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Abstract

HCCI engines potentially offer an efficient and low emissi@tternative to conventional
Spark Ignition (SI) and Compression Ignition (Cl) engin€sough significantly more ho-
mogeneous than conventional Cl engines, HCCI engines mitéude thermal and mixture
composition inhomogeneities. Two combustion limits candeatified for HCCI; the ho-
mogeneous reactor regime and the propagating diffusivedreegime. An enthalpy and
mixture fraction-based auto-ignition model that is vabd both limits was developed. En-
thalpy and mixture fraction were chosen as the phase-spa@bles because they are the
main parameters that affect local changes in auto-ignhiemavior. Since these two vari-
ables are not statistically independent, a new modifiedadoyhvariable was defined to
remove the mixture fraction dependence, resulting in a ihwik two independent phase-
space variables. Closure models for application of the mod€FD engine simulations
were also developed.

The combustion model was validated in three steps. Firsteadimensional enthalpy-
based combustion model, which is a special limit of the gglmapdel, was validated using
DNS data for lear; auto-ignition with temperature inhomogeneities. The sécstep of
the model validation was the application of the mathembtreadel together with closure
models for transport equations solved in three-dimens$i@f® simulations of a Rapid
Compression Machine (RCM) experiment. The RCM was operaidda spatially ho-
mogeneous mixture composition and was compressed at aymtaltof HCCI engines.
The final validation step was to apply the full two-dimensibmodel to an HCLI engine
experiment. The model was validated using six experimemtses, comparing simulation
results to pressure traces and CO and UHC emissions meamienThe model was in
excellent agreement with the experimental pressure tr&cdstailed investigation into the



source of individual UHC species was performed.

In order to analyze the relative importance of auto-igmiti@rsus flames in HCCI en-
gines, a criterion was developed based on the ratio of the sicales associated with ig-
nition fronts and deflagration fronts. The results indicditat some HCCI engines are
operated in the propagating diffusive fronts regime, amldfore an appropriate approach
must consider both diffusive mixing and chemical kinetid$ie model presented in this
work takes these affects into account and is capable of nmgdebmbustion across the
different combustion regimes observed in HCCI.
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Chapter 1

Combustion in HCCI Engines

1.1 Introduction

Homogeneous-Charge Compression Ignition (HCCI) engiaee neceived the attention
of many researchers, primarily due to the low N@©xides of nitrogen) and soot emissions
and higher thermal efficiencies in comparison with Sparktign (SlI) engines. HCCI en-
gines, however, also produce high carbon monoxide (CO) abhdmt hydrocarbon (UHC)
emissions [3]. In addition, high heat release rates oftenoo these engines, which some-
times leads to overly rapid pressure rises. Both the CO an@ ghriissions and the heat
release rates are strongly influenced by the level of tentyperand mixture composition
inhomogeneities in the cylinder.

Combustion in HCCI engines is typically characterized byapproximately homoge-
neous charge in terms of mixture composition. Howeverdatgatification in the charge’s
enthalpy field may exist, primarily due to wall heat trangd#éects. This stratification typ-
ically causes regions in the center of the cylinder to igfirst, followed later by regions
closer to the cylinder walls. It also can lead to the occureenf both volumetric and front-
like combustion modes [4]. While HCCI refers to combustiathva homogeneous charge,
many HCCI engines have been run with Direct Injection (DIJ ather techniques which
lead to a stratification of the mixture composition from ingaete mixing of the Exhaust
Gas Recirculation (EGR), fresh air, and the fuel. Both epthand mixture composition
stratification can directly affect the CO and UHC emissidrad the engine produces.
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The relatively high CO emissions in HCCI engines are a camsecg of the strategy
used to reduce NOemissions. Experimentally, it has been found that CO emssorig-
inate in regions where the gas temperature does not excé$¥dKLg5]. Yet, in order to
limit NO, emissions, HCCI engines are run at low peak temperaturesseliemperatures
are maintained by either operating the engines very leamore commonly, highly di-
luted with significant internal or external EGR. This ofte&sults in a maximum burnt gas
temperature that is below 1850 K, therefore leading to low, M@®issions. A maximum
burnt gas temperature below 1850 K in the cylinder impliex tkegions strongly affected
by wall heat loss conditions will be favorable for producimgher CO emissions.

The two types of EGR used in HCCI are internal and external ElGfernal EGR is
when the intake and exhaust valve opening aand closing dsmame phased such that a
large portion of the products of combustion of one cycle a&tained in the cylinder for
the next cycle. This can be achieved either through trappuigre in the Exhaust Valve
Closing (EVC) occurs significantly before Top Dead CentddC) or through reinduction,
where IVC is delayed until part way up the intake stroke. t8gees involving large degrees
of internal EGR result in significant cycle-to-cycle coungli Additionally, both trapping
and reinduction require a method of adjusting the valverigsito achieve the desired level
of EGR. External EGR takes gas from the exhaust manifold gpiddlly cools or heats
it to achieve desired temperatures, then mixes it upstrdaimeantake manifold with air.
This method has the advantage of eliminating much of theeseigelcycle coupling. While
it does not require variable valve actuation it requiresgerature and flow rate controls.
Since EGR and air are mixing prior to intake, they are more bg@meous in the cylinder
than engines with internal EGR.

Unburnt hydrocarbon emissions originate in regions of $ieder where auto-ignition
does not occur or where the mixture is fuel rich. Regions wharto-ignition does not
occur are typically either extremely dilute, as in the caba patrtially stratified charge
from direct injection, strongly affected by wall heat logs, both. Misfire represents a
special case of such a situation. Although misfire will lkekecome less significant with
future improvements in operation control, it still remaarsimportant phenomenon, since
it is often advantageous to operate an HCCI engine close sirexconditions in order
to maximize efficiency and reduce noise. Therefore, misfiaggpan important role in
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properly designing new engines and developing novel costrategies.

The presence of thermal and mixture composition inhomatjeedends to decrease
the maximum heat release rates in an engine because theylgsheecombustion process
over several crank angle degrees. Consequently, onegtritesuppressing overly rapid
pressure rises is to introduce inhomogeneities of tempexar mixture fraction. The em-
ployment of this method will produce the desired heat redgase and avoid overly large
rates of pressure rise that lead to engine damage [6]. A elvaith non-negligible levels of
thermal inhomogeneities will have some hot and some colidmsgwhile mixture compo-
sition inhomogeneities will result in some regions beingendiluted than others. Hotter
gases with more reactive chemical compositions will tenigmate first followed by cooler
and more diluted gases. The larger the level of inhomoggnké lower the maximum heat
release rates will be. All engines have some degree of lscgée thermal stratification be-
tween the thermal boundary layer and other gas in the cylidde to wall heat losses.
Similarly, all engines experience some large-scale mextomposition inhomogeneities
resulting from DI of fuel and or incomplete mixing of intakagwith exhaust gas. Tur-
bulent mixing of these large-scale stratifications in aniead¢eads to inhomogeneities on
all turbulent scales. Therefore, turbulent mixing affeitisrmal and mixture composition
inhomogeneities, which in turn affect the combustion emrssand heat release rates in
HCCI engines. As experimental data suggests that cylinder dind turbulence play an
important role in HCCI combustion [7], a better understaigdof the interaction of the
fluid mechanics/mixture formation with the chemical kiestcould be used to reduce CO
and UHC emissions and to control heat release rates.

The most common modeling approach for HCCI engines is theitnahe model. In
this model multiple homogeneous zones are used to reprsedifferent thermodynamic
states in the engine. Acevesal.[8, 9, 10] used different temperatures in each zone to
represent the thermal gradients inside of heavy-duty tHEGICI engines operating with
natural gas and propane. Babjimopoudtsal.[11, 12] split zones based on equivalence
ratio, temperature, and EGR. In the multi-zone modeling@ggh, zones are initialized
based on mixture formation results from a ComputationaidHynamics (CFD) simula-
tion of the flow up to a point just before ignition occurs. lrede studies mixing between
zones was not modeled and therefore the zones represengbaoswus reactors. The first
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zone to ignite only interacts with other zones through iasesl pressure associated with
the volumetric expansion of the ignited gases. Baethal. [13] extended this approach to
include mixing between zones. Their method requires thatieol of a system of algebraic
equations equal to the number of zones, while keeping thegohariable and thermody-
namic state the same in both the multi-zone code and the ClBrs@/hile their approach
represents an extension of the state-of-the art for mogl&li@Cl combustion, it is unable
to capture small-scale subgrid mixing. Furthermore, lesgale mixing between zones in
the model is not based on an evaluation of convection andembdiffusion between in-
dividual zones in the CFD domain, and both adjacent and palgiseparated zones are
permitted to mix. In addition to multi-zone models, fullywq@ed CFD and chemistry
studies have been performed, in which chemical source tesans evaluated using mean
values and a low-order correction for the effects of turboke[14]. Zhanget al. used a
transported PDF approach to simulate an HCCI engine andtigate the interaction be-
tween turbulence and chemistry on emissions and ignitmmmgl. The main disadvantage
of the transported PDF approach is that the mixing term idasec. Furthermore, typi-
cal reduced chemical mechanisms for gasoline surrogatedifor HCCI have typically
around 50 or more chemical species. The consideration ¢f gl@rge number of species
for the transported PDF approach is computationally inldasand has so far not been
demonstrated.

