowly starts adgsof the hot temperature zones in
the bulk of the mixture, and eventually the diffusion of faeld radicals leads the hotter

temperature zones to ignite subsequently.

Figure 7.4 shows the temperature contours for the three cases (A),N(@)@) at the
same time instants as those in FHg3. It can be seen that large temperature gradients exist
in the domain for cases (A) and (B), whereas largely homogesnéemperature field is

observed for case (C). This follows the discussion on Figabove, in that thin reaction
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Figure 7.4: Temperature contours atd®0% and 904 heat release points. Top row: Case
(A), middle row: Case (B), bottom row: Case (C). Levels rawggrom 1040 (blue) to 1640
(red).

fronts are observed in cases (A) and (B), whereas largelyolgemeous autoignition is

observed in case (C).

Figure7.5shows the normalized integrated heat release rate as &funttime for the
three cases. Again, the normalization is done by the maximtegrated heat release rate
of the same zero-dimensional (OD) case as before, with dodiaiensions same as that
for 2D DNS. Figure?.5, also shows the plot for the zero-dimensional case, for @isgn.

Compared to Case (A), the ignition delay is advanced for @&s@nd delayed for Case
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Figure 7.5: Normalized integrated heat release rate ascaidumof time for Cases (A), (B)
and (C). 0D case is also shown for comparison.

(©). In Case (B), since the temperature and equivalence aa¢ uncorrelated, there are
regions in the domain which have high temperature as welighsdquivalence ratio. This
causes the ignition in these regions to initiate very eddy. the other hand, in Case (C)
there is a prolonged ignition delay since ignition is irtiéid outside of the local hot spots.
The duration of heat release is also increased for Case @)Xaareased for Case (C)
compared to Case (A). Consequently, peak heat releasesraighi for Case (C) and low
for Case (B). It is observed that the plot for Case (C) is vemyilar to that for OD case,

which is expected since Case (C) is found to ignite prettyhmhamogeneously.

7.3 Numerical Diagnostics

In this section, several one-dimensional (1D) simulat&msconducted to develop a quan-

titative criterion for demarcating the three different reedf heat release: homogeneous
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Figure 7.6: Initial temperature profiles for cases (X), (d (2)

autoignition, spontaneous ignition front propagatiord aremixed deflagration. Ignition
and front-propagation regimes in non-homogeneous 1D aaatigpn has been investigated
in some previous studies4—76]. Three cases with different initial temperature profiles a
shown in Fig.7.6 are studied. A linear temperature field with different tenapere gra-
dients (case (X) - 33.34 K/mm ; case (Y) - 200 K/mm; and case- @6.67 K/mm) is
imposed on the mean temperature field at initial time. Focadles, mean temperature,
pressure and hydrogen-air equivalence ratio are fixed t0 KQ741 atm, and 0.1, respec-
tively. The computational domain size is 0.3 cm for casesdid (Z), and 0.6 cm for
case (Y) in order to capture a comparable duration of contipntavith its faster front

propagation speed.

Fig. 7.7 shows the time sequence of normalized heat release rate)(piRRes for

the three cases, with increasing numbers representingasicrg time. The normalization
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Figure 7.7: HRR profiles at various time instants during thére combustion event for
cases (X), (Y), and (Z2). The numbers indicate the time secpiehthe combustion event.

is done similarly to the 2D DNS cases. Due to the differenitign delays and different
duration of heat release for the three cases, the corresgpndmbers represent different
times for the three cases. For case (X), it is observed thmbustion occurs almost homo-
geneously over a wide region. For cases (Y) and (Z), on therdtand, a wave-like front

propagates from the hot left boundary to the cold right bauynd

Fig. 7.8 shows the plot of normalized integrated heat release ratmmablization is
done again similar to 2D DNS cases. Both axes are shown onschig to cover the entire
range for the three cases. It is evident that case (X) shovistiaa heat release history
compared to cases (Y) and (Z). Case (X) shows a prolongetiagrdelay compared to
cases (Y) and (Z) because of a lower initial maximum tempeeat Cases (Y) and (2)
ignite almost instantaneously. There is a sharp drop in reehse at about 0.1 ms for
cases (Y) and (2), as the fronts leave the domain. Note tleatdmputational domain for
case (Y) is double the size of the domain for case (Z); howekrerfronts exit the domain
at approximately the same time. This is because the spebd obint in case (Y) is greater

than that in case (2).

The nature of the front propagation, i.e. whether it is a sgoeous ignition front or
a premixed deflagration, is still not clear for cases (Y) afd A quantitative diagnostic

criterion is now sought to identify the ignition regimes. #eadily propagating premixed
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Figure 7.8: Normalized integrated heat release rate ascidmof time for cases (X), (Y)
and (2).

flame will have almost equal contribution from reaction aiftlidion processes, while a
spontaneous ignition front propagation is a chemistryedrisequential explosion of neigh-
boring mixture in the presence of temperature/concentragradient { 7]. This suggests

that comparison of the magnitude of diffusion and reactgothe key observable in deter-

mining the ignition characteristics.

Fig. 7.9shows the spatial profiles of diffusion (red lines) and rneactblue lines) terms
in the HG;, species conservation equation, considering that idOne of the key intermedi-
ate species during ignition and correlates well with the helaase rate. The time instants
for the three cases correspond to that for number 4 inFigy. For case (X), the reaction
occurs within a widespread region, while the diffusion tesralmost negligible. Compar-
ing case (X) with case (Y) or (Z2), a quantitative criteriordistinguish ignition regimes is

suggested: if the mixture ignites homogeneously, the i@acate of HQ must be positive
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Figure 7.9: Diffusion (red lines) and reaction (blue line=wm profiles for cases (X), (),
and (Z). The time instants for the three cases corresportétddr number 4 in Fig7.7.

throughout the induction period. On the other hand, if a widee propagation occurs,
the reaction rate profile of HOmust transition from negative to positive as one goes from
burnt products to unburnt reactants side. Between casean@{Z), it is observed that the
positive peak of diffusion is much smaller than that of reactor case (Y), while they are
comparable for case (Z). Therefore, case (Y) representemiskry-driven spontaneous
ignition front, and case (Z) represents a deflagration fppapagation in which reaction is

balanced with diffusion.

Based on the above observation, a characteristic Damkihlaber is defined which

represents the ratio of the positive peaks of reaction affigsebn of HO, within the front:

max(wno, )

max(V.(—pDHOQVYHOQ)) (72)

DaH02 =

where the maximum values closest to the reaction zone aen timk both reaction and
diffusion terms. Since the peaks of reaction and diffusiemat collocated, the Damkdhler
number based on the local reaction and diffusive terms may e a misleading result.
This problem becomes more serious in analyzing 2D resutéociate the correct peaks of
reaction and diffusion, a gradient ascent algorithm is u&#drting from the point where

the reaction terms transitions from negative to positivey separate numerical markers
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Figure 7.10: Damkohler number history for cases (Y) and (2)

trace along the reaction and diffusion profiles until thg@eesive maximum is reached. For

2D cases a two-dimensional gradient ascent algorithm isarag.

Fig. 7.10shows the time history of the Damkohler number for casesaf\) (Z2). Since
there is only one front in the domain at any particular tintesré is only one value of
Damkohler number at any given time. It is seen that case @g)tigher values of D@,
than case (Z). For cases (Y) and (Z),;fda asymptotes to values close to 2 and 1, respec-
tively. This clearly indicates that the front in case (Y) isma chemistry-dominant and that
in case (2Z) is deflagrative in nature. This Damkodhler nundoierion proposed using 1D

tests is now applied to the 2D DNS results presented in thedasion.

Figs.7.11(a), (b) and (c) show the results for cases (A), (B), and (€pectively. The
left, middle, and right plots show the results at time ingarorresponding to 20, 30%

and 504 heat release points, respectively. The color field in thek¢parind represent
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(b) Case B

9

(c) Case C

Figure 7.11: Normalized heat release rate (color fieldelevanging from 0 (blue) to 1
(red). Dajo, contour is overlaid at locations of the propagating frorayE), levels: 0-0.4

(white), 0.4-1.4 (gray)> 1.4 (black). The left, middle, and right plots show the réesat

time instants corresponding to Z030% and 50% heat release points, respectively.
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the normalized heat release rate, same as®8j. The overlaid connected contour lines
represent the location of propagating front, identified iy lIbocations where reaction rate
of HO, transitions from negative to positive. This contour linedored white, gray, and
black, representing different range of Rg values to demarcate, respectively, a quenching
premixed flame (Dgo, < 0.4), a deflagration front)(4 <Dayo, < 1.4), and a sponta-
neous ignition front (Dao, > 1.4). Note that the white colored segments of the front are
subjected to quench only in a quasi-steady sense; it mayauatssarily lead to an actual
extinction considering the highly transient process. Talees 0.4 and 1.4 are chosen ar-
bitrarily, but otherO(1) values also lead to qualitatively consistent results. Tigé heat

release regions without a contour line represent homogeshemniting regions.

The characteristic Damkohler number in equatiti2)therefore proves to be a rational
way to identify different ignition regimes even in complexiti-dimensional simulation re-
sults. In case (A) at 10% heat release as an example, thaamitdearly distinguishes a
homogeneous ignition kernel (top left) from a front (middéhich is further divided into
the spontaneous ignition front and deflagration. It is olesgthat combustion always initi-
ates in homogeneous ignition kernel, which may or may nolveviato either propagation
front. At 50% heat release for case (A), a larger fractionhaf front is burning in the
spontaneous ignition front regime, due in part to the addéi pressure rise resulting from
compression heating enhancing chemical reactions in @ngtaet mixture. For case (B),
the fronts develop due to earlier ignition, which is allonsetbnger time to develop defla-
gration fronts. This explains why a larger fraction of therft appears in the deflagration
mode at 30% and 50% heat release. In the negatively-cadetaixture case (C), igni-
tion is predominantly homogeneous, and some level of thatapeous front propagation
emerges at 50% heat release point, yet the bulk of the mixtuanains in the homogeneous

ignition regime.

The results presented in the last and the present Chapteermmmarized as follows.

It is found that inhomogeneities indeed have a significafieicebn the various aspects of
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combustion in LTC engines: ignition delay, duration of hed¢ase, peak heat release rate,
and the nature of combustion phenomena are all dictatedHpmogeneities in various
scalars. In Chaptes, it is found that different fuel injection strategies casuk in dif-
ferent T« correlations close to TDC prior to autoignition. And in theegent Chapter it
is found that apart from the magnitude of these inhomogieseithe correlations between
temperature and equivalence ratio inhomogeneities atspgkey role in governing the

nature of combustion in LTC engines.
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Chapter 8

A Principal Component Analysis Based
Approach for Modeling Autoignition in
Inhomogeneous Turbulent Mixtures

Upto this point, we have obtained fundamental physicabims of the complex com-
bustion process occuring in LTC engines through a variegoofputational models such
as 0D homogeneous reactor, 1D counterflow configuration2&ndirect numerical sim-
ulation. Optmial development of LTC engines also requirewations of realistic engine
geometries using RANS/LES based models. For these modelsics based predictive
combustion submodels are required which can representotn@lex mixed-mode com-
bustion process with good fidelity. Therefore, in this laattf the dissertation, we focus
on the modeling aspects of LTC combustion in the context oNBALES. As mentioned
in the Introduction Chapter, development of combustiomsaodbels for autoignition in in-
homogeneous mixtures is especially difficult due to theofelhg two reasons: Firstly, the
phenomena is highly chemical in nature and therefore @etaihemistry must be included
in the model, and, secondly, arpriori low-dimensional subspace is not available in which
the fluctuations of reacting scalars is small. In view of éhd#ficulties, the objective of
this Chapter is to identify, in a mathematically rigorousywa low-dimensional manifold
for the autoignition problem studied using DNS in Chapteror this purpose, we will
use a novel methodology based on Principal Component AsalR€A). To apply PCA,
high fidelity datasets from either experiments or DNS areiired. In this Chapter, PCA

will be applied to DNS database generated in Chaptemd low-dimensional manifolds
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will be identified. The mathematical formulation of PCA iwgh in the next section, fol-
lowed by description of PCA modeling approach. Finallyutessof PCA application will

be presented.