1.2 Ignition vs. Deflagration Fronts Criteria

Two different regimes of combustion in HCCI engines can taatdied [3]. For the first,
chemical kinetics are the dominant process with mixing aeat kransfer only influencing
initial conditions for ignition. Experimental support ftris viewpoint exists from 4-stroke
HCCI engines with low levels of stratification [15, 16, 17h the second regime, mixing
influences combustion on a microscopic level and under sanmignestances, found mostly
in DI engines with high levels of stratification, combustisimited by mixing [18, 19].
Recently there has been a move toward operating HCCI engimésr more stratified con-
ditions in order to achieve desired engine operating charnatics, such as lower emissions
through direct injection, higher power from 2-stroke erggirj20], and the suppression of
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overly rapid pressure rise as well as lower peak pressuresigh extended heat release
rates [6]. Since there is some evidence that HCCI engindslange degrees of stratifica-
tion experience both volumetric and front-like combustinades [4] and that in-cylinder
flow and turbulence play a significant role in HCCI [7], it isetisl to have a criterion to
assess the importance of mixing in a particular HCCI engihence, in this section a cri-
terion is developed to evaluate which of the two combustegimes a particular engine
is operating in: volumetric combustion or flame propagatiQonsidering that all of the
HCCI modeling approaches to date either have no mixing ordader mixing models,
they are not appropriate for simulating HCCI engines witm#g. If the criterion shows
that flames exist in an HCCI engine, then it will serve as avatitn for the development
of a combustion model for HCCI combustion that is valid intbobmbustion regimes.

In both regimes, combustion starts with auto-ignition @& thost reactive mixture. In
the chemical kinetics dominated limit, the less reactivetares will ignite based on their
ignition delay times, which are determined according tottiermal and chemical state.
The successive ignition of less reactive mixtures will téke form of a spontaneous ig-
nition front. Zel'dovich [21] studied the ignition of nonatform mixtures under different
combustion regimes, including deflagrations and spontaméemition front propagation.
He showed theoretically that an ignition front propagatés & velocity inversely propor-
tional to the temperature gradient. This can be expressed as

S~ (VT (1.1)

whereT, is the temperature of the unburnt mixture afid is the ignition front velocity.
Eq. (1.1) is a special case, where the non-uniformitiesratiea temperature of the unburnt
mixture. Since the ignition delay time of the mixture is oftstrongly dependent upon
the unburnt temperature, this relation holds for a wide eaofmixtures. A more general
description states that the ignition front velocity can bedtly related to the ignition delay
time by

Sig:HVTig”i1 ) (1.2)

where 7, is the ignition delay time of the mixture. Applying Eq. (1.8) ignition of
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mixtures with completely homogeneous mixture composgjdiut with thermal inhomo-
geneities and expanding this foy, results in the expression

dﬂg

dT,

VT, ] , (1.3)

5o |

which is consistent with Zel'dovich’s theoretical scaligiyen in Eq. (1.1). Since ignition
delay times also depend on the chemical composition of tixéuna, a similar expansion
can be carried out for mixtures with constant unburnt terapge, but with initial mixture
concentration inhomogeneities. For a scalarproportional to chemical species relevant
to ignition timing .g.fuel or EGR concentrations), Eq. (1.2) becomes

s

In the case where thermal inhomogeneities are importaatettthalpy,H, which is the

dTig

dz

vzH o (1.4)

sum of the chemical and sensible enthalpies, can be usedaa pf7;,, since the enthalpy
is not influenced by the transfer from chemical energy torttadrenergy that occurs during
combustion. Therefore, in a system with both thermal andum&inhomogeneities, the
ignition delay time can be expressedmas= f(Z, H). Expandingr, for both Z and A,

s |

For simplicity a system with inhomogeneities in only onelaca, that affects the ignition

Eqg. (1.2) becomes

dTig dT;
1 Z j
az V4t an

VHH o (1.5)

delay time will be considered. Thereforg, = f(¢), where¢ represents the relevant
variable for a given systene(g. H, Z, etc.). Expressing Eq. (1.3) in terms®fives

.- |

Using the theoretical arguments of Zel'dovich to distirgfjubetween deflagrations and

dTig

de

V¢H o (1.6)

ignition front propagation regimes, a criterion for deflagons versus ignition fronts can
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be expressed in terms of time-scales

t:

B= t;j, (1.7)

wheret;, is the time-scale for ignition fronts artd is the time-scale for deflagrations. This
criterion can be expressed in terms of velocities

Sa
=24 1.
§=Cogt, (18)

where(C; is a order unity constantyy and S;, are the deflagration and ignition front ve-
locities, respectively, which can be expressed as eitineiniar or turbulent quantities. The
cut-off is given bys = 1, with deflagrations fofg > 1 and spontaneous ignition fronts for
0 < 1. Eq. (1.8) is a laminar criterion where the deflagration agrdtion front velocities
are defined in a laminar framework.

1.2.1 Laminar Systems

In laminar systems, the diffusive front velocity is the laai burning velocityi.e. 54 = S,
and Eq. (1.6) can be directly substituted into Eq. (1.8)ltexyin the following combustion
regime criteria

dTig

B=CpSL ”

W) : (1.9)

The ignition delay timer;,, can be evaluated using zero-dimensional homogeneousreac
computations with detailed chemical kinetics. HowevearcsiHCCI engines are not lami-
nar systems, a similar criterion must be developed for tertsystems relevant to HCCI
engines.

1.2.2 Turbulent Systems

Turbulent systems consist of random fluctuations over agaigscales of motion. The
large scales of motion, the energy containing eddies, aontast of the kinetic energy in
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the system, while the smallest scales of motion, the Kolmmgeddies, are responsible
for viscous energy dissipation. In an HCCI engine, as inualhilent systems, the entire
range of scales is present. Combustion inside of a Kolmagedaly is laminar, as there
are no smaller eddies to cause fluctuations to the flow fieldniBg on this small scale

represents how combustion progresses locally on the sshaltales of turbulent motion,
7. InFig. 1.1 this length scale is illustrated in the top camtplot along a center-line plane
of a Homogeneous-Charge Late-Injection (HCLI) enginecdiesd in Chapter 5. This

figure shows that, in this engine, the order of magnitude @ktblmogorov length scale is
about 5 micrometers. The larger scales of the energy contpeddies,., represents how

combustion progresses across large physical scales, vgtgobatly influenced by turbulent
transport. This scale is illustrated in the bottom contdot pf Fig. 1.1. This length-scale

is of order 1 millimeter, which is approximately one orderroagnitude smaller than the
largest geometric scale in the system at TDC, the piston basvlis. In inhomogeneous
turbulent systems, the combustion regimes of both scale®fainterest. Therefore, in

this section, scaling laws from Kolmogorov theory [22] ared to develop criteria for

deflagrations versus ignition front for burning within bdtte Kolmogorov and the energy
containing eddies.

Fig. 1.1: Cut planes through cylinder center-line of an H€hbine simulation described
in Chapter 5. Top contour plane is colored by the Kolmogoength-scaley. Bottom
contour plane is colored by the length-scale of the energyatning eddies/..
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Kolmogorov Eddies

From Kolmogorov’'s second similarity hypothesis, the tuet dissipation rateg,, of a
scalar,, at length scald, is equal to

! !
Uz¢12
l )

6(;5 == O¢ (110)
wherew, and ¢, are fluctuations of velocity and the scalar associated wdtties of the
length scale/, andC, is a constant. The subscript, will be dropped for fluctuations
of this length scale since their magnitude is roughly eqodhat of the total fluctuations.
Thereby,e;, becomes the link between the different scales of turbutesttion. From
Eqg. (1.10), the fluctuations on the Kolmogorov length scalesan be related to those of
the energy containing eddies, as
upd? Uy
L U

(1.11)

Rearranging this equation and also using Eq. (1.11), witiaken to be the fluctuating
velocity (.e. ujﬁ/n = u/*/L), scalar fluctuations of the energy containing eddies aad th
Kolmogorov eddies can be expressed in terms of length saales

! I 2/3 1
% = (—) ¢ (1.12)
n n L
Introducing a turbulent Reynolds number,;R#efined here as,
'L
Re = “7 , (1.13)

the ratio of the two length scales can be expressed in terntkeofurbulent Reynolds
number using the known relation,

L_ Re/?. (1.14)
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From turbulence theory, the scalar gradients inside Kolmnogeddies can be expressed in
terms of fluctuations on the Kolmogorov scales given as

’

O

V| = (1.15)
n

As previously mentioned, combustion inside of Kolmogorddies is laminar, since there
are no smaller eddies to disturb the scalar fields. Therefwescan apply the relations
in Egs. (1.12), (1.14), and (1.15) to Eqg. (1.9) to get the fafnthe criterion inside of
Kolmogorov eddies, given as

¢l

3= (JﬁRei/QSLf

dﬂg

| (1.16)

Energy Containing Eddies

Combustion on scales associated with energy containinggdepresents how combus-
tion progresses across the large physical length scaldedtstem. In an HCCI engine,
this would represent how burning progresses from the firgitpehere ignition occurs to
other mixtures throughout the cylinder. Combustion on ¢hkesge scales is greatly in-
fluenced by turbulent transport. Therefore Eq. (1.8) mustobmulated using turbulent
velocities,Sq = Sr andS;, = Sr, which can be written as

ﬁ:cg%. (1.17)
1

Gradients of large-scale fluctuations in the scalar fieldmmexpressed as

/

¢

Vo || = T (1.18)

Using this relation, Eg. (1.6) can be expressed in terms oftautent spontaneous ignition
front velocity across large scales of turbulent motion as

-6

dTig

de

} , (1.19)
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The turbulent burning velocityyr, does not have a single universal scaling relation. Rather,
its scaling depends on the turbulent premixed combustgine. Peters [23] identifies four
turbulent premixed combustion regimes: wrinkled flameletsrugated flamelets, thin re-
action zones, and broken reaction zones. Premixed flameswhter the broken reactions
zones regime experience sufficient perturbation by turiiidddies to disrupt the chemical
reactions and transport thermal energy away from the @acione into the preheat zone,
thus extinguishing the flame. The wrinkled flamelet regimefidittle interest in HCCI
engines since it is characterized as having larger laminanibg velocities than turbulent
fluctuating velocitiesS; > ', which is very rarely, if ever, the case in HCCI engines.
Therefore, only the thin reaction zones regime and the gated flamelets regime are of
interest. These regimes will be investigated indepengeising Damkohler’s [24] theoret-
ical expressions for the turbulent burning velocity forsadéwo regimes.

Thin Reaction Zones Regime

Damkohler argued that in thin reaction zones, which hesdadimall scale turbulence, tur-
bulence only modifies the transport between the reactioe zml the unburnt gas. This
theory can easily be applied to give the following relati@iviieen laminar and turbulent
burning velocities,

D 1/2
T] , (1.20)

o1~ 5 [6
whereD is the diffusivity andD is the turbulent diffusivity, which is proportional to L.
Assuming unity Schmidt number, Eqg. (1.20) can be expressadrms of the turbulent

Reynolds number, Eq. (1.13), as
Sy ~ S;Re’?. (1.21)

Substituting Egs. (1.19) and (1.21) into EqQ. (1.17) givesitemon for the thin reactions
zones regime,

dTig

WSLé dep

Brrz = CprrzRE

: (1.22)
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which coincidentally has the same form as the criteriondessf Kolmogorov eddies,
Eq. (1.16).

Corrugated Flamelets Regime

Damkohler assumed that in the corrugated flamelets regivhish he called large scale
turbulence, the interaction between the wrinkled flame tfiamd the turbulence field is
purely kinematic. From this assumption he showed the fatigwelation for the limit of
largew’ /Sy,

Sp~u (1.23)
Peters [23] further suggested
Sr=bu, (1.24)

whereb; = 2.0 is taken from experimental data. Substituting this refagod Eq. (1.19)
into Eq. (1.17) gives the criterion for the corrugated flaetekregime as

B /¢ |drg

Ber = Cscrbiu L | do (1.25)

The Karlovitz number [23] is introducing as

uz 2
Ka= -1 =1L 1.26
wherelr is the flame thickness, which is here defined as,

D
lp=—. 1.27
r=g (1.27)

Using Eq. (1.26)]r can be expressed as,

lp =nKa/2. (1.28)
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Substituting Egs. (1.14), (1.27) and (1.28) into Eq. (1. &35uming unity Schmidt number,
and rearranging for the fluctuating velocity gives

u = S Re’/'Ka/?. (1.29)

Substituting Eq. (1.29) into Eq. (1.25) gives the final forhthe criterion in the corrugated
flamelets regime,
¢l

Ber = Ca,crbi Retl/4 Kal/QSLf

dﬂg

| (1.30)

Transformed Model Space

Cooket al.[25] developed a model for auto-ignition and combustion GfCG1 with thermal
inhomogeneities using a transformation into enthalpy spdefined ast, z1, xo, x3) —

(1, H, Hy, H3). Details of this model are presented in Chapter 2. The mauleés the
species mass fraction and temperature equations in egtbpfce. In order to determine
whether this model captures the correct transition fronnggeeous ignition front prop-
agation to deflagrations, a criterion must be developedHisrmodel in the transformed
enthalpy space. For consistengyis used to represent any scalar, since the choice of en-
thalpy is not universal. The ignition front and deflagrati@iocities in scalar space;
andSp 4 respectively, easily are shown to be,

dﬂg -1
Sre = { @ ] (1.31)
Spe = |Vo|SL. (1.32)

Constructing a criterion from the ratio of these two vel®stgives,

dTig

Bo=Cp6SL a0

Vo

_ (1.33)

This criterion for the model space is exactly the same asritexion for laminar systems,
Eq. (1.9), and therefore it can also be shown to reproducerttezion for the thin reaction
zones regime. The implication of this result is that, for aigiae operated in the thin
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reaction zones regime, a model formulated for that engired&vante, will capture the
correct scaling for the competition between ignition fioand flames on both the small
and large scales of turbulent motion.
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1.3 Multi-scale Modeling Approach to Turbulent Combus-
tion

In-cylinder flow in IC engines is almost entirely turbulent bature. Therefore, com-
bustion characteristics in engines are greatly influengggrbperties of turbulent flow. As
discussed in Section 1.2.2, turbulence is made up of a rarspales. The large-scale turbu-
lent motions are strongly influenced by the system geomaeitlyasie therefore anisotropic.
These large energy containing eddies are responsible fioulant energy production and
they govern large-scale turbulent transport and mixing. High Reynolds number flows,
a link between the large and small scales of turbulence isenusthg the so-called tur-
bulence cascade hypothesis. This hypothesis states #ratitha transfer of energy from
large anisotropic turbulent scales to ever smaller scalébviscous forces dominate at the
small scales and dissipate the turbulent fluctuations. érirtrtial subrange, between the
large and small scales of turbulence, turbulent motionagrapic and inertial forces are
much larger than viscous forces. The turbulence cascadatlggis states that the energy
transfer rate from the large energy containing eddies iskgthe dissipation of energy at
the small scales, and therefore the energy transfer in #éiahsubrange of turbulence is
scale invariant. This hypothesis thereby becomes the katlwéen turbulent production at
large scales and dissipation at small scales. Through tieigg cascade, small scale tur-
bulent motions are governed by the rate at which they rea@eegy from the large scales
and by the viscosity which dissipates their small scale omsti

In engines, combustion often takes place in thin layersssondiich molecular diffusion
is important. In Section 1.2.2, both ignition fronts andfufve propagating fronts were
identified as combustion regimes for HCCI engines. For tlffegive propagating fronts
regime, the interaction of the flame and the turbulence isonamt. In typical engine
applications, premixed turbulent combustion is descrimgthe theory of the thin reaction
zones regime. In this regime, the reaction zone thicknessaler than the smallest scales
of the turbulence. The transport in the chemically inerthe region is governed by
turbulence. The relavent mixing length scale can be detexdby the turbulence cascade
hypothesis [26]. The regime where the small turbulent schecome even smaller than
the reaction zone is typically avoided in engines, becaosebastion becomes unstable
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because of local flame extinction.

A fundamental characteristic of turbulent flow is that itaaxdom by nature. Turbulent
variables are therefore random variables that are inhigrammpredictable. The aim of
turbulent combustion modeling is therefore not to acculyagiredict a single realization of a
system, but rather to characterize the random turbulexisfigy determining the probability
of events in that system. A one-point, one-time joint PBkyp; x, t), fully characterizes all
moments of a random field at each point and time, but it doesordtin joint information
at two or more times or positions. Joint information is neseeg to fully characterize a
random field since, different repetitions of an experimeart give radically different paths
or histories for a random field. For example, the probabdity point in a random field at
a given time being greater than a threshold valt(e, t) > ¢,, is strongly dependent on
the history of the entire field. In order to completely chaesize a random field, the joint
PDF for all instances of time and position in space must bevknaevhich is impossible.
Practically, a complete characterization of a turbulemd fie an engine is not necessary for
most engineering applications. For example, some engiperarents collect data for as
few as 200 cycles since statistics of measured quantitiegecge by then. However, 200
cycles, only covers a fraction of the entire range of possibhlizations of the random fields
in an engine. Unfortunately, due to the large range of telord spatial scales observed
in an engine, a Direct Numerical Simulation (DNS) for ever aycle is computationally
impossible. Therefore, the goal of turbulent combustiordating for IC engines is to
obtain a partial characterization of the turbulent fieldst tretains the governing physics
that control combustion across the range of scales obséntbd engine.