8.1 Mathematical formulation of PCA

The details of the mathematical formulation of PCA is givésewhere §9, 40]. A brief
description is given here as follows. The goal of PCA is to pate the most meaningful
basis to re-express the original data-set. PCA finds a bdschws alinear combination of
the original basis. LeX be amxn matrix representing the dataset, wherés the number
of variables anad: is the number of observations. Then one can define a covarraatrix
(Cx) as:

Cx = L oxxr (8.1)

n—1

The covariance matrix has the following properties:

e The diagonal terms o€x are thevariancesof particular variables, and therefore,

large values of diagonal terms correspond to interestimguaycs of the system.

e The off-diagonal terms of’x are thecovariancedetween variables, and therefore,
large (small) values of off-diagonal terms correspond gintflow) redundancy in the

system.

Thus, by diagonalizing covariance matrix the redundanaypénsystem is minimized and
the signal is maximized. PCA is essentially a method of diagonalizing tovariance
matrix. In other words, given the data-se€t the goal is to find a matri®, whereZ =

PX, such thatCy is diagonalized. The rows d? are then the coefficents representing
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orthogonalprincipal components of. It is done as follows:

Cz = L gz7 (8.2)
n—1
= L px)yex)7 (8.3)
n J—
_ ! PXXTpPT (8.4)
n—1
_ 1 papr (8.5)
n—1

where, a new symmetric matrix= XX is defined, which can be diagonalized4as= EDE”.
HereD is a diagonal matrix an# is a matrix of eigen-vectors & arranged as columns.
Now, matrix P is selected such that each rowRfs an eigen-vector oKX”. Thus,P =

E”, and also sinc® is orthogonalP~! = P”. Therefore, continuing the derivation:

Cy = nilPAPT (8.6)
1
= mP(PTDP)PT (8.7)
1 _ _
= ——(PP7)D(PP™) (8.8)
= nilD (8.9)

Thus, this choice o diagonalize.

The first principal component (PC) accounts for as much ok#r&bility in the data
as possible (has the largest eigen-value), and each sugemnponent accounts for as
much of the remaining variability as possible, and themsfar truncated set of this new
basis is sufficient to represent the original system. We defitransformation matriX as
a rank-deficient subset & matrix with m,, (< m) rows andm columns. The rows of

correspond to rows d? with m,, largest eigen-values. We may then approximéases:

X ~ T'Z, (8.10)
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whereZ, is the matrix withm, rows corresponding te, principal components. In the
present study, only first two principal componenis &éndp,) are found to very well pa-
rameterize all the reactive scalar variables for the DN&-dats considered.

A MATLAB based code was written to evaluate the principal paments (PCs). The
parameterization of reactive scalars on a low-dimensiepate is not a trivial problem.
This is especially true for parameterizing the source teshf®Cs. An advanced regression
technique is required to parameterize the original vaeiglih low-dimensional space in
a statistically meaninful way. Simple linear regressiochtéques might not do a good
job. A hypercube based algorithm is employed for this puepoEhe basic idea of this
algorithm is to create hypercubes by recursively partitigrthe low-dimensional space
and simultaneously merging the hypercubes keeping the auailpoints in the hypercube
in a certain range. The parameterized value of any varigbdegiven location can then
be obtained as the average of observed values of that varfi@bpoints in a hypercube

centered at that location.

8.2 PCA Modeling Approach

A complete PCA modeling approach requires several ingneslieFirsly, following the
theory given in last section, PCs must be identified usingfiidelity DNS or experimental
database. Next, the transport equations for PCs may beedeand solved. Following
Sutherland and Parenté@7] the transport equations for PCs are derived as follows. The
transport equations for a set of reactive scalrs ([T, Y1, Ys,....,Y,sp—1], Where nsp is the

total number of species, may be written as:

—— =-V.(ja) + (sa) (8.11)

where = p2 4 u.V is the material derivative operatarjs the mass-averaged velocity

of the systemjs is the mass-diffusive flux of relative to the mass-averaged velocity,
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andss is the volumetric rate of production @. As will be demonstrated in next section,
in this study, PCA is applied on a database consisting ofestithe-history of ignition
event, and therefore, the matfixis a fixed constant in space-time. Since PCA is a linear
transformation, after multiplying E@(11) by T, with X = &, we get transport equations

of PCs as:
D(Z,)
Dt

= —V.(jz,) + (sz,) (8.12)

where Z,)=[TI(®), jz, = [T|(js) andsz, = [T](ss). In Eq. 8.13), the source terms
of temperature, andll species contribute to the source term for each PC. Therefwe
source terms of PCs must also be parameterized in the lowrdiional space to completely
reduce the dimension of the system. This issue is dealt witBeiction8.3.3 To solve
the transport equations for PCs initial and boundary comtstare also required. As is
discussed in Ref.3/], they can also be prescribed using the transformationixnatr

For turbulent flow modeling in the context of RANS/LES baseddels, favre av-
eraged/filtered transport equations for pricipal compts@eed to be solved. For this,
closure for favre averaged/filtered source terms of pradogomponents is required. De-
pending on number of PCs and their spatial correlation, oag consider presumed PDF
approaches or transported PDF models. This is a subjectwgfatudies.

It should also be noted that we can apply the PCA modelingagmbrmentioned above
for a class of physical problems which are similar to the DN&abase which was orig-
inally used to obtain PCs. For example, if we use a DNS datbésutoignition and
front propagation in premixed systems to obtain PCs, thenameuse these PCs to model
combustion in similar kind of systems. We may not be able tothese PCs to model, for
example, non-premixed systems. So, one may only use PCsdelrsgstems for which
they weretrained to work for. It still remains to be seen how much the principain-
ponents vary if one applies PCA to different systems, fomgxa, how much they vary
when PCA is applied to non-premixed systems compared toipeehsystems. To make

the applicability more general, one may consider combitiiegDNS databases for a large
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set of problems spanning both non-premixed and premixedmsygsand then apply PCA to

this database. This witkain the principal components to work for a large set of problems.