The classical approach to modeling turbulent flows is to usgle-point ensemble
averages of the Navier-Stokes equations. This approacbnsnonly referred to as the
Reynolds Averaged Navier-Stokes (RANS) model. One adgentd RANS simulations
is that they are computationally relatively affordable.dittbnally, since a RANS solution
represents an ensemble average of all possible realizabibthe flow, only one compu-
tation is needed to obtain the mean. Solution of mean védsdim a RANS approach is
non-trivial since the so-called Reynolds stress tensoeafgin the transport equation. This
tensor includes a correlation of fluctuating velocitiesjehhare unknown and represent the
first closure problem in turbulence modeling. One approadb solve transport equations
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for all six components of the Reynolds stress tensor. Howeegeral terms in these equa-
tions are unclosed and most closure models result in a systsiiff equations which are
difficult to converge in engine simulations. Due to thesend@cks, most engine codes
rely on a two-equation model, such as the- ¢ model. Closure of these two-equation
models relies on the turbulent viscosity hypothesis, whitloduces the assumption of
isotropy. While turbulence is isotropic at the small scalagye scale turbulent quantities
are anisotropic. The transport equation for turbulentigegson, ¢, is a purely empirical
model based on scaling laws. The turbulence cascade hygmtiees theoretical basis for
solving dissipation, which is active on the small scaleshwan equation using quantities
only defined on the large scales. While the ¢ model represents the most practical com-
promise for IC engine simulations at this time, its prediettapabilities are disappointing
except for simple shear flows.

The main goals of RANS based engine simulations is to prgthtial quantities, local
ensemble averages, identify underlying physics assatiatdh global quantities, and to
improve engine design and operation strategies. As a fept siverage species mass frac-
tions must be known in order to to calculate the density, Wiscneeded for the solution
of the average flow field. Often in IC engines, the species rfrasons have a strong
functional dependence on one or more combustion paramsteais as enthalpy or mixture
composition. If the species mass fractions can exactly serideed by a set of combus-
tion parametersp, and the joint PDF of these parameters is known, then thé évesage
species mass fractions are given by

v = " P )Y ds, (1.34
whereY; is the mass fraction of specieandP (¢) is the joint PDF of the set of parameters
¢. BothY;(¢) and P (¢) must be modeled. In Chapters 2 and 3, models for predicting
Y; (¢) and P (¢) will be developed respectively.

The modeling approach begins in Chapter 2 with the continspecies transport equa-
tions. These equations are transformed into a new coosispce representing the main
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parameters influencing local auto-ignition charactersstiThe transformed species trans-
port equations are initially exact. After the transformatian asymptotic analysis is ap-
plied to the transformed equation for the two regimes in H&@d higher order terms are
neglected. The resulting model equations include difiusiothe phase-space direction,
while neglecting it in the tangential direction. These dores describe the microstruc-
ture of the flow field, which is essentially determined by tladaince of local diffusion and
chemical production and consumption rates. The scalapdissn rate appears as a param-
eter in these equations, representing the local gradiéminmation, which is important for
diffusion processes. The fact that local gradient infororais described by the scalar dissi-
pation rate is common to essentially all combustion modelsh as the flamelet model, the
conditional moment closure model, or the transported drdibadensity function model.
Similar to turbulent dissipation, the scalar dissipation rate acts on the small scales, but is
calculated using quantities only defined on the large scales scalar dissipation rate is a
random field with a distribution of values. Similarly, theegjies mass fraction distribution
are characterized by random fields which cannot be uniquelyned by one realization
of the combustion equations in phase-space. A completeip&sno of the species mass
fraction fields would require solving a large number of sdtgansformed equations for
the entire distribution of the random field of scalar dissiparates. Even then, since vari-
ations normal to the phase space have been neglected, aaterdpkcription is not only
prohibitively computationally expensive, but also impbgs Therefore, the mean scalar
dissipation rate as a function of phase-space is used. \Windl@pproach is computation-
ally efficient, some of the variation of the local spatialstures is lost. However, once the
equations are derived that describe the local flame strestonly the distribution of such
flame structures in terms of the pertinent parameters has todzleled. Hence, the second
step of modeling Eq. (1.34) is to provide closure for the PDthe phase-space variables,
¢. A presumed PDF approach is developed in Chapter 3 for thisose. This approach
requires presuming a function form of the joint PDF of all phapace varibles, and the
solution of transport equations for some of the moments epiiiase space variables used
to parameterize the presumed PDF shapes. The solution phtme-space together with
the presumed PDF complete the right hand side of Eq. (1.3#abow the CFD solver to
calculate the density and therefore also the flow.
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While this approach provides only ensemble averages ofahéam fields of species
mass fractions, the small scale structure of the flame-flderaction is preserved in the
phase-space of the combustion model through the scalapalies rate. Thereby the ap-
proach developed in Chapters 2 and 3 and validated in Clsapserd 5 represents a multi-
scale approach. Large-scale mixing of the phase-spacablesiis calculated through a
turbulent viscosity, while the small scale gradients alewdated from large scale proper-
ties of the flow using the turbulence cascade hypothesis.
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1.4 Onward

The objective of this thesis is to develop and validate a agtibn model for both regimes
of auto-ignition observed in HCCI engines with inhomogéesiin enthalpy and mixture
fraction. In Chapter 2, a new enthalpy-based combustionetisdierived for HCCI-like
combustion. First, a one-dimensional enthalpy-space msgeesented for classic HCCI
conditions where inhomogeneities in the unburnt mixtumnposition are assumed to be
negligible. Then the model is extended to two-dimensionadrount for mixture frac-
tion inhomogeneities. Since mixture fraction and enthapmy not independent variables,
a new modified enthalpy variable is defined to remove mixtumetion dependence, re-
sulting in a model with two independent phase-space vasaldh Chapter 3, the closure
model for application to an engine simulation is presenteéidst, the Reynolds averaged
turbulent transport equations are presented for both tleeamd two-dimensional model
formulations. Transport equations for modified enthalpg arodified enthalpy variance
are derived and the unclosed terms are modeled. Then, ilDB8&:R, the numerical im-
plementation of the coupling and interaction of the comionstode to the CFD solver is
described.

In Chapter 4, the one-dimensional enthalpy-based condsustodel will be validated
in two steps. First, it will be validated against Direct Nuimoal Simulation (DNS) data of
the auto-ignition of H-air mixtures with varying levels of initial thermal inhorgeneities
under HCCI relevant conditions [2]. The DNS data spans thetestion regimes in HCCI
ranging from volumetric combustion to deflagrations and tead modes that experience
both types of combustion simultaneously. Then, in Secti@na second validation of this
1D combustion model against experiments of a Rapid Comipreééachine (RCM) op-
erated under classic HCCI-type combustion conditionsesgmted. The mixture is com-
pletely homogeneous prior to compression. However sommanthlestratification occurs
during compression due to wall heat losses. Then, in Ch&ptire two-dimensional en-
thalpy and mixture fraction based combustion model is @éd using experimental data
from a DI Diesel-fueled HCLI engine. UHC and CO emissionsarmajor issue for this
engine, therefore this model is used to point out potenaakes of such high emissions.
Chapter 6 includes an evaluation of the combustion reginmerian derived in Section 1.2
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with the HCLI engine.
Finally Chapter 7 will summarize the work and draw some cosidns.
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Chapter 2
Mathematical Model

In this chapter, the mathematical formulation of the comibnsmodel will be developed
for enthalpy and mixture composition inhomogeneities inG#8/pe combustion. These
two types of inhomogeneities have been chosen since thethanmmain parameters that
affect local changes in auto-ignition behavior. Speciesstia@ction and temperature trans-
port equations will be transformed into a phase space reptieg) these inhomogeneities.
Then an asymptotic analysis using appropriate scales &tvib combustion regimes in
HCCI combustion, ignition fronts and deflagrations, will &pplied to the transformed
equations. Higher order terms will be dropped for both Ispthen terms remaining in ei-
ther limit are collected into the final model, which is val@ both limits. First this process
is applied to a one-dimensional enthalpy-based model,tthariwo-dimensional enthalpy
and mixture fraction-based model.

2.1 1D Enthalpy-Based Auto-Ignition Model

2.1.1 Model Formulation

In this section, a derivation of the enthalpy-based flanmedieiations will be given. The low
Mach number, unity Lewis number transport equations focgsemass-fractions and total

22
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enthalpy are as follows

aY; aY; 0 aY;

il il D=2 ‘. 21

OH OH 0 OH .

e — ; = D 2.2
P “"’Jaxj s [p 8%} + pS, (2.2)

whereY; is the mass fraction of specigsH is the total enthalpyy is the densityD is the
molecular diffusivity,w; is the chemical source term for speciges; is the velocity in the
x;j-direction, andS is the source term in the total enthalpy equation. The soteee is

given as,
1 (0p

=—|=—q 2.3
(%) 23
wherep is the pressure anghy, is the volumetric heat loss, such as from radiation. Total
enthalpy is here defined as

N
H = ZYz‘hz‘ , (2.4)

whereh; are the species enthalpies, which are defined to includedats tof formation.
Assuming ideal gas, the enthalpy equation, Eq. (2.2), caxpeessed in terms of temper-
ature as follows

oT oT 9 oT1 pDaT |oC, K oY

- - = | pDhD= /== |[Z=2 —

Por T, T o [” axj] *C, oz, | oa, +Z"p’ oz,
Yo + Cﬁps, (2.5)

whereC, is the mixture specific heat, ; is the species specific hedt,is temperature)V
is the number of species in the mixture, angis the chemical source term defined as

N
. 1 )
ir = - Z hico; . (2.6)
Since the enthalpy is the main parameter leading to localgdmsin the auto-ignition

behavior, théx,, 25, x3)-coordinate system will be transformed into a system wtachlly
aligns with the enthalpy gradients. In the following an&ysf this transformation, the
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xr1-coordinate is assumed to be normal, andth@nd xz;-coordinates are assumed to be
tangential to an iso-enthalpy surface. This transfornmaisanade such that

(t,l’l,l’g,l’?)) - (7—7 H7 H27H3)7 (27)

where enthalpy is introduced as a new independent cooedifdtis implies that the new
independent coordinaté], is attached to and travels with an iso-surface of enthatgy a
that the new coordinates$, and H; lie within this surface. Hence the transformation leads
to

o o0 0H 0

o~ or o om (28)
0
V:VHa—H "‘VHL;
. 0
with VHJ_ == <8/8H2 ) . (29)
9/0Hs

Applying Egs. (2.8) & (2.9) to Eqg. (2.1) and making use of Ejj2] to cancel terms results
in the transformed form of the equations,

oY; . 0Y; pX, O°Y;
P = —pSaH —pv;Vp Y + TH{?HQ + Vi [pDVy Y]
0 oY; .
—|—VH—8H (pDV . Y;| + pDVHV | {a—H} + pw; (2.10)

where the scalar dissipation rate in enthalpy-space wesdinted as,
Xy =2D——. (2.11)

The first term on the right hand side of Eq. (2.10) represectsaection term in enthalpy
space. Although the present transformation is similarémtiixture fraction transformation
in the derivation of the flamelet equations [27], it is intieg to point out that this term is
not present in the mixture fraction formulation of the flagtedquations as mixture fraction
is a conserved scalar, while enthalpy is not. The tempe¥atquation can similarly be
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expressed in enthalpy space as

or  .or pXy T  px, OT
Por = Pogm PNl T e Y o ol

0C, <~ Y
o 2 i

0 oT
+Vuy [pDV g, T) + VHa—H [pDV . T]+ pDVHN 1, [8—]-]}

pD
—VH T i
+Opv Vi +Z e, aH
oT
?VHaH Vu1Cp+ Z CpiVHLY
pD -
+EPVHVHLT VHLOp+Zcp,ile}/'i
+ 284 pop. (2.12)
Cp

2.1.2 Asymptotic Analysis

As discussed in Section 1.2, two combustion regimes arelgesa HCCI engines, the
ignition fronts and the deflagrations regime. The goal o$ taéymptotic analysis is to
develop a model that is valid for both combustion limits. Eenwe will consider these
regimes first independently and afterward simultaneously.

Homogeneous Reactor Regime

For all HCCI engines, some level of either thermal or chargatification exists. Heat
losses at the cylinder walls create thermal stratificatietwleen the boundary layers and
the hot gases in the center of the cylinder. For sufficierdly levels of stratification or
sufficiently long stratification length-scales, molecutaixing effects are small [21, 28].
In this limit, combustion is dominated by chemical kinetiaad different locations in the
cylinder can be reasonably approximated as homogeneoctergavhich only interact by
pressure work. While it is uncertain if an HCCI engine eveempes in this limit, this
modeling strategy has been successfully advanced andywidel in the form of multi-
zone models [8, 9, 10]. In this section, an asymptotic amabfghis limit will be performed
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for Eq. (2.10).

For flows dominated by chemical kinetics, spatial changesarall. Introducing a nor-
malized coordinat& = ex, the coordinate transformation, Eq. (2.7), becomes, 7,5, T3
— 7, H, Hy, Hy with Hy 3 = eH, 3. Thus, from Eq. (2.9) follows

= 0
V= Gva—H + EVFl 5 (213)
and the transformation yields
aY; . 0Y; . —2 0%
P = —pSaH + pw; — epv; Vg, Y + €pDV 5mz T &V, [pDV7,Yi
= aY; = 0

Since in the limit of auto-ignition without spatial enthglpariations, implyinge — 0,
both the accumulation term and the chemical source term toaxesmain, the scaling for
these terms has been chosen appropriately. Keeping onlgatang order terms leads to

aY’# SaY"
paT p oOH

= ;. (2.15)

The solution of Eg. (2.15) over a range of enthalpies remtasige of an HCCI engine
would represent a multi-zone type modeling approach inapytspace. Note that Eq. (2.15)
differs from simply neglecting the diffusion term in Eq. 12.and also from the conven-
tional multi-zone model, because of the different coortbreystem that it is attached to
iso-enthalpy surfaces. It is also interesting to note thatdonvection term along iso-
enthalpy surfaces appearing in Eq. (2.149i&), and hence more important than the dif-
fusive transport terms, which a@(¢?). If the velocity fluctuations occur on a scale larger
than an ignition kernel, this convection term could be cdesd in a Lagrangian descrip-
tion. Otherwise, this term is responsible for turbulent mgxwithin the ignition kernel.
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Propagating Diffusive Front Regime

For the limit of large spatial enthalpy gradients, spataiations in the direction of the en-
thalpy gradient are large compared to changes along idmgyt surfaces. Then, an anal-
ysis very similar to the flamelet analysis of Refs. [29, 274) t& carried out. A stretched
enthalpy-coordinate can be introduced such that

(=c"'(H - H) (2.16)
Ce3=Hzg3. (2.17)
Then, from Eq. (2.9) follows
oy, O
V=c¢ VHa—CJrVQ, (2.18)

Introducing this into Eq. (2.10) yields

I . (P o (R
£ 2p87’* = —¢ QanS +e 27 e +e2pw+e 1VHa—C[pDV¢LYi]
Y,
—€7lp’l)ijJ_Y; "‘VCJ_ [pDVgJ_Y;] —|—€71pDVHV§J_ [ac} . (219)

The scalings for the accumulation term, the chemical sotews, and the pressure term
have been chosen such that these terms are of leading olgeformer two have to remain
for an auto-ignition problem, the latter to ensure energyseovation. Retaining only the
leading order terms in Eq. (2.19), results in flamelet-typeations in enthalpy space given

by

aY;  ,0Y;  px, 0%,
Por TPOOE T 2 o

The difference between Eq. (2.20) and Eqg. (2.15) is thatdhaér includes diffusive trans-

port in the enthalpy direction. However, Eq. (2.20) reduceq. (2.15) in the limit of low

+ pi;. (2.20)

levels of thermal stratification. It is hence appropriatedonbine these two equations to
describe both limits.
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2.1.3 Transformation to Normalized Space

In order to simplify the numeric solution of the these equiasi, the enthalpy coordinate
will be normalized by defining a new coordinatas
H — @0(7’) . H — @0(7’)

ST e =6 A8 (2.:21)

©p(7) and ©;(7) represent the minimum and maximum enthalpies in the systeth s
that0 < ¢ < 1. Now a simple coordinate transformation is performed togfarm the
enthalpy-based flamelet equations fréfmandr space inta¢ andr* space. The transfor-
mation rules are as follows,

o o oo
or ~ o @ oroc (2.:22)
o oo

SF = i (2.23)

In order to simplify this transformation, a new variable megenting a convective velocity
in £-space is introduced as

1
VANC)

1-£)06, ¢ 00

g ! -
AO  Or AO Or

Ve (2.24)
Applying the transformation rules in Egs. (2.22) & (2.23)the enthalpy space flamelet
equations given by Eq. (2.10) results in the normalizeda&pthbased flamelet equations
in final form as given by

o _ OV pxed,
Por"""%%c T 2 e

+ pu;. (2.25)
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Applying the same asymptotic analysis and non-dimensioaigdn to the temperature
equation results in the following equation

or or  px.0°T . p
paT*— pvg(%Jr 5 8§2+pr+CpS
N
pX. 0T | 0C, oY;
Pre 72 1 Tp il i 2.2
2C, 9€ | e zi:cf“ o€ (2.26)

Note that in the application of the model, the temperaturgaggn in Eq. (2.25) can be
replaced by the definition of the enthalpy, Eq. (2.4).