8.3 Results and Discussion

In the following, PCA is applied to the physical problem ohstant volume auto-ignition
in high pressure inhomogeneous turbulent mixtures. The D&i§-set generated in a re-
cent study 7] and presented in Chapteérof this dissertation is used. Detailed hydrogen-
air chemistry p&] was used in DNS. Initial pressure was fixed to 41 atm andainitiean
hydrogen-air equivalence ratio was fixed to 0.1 for all cas@s other computational de-
tails see Ref.[7] or Chapter7. Two cases with different initial conditions are investigh
in the present study: case (A) (corresponds to case (A) obtehd) with only temperature
(T) inhomogeneities and uniform equivalence rati) field, and case (B) (corresponds
to case (C) of Chapter) with negatively-correlated - fields. As is shown in Chap-
ter7, case (A) represents a mixed mode of combustion with theepoesof homogeneous
auto-ignition, ignition front propagation and premixednila propagation, and case (B)
represents a largely homogeneous autoignition mode. Agdtaonsisting of data at 11
different time instants is compiled from DNS database. Bauk instant corresponds to
a subsequent 20 (of total heat release) rise in heat release. Data at eachitigtant
consists of 2304 spatially sampled points. Thus, the tatadlver of points in the data-set
are fixed to 25344. The variables in the data-set consistsnopérature and nine chem-
ical species. The data-set thus represents the entirehistay of the ignition and front
propagation event. Centering and scaling of data can hgwéisant effects on the results
obtained using PCA. In the present study, data is centeraut #tre means and scaled with

the standard deviations of the corresponding variables.
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T Y, Yo, Yo You Ymo Yu Ywo, Ymo, YN,
p1 | 0400 -0.395 -0.406 0.278 0.393 0.405 0.118 -0.074 -0.29238
p2 | -0.035 0.009 0.037 0.382 0.044 -0.037 0.601 0.625 0.279 370.1

Table 8.1: Coefficient matrix for principal components fase (A)

T YH2 Y02 YO YOH YHQO YH YH02 YH202 YN2
pp | 0.402 -0.369 -0.403 0.325 0.398 0.403 0.191 0.023 -0.2701€0.
pe | 0.094 -0.136 -0.077 -0.310 -0.056 0.088 -0.564 -0.642 8.38.120

Table 8.2: Coefficient matrix for principal components fase (B)

8.3.1 Application of PCA

The results of application of PCA to case (A) will be examiffiest. Table8.1 shows the
entries of the coefficient matrix.{) representing the principal components for the first two
principal componentsp(, p;). PCs are given asp;, = Z?iﬁ“ cijp;. Here, nsp is the
number of species (= 9) and is the;*" reactive scalarj = 1 being the temperature. It is
observed thap, has large contributions from temperature and almost albrmad minor
species. Fop,, primary contributions come from, Yy, Yno,, Ym0, and Yy,. Both
positive and negative coefficients are observed. This ikeithe definition of mixture
fraction [6€] which is generally based on elemental mass fractions. &igshows the
scatter plot op; vs. p, for all the points in the dataset. A large scatter is obseritesthould
be noted that the principal components might not be comlglstatistically independent.
This is because in the derivation of PCA, it is assumed thattlean and variance are
sufficient statistics for defining the PDF of reactive scalafhis assumption is required
because only the covariance matrix is diagonalized in thgaten. If the statistics depend

on higher moments, then PCA may not completely remove thenaahcy in the system,
and other advanced methods like the independent compamegises [ 8] may be required.
The results for case (B) are examined next. Tabkshows the entries af;; for first

two PCs. The coefficients fgr,, apart from that of ¥X,, are very similar to those of case
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Figure 8.1: Scatter plot of; vs. p, for all the points in the dataset, for case (A).

(A) indicating some universality for the first principal cponent. Coefficients fop, are,
however, very different compared to those of case (A). inddiche coefficients fop, are
opposite in sign to those of case (A). F&J2 shows the scatter plot @f vs. p, for all the
points in the dataset. Again a large scatter is observedsiraght line in the top left area

represents the scatter at initial time.

8.3.2 Parameterization of reactive scalars

The reactive scalars are now parameterized using the fiogbtivcipal components, and
p2. Fig. 8.3 shows the plots of all the reactive scalars (temperaturenaasts fraction of
species) plotted ip; - p, space, for case (A). The horizontal axis in all the figures; is

and the vertical axis is the indicated reactive scalar. Tdleraepresents,, with values
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Figure 8.2: Scatter plot gf; vs. p, for all the points in the dataset, for case (B).

increasing from blue to red. Since the dataset represeatsritire time history of the
ignition and front propagation event, the range of all thectwe scalars in the figure vary
from corresponding values in cold mixture to values in fudlynt mixture. For example,
temperature ranges from 1032 K to 1551 K. It is observed traalf reactive scalars the
two principal components do a good job in representing the&esdataset. The scatter

within any given color is observed to be small.

Using the hypercube-based algorithm the thermochemiatd & now parameterized
using two principal components. Fif.4 shows the created hypercubes using the hyper-
cube algorithm in the two-dimensiongl-p, space. The parameterized valueginp,
space at the centroids of hypercubes are obtained as tregaveirvalues for all the points

in the corresponding hypercube. To quantitatively evaldla¢ error in parameterizing the
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Figure 8.3: Parameterization of reactive scalars ugirandp,, for case (A). The horizontal
axis in all the figures ig; and the vertical axis is the indicated reactive scalar. Tdierc
representg,, with values increasing from blue to red.
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Figure 8.4: Hypercubes in 2P -p, space, for case (A).

data in reduced dimensio®? values are calculated for any scajasimilar to Ref. B7]

as:

R?=1- [Z(w - w?)Ql [Z(% - @)2] (8.13)