2.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition
Model

2.2.1 Model Formulation

The objective of this section is to derive a combustion makat is valid for application
to HCCI engines with significantly large degrees of inhonmmaty in both mixture frac-
tion and enthalpy. The model takes the form of a two-dimaraienthalpy and mixture
fraction-based combustion model similar to the one-dinwerad model presented in Sec-
tion 2.1. Examples of HCCI engines with mixture fraction enfiogeneities include late
phase DI, such as is common in Diesel fueled HCCI (HCLI), @omplete mixing of
trapped EGR with fresh charge. The low Mach number transpguiation for mixture
fraction is

YA oz 9 {Dazy 227

"ot TP, T o, "M ox,

In order to avoid additional terms in the model equations o model coordinates should
be independent. However, in an engine, a strong correlaegbreen enthalpy and mixture
fraction exists as the two mixture streams typically haygn#icantly different average

chemical and thermal states.
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The mixing of passive scalar fields takes place primarilyneets where regions of in-
tense scalar gradients exist [30, 31]. This behavior o¢tigsause on large scales, passive
scalar gradients align with the most compressive straimvE€sely, on the small scales,
passive scalars do not preferentially align. Thus, two igassalars will tend to be locally
statistically independent. However, in the case of enthalpl mixture fraction, enthalpy
is not a conserved scalar and therefore will be affected ©gdurce terms, as well as
by mixing. Therefore, it is assumed that if a source term otaas is independent of
a second conserved scalar, the two scalars will remairsstatily independent. The de-
parture from statistical independence occurs due to tranrent of the heat flux at the
boundaries. As a first approximation, this influence will lssuiamed to be negligible, ex-
cept within the boundary layers. For this reason, enthadpspiit into two components;
one which contains a functional dependence on mixtureifracend a second which is
statistically independent of mixture fractiof, which will be termed a modified enthalpy.
The functional dependence of the enthalpy, Eq. (2.2), onrix¢éure fraction is removed
by separating the enthalpy into two terms at the point ofcitipa or intake.

H = (+U(2) (2.28)
¢ = H-9(2). (2.29)

The functional dependence of the source term on the mixtation can be repre-
sented by,

(2) = <S’\Z>. (2.30)

When the enthalpy is split int¢ and W parts, this functional dependency will be added to
the ¥ equation and subtracted from thequation.

o ac 9 ay

o 98 9 59 2.31
Pot T8, T oa, <p axj) TP (2.31)
o ov o [ ov

ov o 0 [ pdYY L 2.32
P o +pvjaxj oz, <P aa:j) +p<, (2.32)
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where
=5 <S\Z> . (2.33)

The sumof Eq. (2.31) and Eq. (2.32) gives the transport equfdr total enthalpy, Eq. (2.2).
If the functional dependence df on mixture fraction is known, then it can be directly ap-
plied. Otherwise, either an equation f&ror an equation for total enthalpy must be solved
in addition to the equation fay. Having removed the functional dependence of enthalpy on
mixture fraction, the species mass fraction and tempezaquations can be transformed
into ¢ and Z space. Since mixture fraction and modified enthalpy are th& rparam-
eters leading to local changes in the auto-ignition beh@aomany HCCI engines, the
(x1, 22, x3)-coordinate system will be transformed into a system whadally aligns with
the mixture fraction and modified enthalpy gradients. In ftbiéowing analysis of this
transformation, the,-coordinate is assumed to be normal to an iso-modified guyisair-
face, thexr,-coordinates is assumed to be normal to an iso-mixtureifnasiurface, and;

is tangential to both surfaces. This transformation is nsadd that

(t7x17$27x3) - (T7C7Z7 7])7 (234)

where modified enthalpy and mixture fraction are introduasdhew independent coordi-
nates. This implies that the new independent coordingtes attached to an iso-surface
of modified enthalpy/ is attached to an iso-surface of mixture fraction, and thetdth
coordinate,n, is normal to the surface formed by the other two coordinatdsence the
transformation leads to the following rules,

0 8 9z 9 9o

& = E—f‘aa—z‘i‘aa—c, (235)
9 o 0

Va7V g (2.36)
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Applying these rules to Eg. (2.1) and making use of Egs. @.@.27) leads to the follow-
ing equation for species mass fraction

oy, oY U'%ijxC@?Yi px, 0°Y; 9%Y;
Por = P%%c ~ Py T o ace T 2 azz T PXepcaz

) aY; 0 oY; 0 aY;
—_ | pD=" 7— |pD="| + = | pD—"
+v<3¢ {p 377} v 07 {p 377] on [p 377}
02Y; 02Y;
D L4 DVt ), 2.37

where the scalar dissipation rates are defined as

= 2D—— 2.
87 ¢
= 2D—— 2.
XZC 8[L'j al'j ’ ( 39)
= XK 240)
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Similarly the temperature equation, Eq. (2.5), can be faanged into this coordinate sys-

tem as follows

or 9T T  px. T px, PT 9T
pg——paa—c—pvja—nJr 2 ¢ 7 aZQerXgZ@
o 25|+ Va7 [0 5]+ 3 0
—l—pDVCaQaC + pDVZa;aZ + pior + Cﬁps
s z— oAt aﬁ i
7VZ(?9—Z; %Jricm% g icp,ac
+%Dgi aai +i%ﬂ%—? (2.41)

2.2.2 Asymptotic Analysis

In this section, an asymptotic analysis similar to that aft®a 2.1.2 will be performed for
the two different regimes of auto-ignition found in HCCI emgs, the homogeneous reactor

regime, and the propagating diffusive front regime. Foisthéwo limits, the asymptotic
analysis will be applied to the transformed species massidrmequation, Eq. (2.37). A
similar analysis of the temperature equation, Eq. (2.4byld/follow this same procedure.

Homogeneous Reactor Regime

In this regime, combustion is dominated by chemical kirsesied different locations in the
cylinder can be reasonably approximated as homogeneoti®reavhich only interact by

pressure work. As mentioned in Section 2.1.2, it is unceifeany HCCI engines operate
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in this limit. However, multi-zone models, which represehemical kinetics dominated
combustion, have been used to model HCCI engines [8, 9, 10].

In this regime, spatial changes and spatial gradients aa#.dmtroducing a normalized
coordinater = ex, the coordinate transformation, Eq. (2.34), becomes, 7,, 73 —
7,¢, Z,mwith 7 = en. Then, for Eq. (2.9) follows

0

0 0
i : 2.42
V = €v§§+evi —1—65 ( )

and the transformation yields

o OV OGP Y apx Y 0%Y;
Por = P79 ~ PVay 2 a2 2 972 pX<Za¢aZ
Y, 9 aY; o[ oy,
V(= NZ—— |pD — g
“Vcc{ }”V az{p 377}+ %{ 3ﬁ}
2Y 62
D DVZ . 2.4
+€%p VCa 0C+€p v 8‘62+pr (2.43)

Since in the limit of auto-ignition without spatial enthglpariations, implyinge — 0,
both the accumulation term and the chemical source term reotin, the scaling for these
terms has been chosen appropriately. Keeping only therigaahder terms, Eq. (2.43)
becomes

oY; . 0Y;
Por ac

= pus;. (2.44)

Similar to Eg. (2.15), the solution of Eq. (2.44) over thegarof enthalpies and mixture
fractions representative of an HCCI engine would represemiulti-zone type modeling
approach in phase space.
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Propagating Diffusive Front Regime

In this section the limit of large spatial enthalpy and mmetdraction gradients will be
investigated. Following the approach of Section 2.1.2,ratched modified enthalpy-
coordinate and a stretched mixture fraction-coordinatelmintroduced such that

C* = 51_1 (C - Cref) (245)
zZ" 2851 (Z - Zref) (246)
nt=n. (2.47)

For convenience the asymptotic expansion parameters fdifiea enthalpyg,, and mix-
ture fractiong,, are assumed to be equak= ¢; = 5 Then, from Eq. (2.36) follows

0 0

= v e vz . 2.4
V=c1V¢ a =t vz o (2.48)
Introducing this into Eq. (2.37) yields
. 2p8Y _ ., 0Y; 8Y Lo PX 0% —2PXz %Y, ey 0%Y;
or* a¢ 2 0¢? 2 072 <Za<az
aY 0 aY; 0 aY;
—1 Y _1 7 ) e D 7
i WC{ } vé’Z{ 0]+0n{p 377}
1 2 1 2Y
“pD “pDVZ 2.49
+e T p VCa aC +e pDV Y + 72 puwo} ( )

Similar to the 1D case, Eq. (2.19), scalings for the accutiariderm, the chemical source
term, and the convection term in thedirection have been chosen such that these terms are
of leading order. The former two must remain for an auto4igni problem, the latter to
ensure energy conservation.