=1 i=1
wherey; is thei'" observationy; is the parameterized approximationgg and; is the
mean ofy;. The maximumR? value can be one, and the error in the parameterization
can be evaluated as the deviation/tsfvalue from one. Fig8.5 shows the parity plot for
temperature, for case (A), showing the plotaifservedvalue obtained using DNS (I
against the parameterized value')T Table 8.3 shows the compute&? values for the
reactive scalar variables. Parameterization is done faisguwnlyp; and then using both
p1 andp,. Temperature and all of the major species are observed wligh R* values
using only one principal component. Using bgthandp,, R? values very close to 1 are
obtained for all variables, showing that only two principamponents do an excellent job

in parameterzing all the variables in the dataset.
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Figure 8.5: Parity plot for temperature, for case (A). Xsaiobservedemperature (7))
obtained from DNS, y-axis is parameterized temperatufg (T

Parameterization T Yu, Yo, Yo You Ymo Yu Yuo, Ymo,
D1 0.963 0.969 0.975 0.514 0.977 0.976 0.366 0.521 0,41
D1-P2 0.997 0.998 0.998 0.990 0.992 0.997 0.989 0.995 0.995

Table 8.3:R? values for reactive scalars for case (A)

Next the results for case (B) are investigated. Big.shows the plots of all the reactive
scalars plotted i, - p, space. The axes and coloring variable are similar to thase fo
case (A). The distinct straight line in the scatter plotsfoYy, and Yo, represents scatter
at initial time. Once again, it is observed that for all rézetscalars the two principal
components do a good job in representing the entire dathsescatter within any given
color is observed to be small. TalBe4 shows the compute&? values for the reactive
scalar variables. Once agaim, is sufficient for parameterizing temperature and major
species. Using both; andp,, R? values very close to 1 are obtained for all variables,

showing again that only two principal components do an éswcejob in parameterzing all
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Parameterization T Yu, Yo, Yo You Ymo Yu Yuwo, Ymo,
J 0.949 0.916 0.939 0.719 0.980 0.943 0.40 0.407 0.p01
P1-P2 0.998 0.993 0.997 0.991 0.992 0.998 0.992 0.997 0.996

Table 8.4:R? values for reactive scalars for case (B)

-
N

B 0, I I N P g

Figure 8.6: Parameterization of reactive scalars ugirandp-, for case (B). The horizontal
axis in all the figures i, and the vertical axis is the indicated reactive scalar. Tdlerc
representg, with values increasing from blue to red.
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the variables in the dataset.

It is interesting to compare the parameterizations obthirgng the first two princi-
pal components with the standard parameterizations adlaptdhe existing flamelet- or
CMC-based models. Mixture fraction (Z), specific total eply (H), mixture fraction
dissipation rate) and specific total enthalpy dissipation ratg;{ are some of the com-
mon variables used for parameterizing the thermochemiaté.s Essentially, the steady
flamelet model T9] is based on Zy parameterization. Hq; parameterization was recently
adopted in an unsteady flamelet model for simulating autdian in thermally stratified
mixtures B0]. Z-H parameterization correspond to an equilibrium-medth no effects of
dissipation rate. This parameterization is similar to the employed in multi-zone mod-
els [L1] used for simulating stratified HCCI combustion. Addititlgaa two-dimensional
unsteady flamelet model has been employed using\ZaHdy; based parameterization for
simulating combustion in thermally and compositionaliatfied enginesi4]. Figs.8.7
and8.8represent three different ways to parameterize temperé&burcases (A) and (B),
respectively. In these figures, vertical axis is tempeeatund horizontal axis is Z, H, and
Z in left, middle, and right figures respectively. The cohgyivariable isy, yy, and H in
left, middle, and right figures, respectively. The dististraight lines observed in some
plots is the scatter at initial time. It should also be noteat tn these figures; andyy are
taken from DNS, whereas, in actual flamelet models they habe tmodeled. Therefore,

the results are independent of the modeling aspects ofrstiakapation rates.

For case (A), large scatter is observed using the garameterization. This is not
surprising since the mixture is very lean and no mixturetfoacgradients are present at
initial time. H-yy parameterization is better thamgZparameterization but still some scatter
is observed. Z-H parameterization also shows some scdt@r.case (B), again large
scatter is observed with Z-parameterization. H+q parameterization is better than Z-
x. Z-H parameterization in this case does a reasonably wellap scatter within any

given color is not very large. It should be noted that unstestécts are not incorporated
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Figure 8.7: Case (A): Temperature parameterization usimgbination of some standard
variables. Vertical axis is temperature, horizontal agiZj H, and Z in left, middle, and

right figures, respectively. The coloring variableyisyy, and H in left, middle, and right
figures, respectively.

Figure 8.8: Case (B): Temperature parameterization usangbination of some standard
variables. Vertical axis is temperature, horizontal agiZ H, and Z in left, middle, and
right figures, respectively. The coloring variableyisyy, and H in left, middle, and right

figures, respectively.
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Parameterization T YH2 Y02 Yo You YHQO Yy YHQ2 YH2O2
Z-x 0.754 0.740 0.784 0.433 0.832 0.769 0.234 0.342 0.573
H-xu 0.947 0.919 0912 0.613 0.724 0.919 0.560 0.724 0.)/61
Z-H 0.948 0.919 0.932 0.711 0.901 0.925 0.657 0.791 0.766
Z-H-x-xn 0.958 0.946 0.945 0.568 0.870 0.945 0.562 0.732 0.812
P1-D2 0.997 0.998 0.998 0.990 0.992 0.997 0.989 0.995 0.995

Table 8.5: R? values using standard parameterizations for case (A). sieovn areR?
values using; - p, parameterization, for comparison.