Retaining only the leading order terms in Eq. (2.19) resultéamelet-type equations
in enthalpy space given by,

ov; oY, px. 0% px, 0%, 9%Y;

_ . 2.
Por = P%c T o o t g age T PXagag T (2.50)

In this equation a further simplification can be made by assgm,, = 0. In the beginning
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of Section 2.2 physical arguments were given for assumiagdtand Z are statistically
independent. Therefore, gradients of these scalars withnaverage tend to preferentially
align and the representative or average value will be zero. This simplification results
in the final form of the species mass fraction equation fas thodel, given as

oY _ OV px DY | px, O,
Por = P78 "2 oz T 2 a2

+ pu;. (2.51)

The difference between Eq. (2.20) and Eqg. (2.51) is thatdhaédr includes diffusive trans-
port in the enthalpy direction. However, Eq. (2.20) reducelq. (2.15) in the limit of low

levels of thermal stratification. Applying the asymptotitadysis for this limit to the tem-
perature equation, Eq. (2.41) results in a model tempega&guation given as

or  oTr  px. T  px, 0°T , o -
Por= P T e T g o T
pxz 0T [0C, N~ OVl pxcOT [9C, N~ O,
2C, 97 | 97 +2_%igz 2C, a¢ | ac +zi:cp” ¢
N N
PX¢z oT an 8Y, PX¢z oT an 8Y,
9L 19C i oL il 952
20, 97 | ¢ ;(”p’ ac | T2, o | oz 2 gy | -(252)

In an HCCI engine, transport in either ther 7 directions might be dominant at differ-
ent times. For example, shortly after direct fuel injectigradients of fuel mixture fraction
are large and, for some HCCI engines, will resultin>> x, for a certain period. The mix-
ture fraction scalar dissipation rate tends to experienapal power law decay after fuel
injection, while gradients of modified enthalpy are inceshby greater wall heat transfer
and the shrinking of physical length-scales near TDC. Comsetly, as time passes after
injection, y, becomes less dominant over, and eventually, in some engingas,becomes
the dominant transport term during post-combustion patiiemission production and ox-
idation. Since it is possible for diffusive transport to lmnated by only one of the two
model coordinates, the assumption of equal asymptotiaestpa parameters,= ¢, = e,
will be relaxed. Foe; > ¢, Eq. (2.37) becomes

oy, Y px, 0%,

Por =70 T 2 oz

+ p;, (2.53)
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while for e, > 1, EQ. (2.37) becomes

oy, oY | px %Y,
Por =7 P8¢ T T2 B2

+ p; . (2.54)

By inspection, it can be seen that the final form of our modgl,(2.51) simply reduces to
these two equations in the limits of zexQ (¢; > ;) and zeroy, (e2 > &1). Since

Eg. (2.51) reduces to the appropriate equation for each effaghr combustion limits,
Egs. (2.44), (2.51), (2.53), (2.54), this single equatitong with Eq. (2.52) is capable
of representing the full range of combustion regimes found CCI engines.

2.2.3 Transformation to Normalized Space

A convenient coordinate transformation is needed for theieft numerical solution of the
flamelet equations. This transformation is given by

T =7 (2.55)

_ 7 — Zmin(T) _ 7z — Zmin(T) 2 56
& Znax(T) = Zinin(T) AZ(T) (2.56)
62 _ C - Cmin(T) _ C - Cmin(T) ’ (257)

Cmax(T) - Cmin (7—) AC(T)

whereZ,;, and Z,,.. represent the minimum and maximum values of mixture fracto
the system, and,,;, and (,,.x represent the minimum and maximum values{ah the
system.

The transformation rules are

9 0 0, 0960 0% 0 _

0 0& 0 0& 0
L0609 05

g % %2 O _ % %29 (o
or or o Ot 0§ Ot 0& or* 0t 0§ Ot 0& (2.58)
o oo 050 060 1 0

9Z ~ ozor " ozoh, Toz06,  AZOE (2.59)
o oo 060 050 19 2.60)

ac ~ acor acog T aCos Ao
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Using these expressions, the transformed second deggaine
02 1\? 92
— = | — | = 2.61
072 (AZ) o0&’ ( )

0? 1\? o

The transformation rule for the temporal derivative is

9 9 1 azmin+£aAz Kl
or o AZ\ or “or ) o
1 [(OCmin . OAC\ O
S . 2.
AC ( ar T 97r ) 06, (2.63)

Applying these transformation rules to Eq. (2.51), the sgggemass fraction equation be-

comes
aY; aY; Y, px, i | px, 0%
il Zt = ! 2 i 2.64
Yo T T, T 2 og T 2 og (269
where the following variables have been introduced,
= L (2.65)
X1 - (AZ)Q XZ ’ '
1
X = TaXeo (2.66)
(A¢)*
1 (07 AV
- min 2 7
" Az(aT +51af)’ (2.67)

L[ (0 | OAC
vy = A_C{a_( 5, + & g )] (2.68)
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Similarly, an equation for temperature can be derived as

or or or  px10*T  px2 &°T , o -
o TP TPeg T o ae T2 ag Pt
N
px1 0T | 0C, oY,
L 222+ gt
20,08 | 0& - Pt og,
N
px2 0T | 0C, oY,
N I 2.69
20,06 |06 2y | @)

The combustion model for inhomogeneities in both enthalpy mixture fraction has
now been derived. The next step is to provide closure moaelggplication in a CFD
simulation of an HCCI engine. The closure models and nurakmaplementation are
presented in Chapter 3.



Chapter 3

Closure Model

3.1 Reynolds Averaged Transport Equations

This section presents closure for the one-dimensional woedimensional auto-ignition

models of Chapter 2. Common to both models is the solutioh@fcbntinuity equation,

momentum equations, energy equation, and potentiallyteosafor a turbulence model.
These equations are solved in three-dimensional physpgade using a CFD solver. Addi-
tionally, a Favre averaged enthalpy equation is solvedrdang to

OH .
+ 78S, (3.1)

=p 9
P t@xj

oH | oH 0
ot TP, T o,

where D, is the turbulent diffusivity, and the source ters), is defined in Eq. (2.3). The
Favre averaged value of a scalayjs defined as

>3]

b=0+¢ where, o= (3.2)

where™ indicates a Reynolds averaged value, which is the mean eceg value.

40
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3.1.1 1D Enthalpy-Based Auto-Ignition Model

In addition to the above mentioned variables, the model fation requires solution of
an enthalpy variance transport equation to evaluate tHeagy dissipation ratey,,, and
the Probability Density Function (PDF) of H described int®et3.2.1. A Favre enthalpy
variance equation can be derived by decomposing the egtegipation, Eq. (2.2), into a
Favre mean and variance, averaging, and after a numberps giees,

—_~—

oH"™ oH" L OH" . o OH ,Ov H”
of — 20 H +2pH"
"ot TP g, TP gy, TP Vige TP T
. 0 OH a oH" oH" oH"
oH D D — 20D
_'_ 8[L'j p 8[L'j 8[L'j p 8[L'j ] p 8[L'j 8[L'j
111 8 8ﬁ- /vl
—2pH —— |pD—| +2pH S . (3.3)
pO0x; Oz,

Averaging this equation results in unclosed triple and dewabrrelations between the ve-
locity and enthalpy fluctuations, 1" andzZ}[/” for the first two terms on the right side

of EqQ. (3.3). These correlations are modeled using the gradiiffusion assumption. In
averaging the third, fourth, and seventh terms on the riglet drop out. The fifth term rep-
resents molecular diffusion, and the sixth representsutartt dissipation. In the limit of
large Reynolds numbeB; > D and then the Favre averaged enthalpy variance equation

can be expressed as

OH OH
Oz (‘3

aH//Q
Oz,

_OH" e OH"™ B
V; =
p ot PYi Oz, (9%

th + 2Dt pXH + HUS (34)

where the dissipation terny,,, is modeled as a time-scale ratio give by
Xy = OXZ : (3.5)

andC, is assumed to be a constant, and for passive scalars is lmebmeeand three [32,
33, 34, 35], here taken to be 2 following Ref. [23]. The lastten Eq. (3.4) is closed
following the derivation for a similar term in the modifiedtaalpy variance equation.
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3.1.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition M odel

A CFD simulation of an HCCI engine with the proposed Zland({ — based combustion
model (Section 2.2) requires solution of the flow and turbakevariables presented at
the beginning of this chapter. Additionally, equations b solved for Favre averaged

—_—
12

mixture fraction,Z, mixture fraction varianceZ"*, Favre averaged modified enthaI[Efy,

—~
112

and modified enthalpy varianc€;”. Equations for the first two of these variables are
commonly modeled as [23],

87 87 9 87
p— +pvj— = — |pDi— 3.6
07" 07" o [ oz” 02" 92"
p—— + pv; = pD 2Dy ———— — pX 3.7
P (9t ‘|—pU] 8xj c%cj P al'j * ‘ al'j al'j PXz ( )
wherey, is the dissipation rate of mixture fraction, modeled as

_ €=

X, = Oxz ?, (3.8)

andC), is assumed to be a constant as in Eq. (3.5). As the modifieclpgtis a new
variable, modeled Favre mean and variance equations mdstived for it. In this section,
these models are developed.