Parameterization T YH2 Y02 Yo You YHQO Yy YHQ2 YH2O2
Z-x 0.224 0.318 0.256 0.134 0.229 0.242 0.116 0.231 0.209
H-x1 0.943 0.913 0.887 0.682 0.735 0.895 0.685 0.823 0.832
Z-H 0.986 0.982 0.979 0.828 0.918 0.978 0.861 0.923 0.960
Z-H-x-xn 0.984 0.977 0.975 0.817 0.909 0.974 0.841 0.915 0.959
P1-D2 0.998 0.993 0.997 0.991 0.992 0.998 0.992 0.997 0.996

Table 8.6: R? values using standard parameterizations for case (B). #liewn areR?
values using; - p, parameterization, for comparison.

here and the results will definitely improve when using antesy model. Note also

that case (A) is physically more complex than case (B) siase ¢A) represents a mixed

mode combustion with volumetric and front propagation nsopieesent whereas case (B)

represents largely a homogeneous auto-ignition. Thiseigsghson why scalar dissipation

rate effects are not so important for case (B). TaBl&ésand 8.6 show theR? values when

using these standard parameterizatidisvalues for Z-Hxy -y parameterization are also

shown. It is observed that in some cases Z-Hy parameterization performes slightly

poor compared to other two-variable parameterizationss Bhbecause the data has to

be conditioned four times for the Z-K-yy parameterization and a bigger dataset may be

required to perfectly do this parameterization. Nonetsgléhe key point is that for both

the cases?? values obtained using these parameterizations are muar lmompared to

those obtained using,-p, parameterization. In Tableék5 and 8.6, R? values obtained

usingp;-p, parameterization are also shown for comparison purposes.
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Figure 8.9: Principal component source terms for case (Ag. Aorizontal axis in both the
figures isp, and the vertical axis is the PC source term as indicated. ®lue represents
p1, With values increasing from blue to red.

8.3.3 Parameterization of source terms

As discussed in Sectio®2, PCs are not conserved variables and their source terms must
also be parameterized in the principal component space.iskssked in Sectio8.2, the
source terms of principal components are also obtainedyusacoefficient matrix;; as:

Wp; = Z;‘iﬁ*lcijw%. Herew,, is the source term foi" principal component and,, is

the source term foj*" reactive scalar, temperature being the first. Fig8@and 8.10show

for cases (A) and (B), respectively, the plotswgf andw,, as a function ofp; andps.

The horizontal axis in both the figuresig and the vertical axis is the PC source term as
indicated. The color represenis, with values increasing from blue to red. For case (A),
wp, IS observed to be reasonably well parameterized, whetgaglot does show some
scatter. For case (B), both the source terms are observed/&rpwell parameterized with

little scatter within any color. This is again not surprigimecause as mentioned earlier case

(A) is physically more complex than case (B).

Tables8.7 and 8.8 list R? values for source terms @f andp, using onlyp, andp;-
p2 parameterization. Using;-p, parameterization, higik* values are obtained fav,,

for case (A) and for both,, andw,, for case (B). The low value ok? for w,, for case
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Figure 8.10: Principal component source terms for casel(liB).horizontal axis in both the
figures isp, and the vertical axis is the PC source term as indicated. ®lue represents
p1, With values increasing from blue to red.

Parameterization w,, Wy
2 0.275 0.197
P1-D2 0.900 0.511

Table 8.7:R? values for PC source terms, for case (A)

(A) may be improved by a variety of approaches. These incloc®asing the size of the
dataset, performing PCA dynamically at each time-stemgusther advanced regression
techniques like adaptive regressi@ni], or by simply increasing the number of dimensions
of the low-dimensional manifold (for example, 3 PCs can bedu® parameterize the
system). This is the subject of future studies.

The results presented in this chapter can be summarizedl@s<o Principal compo-
nent analysis (PCA) is shown to be an excellent tool to oliterinherent low-dimensional

manifolds in complex mixed-mode combustion systems. PCarigorous mathematical

Parameterizatior

l Wp Wpy
D1 0.262 0.689
P1-P2 0.960 0.923

Table 8.8:R? values for PC source terms, for case (B)
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technique and the error in parameterization of thermocbaistate in reduced dimension
can be characterized usittf value. For mixed mode combustion systems, the principal
component (PC) parameterization does a much better jobramperizing the thermo-
chemical state than the standard variables such as mixtagcgadn, enthalpy, and scalar
dissipation rates which are largely based on physicaltiotui As a caveat, it should be
noted that PCs are not conserved scalars and thereforesthete terms also need to be
parameterized in PC space. Moreover, due to the non-catsennature of PCs, new
modeling strategies may be needed to achieve turbulenireloBlonetheless, PCA may be
combined with existing turbulent combustion models and graatly aid in reducing the

computational complexity in solving detailed chemistry.
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Chapter 9

Conclusions and Future Work

In this dissertation, computational modeling of the autdign and combustion processes
in low temperature combustion (LTC) engine environments earied out by using a va-
riety of models. In particular, the effects of temperaturd acalar inhomogeneities on au-
toignition were systematically investigated using vasitigh-fidelity computational mod-
els: zero-dimensional homogeneous reactor model, onerdiional opposed flow model,
two-dimensional direct numerical simulation (DNS), ancettdimensional engine simu-
lation with a Reynolds-Averaged Navier-Stokes (RANS) modde fundamental under-
standing from these studies subsequently provided irsigiid a novel modeling strat-
egy for mixed-mode turbulent combustion system based amipal component analysis
(PCA). It was demonstrated that a significant reduction imgotational complexity can
be achieved by use of the newly identified low-dimensionatifioéds. In the following,

the major conclusions of this dissertation are summarized.

Homogeneous hydrogen-air autoignition subjected to tempature fluctuations The ef-
fect of unsteady temperature oscillation on the ignitiorhomogeneous constant-
volume hydrogen-air mixture was studied computationalithwietailed chemical
kinetics and theoretically using large activation energynaptotics. The asymptotic
analysis was conducted for the low and high temperaturenegjindependently and

the results were found to agree well with those obtained bgctinumerical inte-
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gration with detailed chemistry, confirming that the anelysoperly captures the
key chemical/thermal mechanisms driving ignition for a evidhknge of thermody-
namic conditions. In both the high and low temperature ignitegimes, ignition
delay showed a harmonic response to the imposed temperacitiations. It was
found that the ignition delay response in the first harmonitetated well with the
mean temperature during the induction period. For higlegpfencies, ignition delay
response was governed by the instantaneous temperatdiergraf temperature os-
cillation at the onset of ignition, such that ignition is emiced or retarded depending
on the temporal gradient of the imposed temperature wheratheal pool develop-

ment is ripe for chemical and thermal runaway.

Nonpremixed hydrogen-air autoignition subjected to scaladissipation rate fluctuations
The effects of unsteady scalar dissipation rate fluctuatiothe ignition of a non-
premixed hydrogen/air mixture were studied using a cotioterconfiguration. Ax-
ial velocity at the nozzle inlet was imposed as a sinusoidattion in time, and
the corresponding variation in the scalar dissipation gatie ignition kernel was
adopted as the main parameter. Two cases with different reeaar dissipation
rates were considered based on whether the mean scalgratissirate at ignition
kernel is (a) less or (b) greater than the steady ignitiontlifihe results showed
that the ignition behavior is characterized in three ditregimes depending on the
frequency. At low frequencies such that ignition occurshimitone cycle of imposed
oscillation (Regime 1), the ignition delay correlates sty with the mean scalar
dissipation rate during the induction period. At very higeduencies (Regime llI),
the system again recovers a quasi-steady behavior, in whg#hthe ultimate fate of
the ignition kernel is dictated by the magnitude of the mezalas dissipation rate
relative to the steady ignition limit. At intermediate freznpcies (Regime 1), accu-
rate prediction of the ignition delay requires the knowlkedd cumulative history of

the unsteady fluctuations. A new criterion for the ignitayill’, was defined as a
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product of the mean kernel Damkohler number and the fraatiduration of favor-
able condition for ignition. The ignition delay verslishowed excellent collapse for
a wide range of parametric conditions, demonstrating ttiditsaof the criterion in
predicting the unsteady ignition characteristics. It wasnid that the ignition delay
increases ak decreases, and the critical valuelotvas identified, below which the
kernel fails to ignite because the radical generation ceamercome the increased

transport losses throughout the oscillatory cycles.

Nonpremixed n-heptane-air autoignition subjected to scalar dissipatia rate fluctuations
The effects of unsteady scalar dissipation rate on highspresautoignition of non-
premixedn-heptane were studied computationally using detailed cteynn a coun-
terflow configuration. Transient ignition subjected to dieacalar dissipation rate
was first examined under the condition at which two-stagé@i@noccurs. It was
found that ignition kernel starts on the hot oxidizer sideevehthe magnitude of
the scalar dissipation rate is very small, and then migrateard the fuel rich zone
toward the end of the first stage. This serves as a simplerefda for the obser-
vation that the first stage ignition is hardly affected bylarcdissipation rate varia-
tions. Similar to the hydrogen ignition case, the effect s€ithation frequency on
the ignition delay was found to be highly non-monotonic. igahree distinct fre-
guency regimes were found with similar quasi-steady andeany behavior as for
the hydrogen case. These results suggest that some camadrtirbulent combus-
tion models based on conserved scalar mapping need to bdiedodiepending on

the characteristic time scales of turbulent fluctuations.

Unsteady ignition at a higher temperature was also invasd) Even though the
initial temperature was so high that only single-stagetignibehavior was observed
at steady scalar dissipation rate conditions, the sameunsidxhibited two-stage
ignition when an oscillatory scalar dissipation rate wapased. Unlike the typical

two-stage ignition observed in a homogeneous mixture whiaxplained by the
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NTC chemistry, the reappearance of the two-stage ignitidwiggner temperatures in
the presence of unsteady scalar dissipation rate is atdha the spatial broadening
of the ignition kernel resulting in instantaneous enhare@nm radical losses. The
results may suggest higher possibilities of encountefi@ggtage ignition behavior

in IC engines at higher levels of flow and scalar fluctuations.

Turbulent mixing in LTC engine environments Non-reacting realistic three-dimensional
(3D) RANS engine simulations were carried out to exploredifferent mixture for-
mation scenarios existing in an LTC engine prior to autdigni Specifically, the
influence of fuel spray injection timing on the correlatiogtlween temperature and
equivalence ratio close to top-dead center was investigiiteras observed that early
fuel injection results in a largely uncorrelated tempemtequivalence ratio fields,
whereas late fuel injection results in a largely negativadyrelated temperature-

equivalence ratio fields.

DNS of autoignition and front propagation in LTC engine environments Based on the
different mixture fields observed in the 3D RANS LTC enginaulations, paramet-
ric studies of the various scalar mixing scenarios were gotedl using high-fidelity
DNS. Results of two-dimensional DNS were investigatedHhoeé¢ cases with differ-
entinitial conditions: case (A) with only temperature inmmgeneities, case (B) with
uncorrelated temperature and equivalence ratio fieldscasd (C) with negatively
correlated temperature and equivalence ratio fields. Fnapagation was observed
for cases (A) and (B) and homogeneous ignition was predamtiinabserved for
case (C). Compared to case (A), ignition delay was found twedese for case (B)
and increase for case (C). Duration of heat release wasaiseddor case (B) and de-
creased for case (C), compared to case (A). These resuliisipr counter-intuitive
implication that early fuel-injection may result in frontgpagation through the en-

gine and late fuel-injection may result in a more volumetombustion mode.
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To obtain a quantitative diagnostic criterion demarcathgydifferent modes of heat
release, one-dimensional simulations were performedhfeetdifferent cases: (X),
(Y) and (Z), with different initial temperature gradien®3(34 K/mm, 200 K/mm,
and 466.67 K/mm, respectively). Case (X) showed a prolomngeition delay com-
pared to cases (Y) and (Z). It was observed that case (X)septe a homogeneous
ignition with combustion occurring over a wide region. Fases (Y) and (Z) a wave-
like front propagation was observed. A Damkodhler numbesedaonHO, species
(Dapo,) was proposed to identify the roles of diffusion and reactiothe heat re-
lease process. A gradient ascent algorithm was employeddio the non-collocated
peaks of diffusion and reaction in a front. The values of Dahi&r number indicated
that case (YY) represents a chemistry-driven spontaneaitfoig front propagation,
while case (Z) exhibits a typical deflagration front. The Dxdmer number criterion
was applied to 2D DNS cases and was found to be a useful cotigmaidiagnostic

tool to identify the ignition regimes in multi-dimensiortatbulent ignition problems.

Low-dimensional manifolds in mixed-mode combustion systas Principal component anal-

ysis was applied to high-fidelity DNS dataset of auto-igmtand front propagation

in thermally and compositionally stratified turbulent hggen-air mixture. Two DNS
cases with different initializations were investigatedse (A) with only tempera-
ture (T) inhomogeneities and uniform equivalence ratipfield, and case (B) with
negatively-correlated $-fields (These correspond to cases (A) and (C), respectively,
of the DNS study presented in Chap@r PCA was applied to a data-set containing
25344 observations representing the time-history of thmlestion event. It was
found that only first two principal components (PCs) are sigffit to parameterize

the thermochemical state for the entire DNS dataset witklextt accuracy.

PC parameterization was compared with other standard p&eaimations such as
Z-x, H-xy, Z-H, and Z-H«-xy, which are adopted in existing turbulent combus-

tion models.p;-p, parameterization is found to work much better than any afehe
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standard parameterizations. Since PCs are not conseraiisscsource terms of
the PCs were also parameterizedinp, space. For case (A),, was found to be
reasonably well parameterized jfn-p, space, whilev,, showed some scatter and
was not very well parameterized. For case (B), hothandw,, were parameter-
ized inp;-p, Space with good accuracy. Better regression techniquggrldataset,
dynamic PCA at each time-step, or a larger dimension of then@@ifold are some
ideas which may be adopted for improving the parameteormati source terms.
To achieve turbulent closure, models for averagef/filtead e terms of principal
components are required. PCA may be combined with existifgutent combus-
tion models in either RANS or LES framework and can greattyiaireducing the

chemical complexity of the system.

9.1 Directions for Future Work

Based on the scientific findings and model developments rdddain this study, future
research issues on turbulent combustion in LTC engine @mvients are summarized as

follows.

Effects of unsteady turbulent flow on autoignition of nonpremixed fuel-air mixture In
this dissertation, we have studied effects of unsteadasdisipation rate fluctua-
tion on autoignition of nonpremixed fuel-air mixtures in&ers4 and5. In these
chapters ignition response to a monochromatic frequenttyaitiation of scalar dis-
sipation rate was investigated. Real turbulent flows, h@mnesontain a range of
eddy turnover times and hence a range of frequencies. By ioomgba range of
frequencies and through the use of turbulence energy casaadinsteady velocity
fluctuation that mimics a turbulent flow can be specified atrtbezle inlets. The
interaction of this “turbulent-like” scalar dissipatioate fluctuation on ignition be-

havior can then be studied. The results obtained in Chaptensl5 will serve as a
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building block for understanding the effects of more raadi&urbulent-like” scalar

dissipation rate fluctuation.

Turbulent mixing in LTC engine environments In Chapter6 RANS simulations using
Kiva-3v were conducted in order to investigate mixing cltedstics in an LTC
engine. As mentioned in the Chaptethere remains a question as to how the large
RANS-scale correlations between temperature and equsletio relate to small
subgrid-scale correlations. More work is required to sheiak lon this question. In
particular large-eddy simulations of turbulent mixing imi¢pelp in bridging the gap
between large scale and small subgrid scale mixing chaistats. Experimental

results might also be useful in this regard.

3D direct numerical simulations of higher hydrocarbons In Chapter7 2D DNS of hy-
drogen autoignition in inhomogeneous mixtures is condaluckeal turbulent flows
are, however, three-dimensional. To accurately reprabee¢ dimensional turbu-
lent mixing characteristics 3D DNS simulations may be cateldd. Results of 2D
DNS presented in this dissertation will serve as referemse< to understand the
more complex 3D simulations. Although, 3D DNS simulationdl vequire new
algorithms for feature detection and data mining on top oé&xnemely high com-
putational overhead, significant new insights can be garyeconducting 3D sim-
ulations. Sreedhara and Lakshmisha][have conducted 3D DNS simulations of
autoignition in non-premixed systems, albeit with redufmed step chemistry fon-
heptane fuel. They specifically focussed on the differebhetaeen two- and three-
dimensional turbulence and its effects on autoignitioneyl made two important
conclusions: Firstly, the topology of autoignition spagsnains the same irrespec-
tive of whether the flow is represented in two or three-dinms and secondly,
the difference between two- and three-dimensional sinaratarises from the fact

that the kinetic energy dissipation (and hence the scasaigition rate) is more ac-
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curately represented in the latter than in the former owmthe vortex-stretching
phenomenon. Because of this, the autoignition delay tincesdses with an increase
in turbulence intensity in three-dimensional simulatidnsa regime where the rate-
limiting process is mixing. More three-dimensional sintidas of autoignition of
higher hydrocarbons with detailed chemistry are requioddrther shed light on this

phenomena.

Generation of low-dimensional manifolds using principal omponent analysisIn Chap-
ter 8 principal component analysis (PCA) has been shown to be egllert tool to
obtain inherent low-dimensional manifolds in complex moibde combustion sys-
tems. This is a new attempt at turbulent combustion modelirtig high promises,
but is subjected to further improvements. First is to dgvelew methodologies to
combine PCA with existing turbulent closure models suchrassported pdf meth-
ods, flamelet, or CMC models. This will greatly aid in redgcihe computational
complexity in solving realistic detailed chemistry usitg$e models. For example,
in context of transported pdf models, transport equationdimt pdf of small num-
ber of principal components may be solved instead of solthiad) of large number
of primitive reactive scalars such as species mass fractiod temperature. Alterna-
tively, PCA may be combined with second order CMC methodetne conditional
mean, variance and covariance equations for a small nunmpencipal components
may be solved instead of solving a large number of those mpsafor primitive re-
active scalars. Second area of improvement in combustiatehmg with PCA is to
develop better algorithms for parameterization of thernenaical state and source
terms of principal components in the low-dimensional maldif A hypercube-based
algorithm was employed in the present study, but bettees=sgon algorithms based
on state-of-the-art computational methods will signifitaenhance the fidelity and
efficiency of the model. Finally, as mentioned in Cha&df the statistics of under-

lying system depend strongly on higher than second orderentanthen PCA may
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not completely remove the redundancy in the system. In @ cother advanced
methods such as the independent component analidimpy be required. Further

research is needed to explore this new opportunity.
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