Similarly to the one-dimensional model, which requiredgbtition of a mean enthalpy
variance transport equation, the two-dimensional foritnaiarequires solution of a mean
modified enthalpy variance equation. Therefore a derivatioa mean transport equation
for the modified enthalpy is presented here. Following thend®n of a Favre averaged
scalar variable in Eq. (3.2), the modified enthalpy can beegpd as

¢=C+¢ . (3.9)

Inserting Eqg. (3.9) into Eq. (2.31) results in

1 "

a¢ + ¢
8[L'j

9 + ¢
ot

= D
8:1:j 8:1:j p

+p<6j+v;-/) 6QN"+C” _ 0

+p(5+aj.(31m
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Averaging this equation leads to

o ot o 9 o
P C+ﬁv-—c+_ LS ﬁD—C
a.ij

= 00 . 11
Por * P oe, TP o, oz, +po (3.11)

Dividing Eg. (3.10) byp and subtracting Eq. (3.11) divided pyesults in

aC C// . 8E+ C// 8U;»,CN 1 a 8E+ C//
_|_ ] V.. — = - D
ot Or; 7 Oz, Oz, p Ox; Oz,
10 aC
——— |pD=— : 3.12
78z, [ | T G12)
Using the relation
, 0 [ o o | ac” ac" ac”
2 = 2 3.13
¢ Ox; [d)@x]} Ox; [¢ 89@-] d)@xj Oz’ ( )
and multiplying Eq. (3.12) bgp¢” gives,
aC//2 aC//2 ” aCHQ . // ac aU/N\C/N
—— — — 42
o gy, i o, -2
v 0 aZ a o¢” a¢" a¢”
2 D D —2pD————
+ C c%cj P c%cj + c%cj (%j (%J (%J
" ]_ a a " "
—2pC —— D—C +2p¢ ¢ (3.14)
p Ox; Oz,
The average modified enthalpy dissipation rate is given by
X, = 2Dac o (3.15)

< (%j (%j ’
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Averaging Eg. (3.14) and using Eg. (3.15) gives,
aF o e S
. = " J°> 49 - B T
"ot TPV, e, T gy T | PP
—pxc+2p¢"d" . (3.16)

Several terms remain unclosed in Eqg. (3.16) and so must beslethd First, the Favre
average scalar dissipation rate is often modeled as [23],

(", (3.17)

where(, is assumed to be a constant as in Eq. (3.5). Application ofjtagient diffusion
assumption results in the the following relations,

T ¢
R (3.19)

Substituting Egs. (3.17)-(3.19) into Eq. (3.16) results in

¢t ac” o [ ac®] . _ac o

S - Y ope S| —opp, 28

p 815 +pv] c%cj 8xj p H@xj] P t@xj al'j
—2pOX%§72 42" (3.20)

where D¢ is the effective diffusivity and is equal to the sum of the smllar and turbulent

diffusivities. The last term in Eq. (3.20) must also be medelThe source term in thg
equation is given by

=9 <S|Z> . where § = % (% - q'Ah) , (3.21)

The pressure in this term is the thermodynamic pressure satiterefore not a function
of space. It will be denoted with to indicate a cylinder mass average value. Using an
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ideal gas equation of state and neglecting volumetric losatels, which are not important
in HCCI applications, results in the following approxinatiof the source term,

b~ %g_f [T—<T|Z>], (3.22)
& o~ %%g—f :F—</T'\\/2> , (3.23)
PR %%g_f [T”—<T|Z>”] , (3.24)

whereR is the universal gas constant. In the absence of a flame fitantuations of¢
produce fluctuations df" approximately equal to the specific he@, of the mixture.

11 1 "
T =~ —C, (3.25)
¢ Op

whereTC” is the fluctuation in temperature associated with a fluobmaitn modified en-
thalpy. Other fluctuations in temperature are possibleyghahey are assumed to not be
correlated to the modified enthalpy and therefag?é\f’ = C/?F; Since the last term in
Eq. (3.24) is statistically independent of fluctuationg jirom Eq. (3.25) it can be found
that

C//O-_// ~ CNT//EZ@ ~ C” ”::@ ~ C”er — :@ s (3.26)
WD ot Cpp ot vp ot

wherey is the ratio of specific heats afds the gas constari® /11. Substituting Eq. (3.26)
into Eq. (3.20) leads to the final form of the variance equeagjiven as

ac®__ac” o[ _ac®] ool T
e 770 RN 5 i W N ¥ T
P ot _'_pvj c%cj c%cj P t@xj] P t@xj al'j pCXkC
LY =P (3.27)
v pot

where D¢ ~ D in the limit of large Reynolds numbers. Applying the gradidrfusion
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assumption in the meapequation, Eq. (3.11), leads to the modeled mgaquation,

aC . aC 0 (N, =
) > = | 5D, — ) 2
Along with Egs. (3.1), (3.6) and (3.7), Egs. (3.27) and (3.@®vide all the necessary
modeled equations to be solved in the CFD code.

3.2 Numerical Implementation

The auto-ignition and combustion model for mixtures withomogeneities in enthalpy and
for mixtures with both enthalpy and mixture compositiononiogeneities is described in
Chapter 2. The Reynolds averaged transport equationsddiaw variables and their clo-
sure is described in Section 3.1. While the combustion migdermulated in a one or two-
dimensional transformed space, the flow equations are flated in three-dimensional
physical space. These two sets of equations are solvechrgbut using separate codes
which are specifically optimized for the solution of eachteys of equations. The com-
bustion model is solved using a non-linear initial valueljppeon solver (DASSL) and the
Reynolds averaged transport equations are solved usingRbBesolver, Fluent. This sec-
tion describes the numerical implementation and couplindp@se two solvers. Both the
implementation of the one-dimensional enthalpy-spacebcstion model formulation of
Section 2.1 and the two-dimensional enthalpy and mixtuaetiion-space formulation of
Section 2.2 are presented separately in this section, Egstitions common to both mod-
els will be presented.

The main parameters of the combustion code are the backgjmessurep, temporal
rate of pressure riselp/dt, and the scalar dissipation ratgs,. In the low-Mach number
formulation, there is one background pressure for the catitno model, which is calcu-
lated using a mass-weighted average over the CFD physiaeégpve as

~ _ JyppdV

W , (3.29)
v

where ™ indicates a system mass average value. From the backgroassupe, p, the
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Fig. 3.1: Flowchart of coupling between combustion code @riD code for the one-
dimensional enthalpy-space combustion model.

dt > dt > dt

temporal rate of pressure risép/dt, can be calculated using information from previous
time-steps. A second order Adams-Bashforth method is wsedltulate the time rate of
change in the pressure.

3.2.1 One-Dimensional Enthalpy-Space

In this section, coupling specific to the one-dimension#haipy-space formulation is de-
scribed. This coupling between the CFD code and the condmusbde is schematically
illustrated in Fig. 3.1. Along with the pressure and timesrat change in pressure, the
scalar dissipation rate is a combustion parameter. In th@elmormulation the scalar is
enthalpy, and the conditional enthalpy dissipation ratalsulated following

Jy PP (H)dV

Xy (H) = (3.30)
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The enthalpy dissipation rate, along with the pressure ianel tate of change of pressure,
provide all the parameters required by the combustion cbdeever, before the CFD code
can be advanced in time, the turbulent mean species masisfisd’;, must be updated in
each CFD cell using

Vi(x,1) = / U B (e 0) Y (H ) i (3.31)

Hmin

where H,,;, and H,,,, are the minimum and maximum enthalpies in the system, and
P (H;x,t) is the Probability Density Function (PDF) of the enthalpyefe are two ap-
proaches to obtaining the enthalpy PDF; calculation of a BBRsport equation for en-
thalpy or use a presumed PDF.

The first approach has two basic disadvantages in that it ie mamputationally ex-
pensive and the molecular diffusion term is not closed, tleggiring further modeling.
Therefore, the approach used here is a presumed PDF.

The presumed PDF approach has been shown to be a good apatioxifior conserved
scalars in homogeneous isotropic turbulence [36, 37] apetidiffusion flames [38]. The

B-function of scalar is defined as

> U(BiB2) 51 a1
P =" _H7H1 — p)*? 3.32
O =targ® -9 (3:32)
where thel-function is defined as
I(B3) = / Tty (3.33)
0

The parameters; andj, are calculated from the mean and variance of the scalary

o= ¢ [5(1;5) 1] : (3.34)

B = (1-9) {Ml} . (3.35)
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Therefore, the PDF of a scalar, which is defined in each CFD @ be written as

Ploix.t) = P (0:6,67) . (3.36)
In the model formulation, enthalpy is the scalar,£ H). SinceH (x,t) and 1" (x,1)
are computed in each cell by the CFD solver, the PDF of enjzhﬁlpH), can be evaluated
directly, and the turbulent mean species mass fraction®earalculated using Eq. (3.31).
Finally, before advancing the time-step, the CFD code mpsiate the turbulent mean
temperature]’, using the mean species mass fractidfsy iteratively solving the relation
for mean enthalpy given by

NS
H(xt) =Y Vi) hi (T (x1)) (3.37)
whereh; are the species enthalpies computed using thermochenoigalgmials [39].

3.2.2 Two-Dimensional Enthalpy and Mixture Fraction-Spae

In this section, coupling of the two-dimensional enthalpg anixture fraction-space for-
mulation is described. This coupling is illustrated scheoadly in Fig. 3.2. The pressure
and time rate of change of pressure are calculated in the saam@er as for the one-
dimensional model. This model requires two scalar disgpatates, modified enthalpy
dissipation rate and a mixture fraction dissipation ratbede dissipation rates are com-
puted in the three-dimensional physical space of the CFR asthg Egs. (3.8) and (3.17).
The system averaged conditional scalar dissipation rategalculated according to the
following,

_ [y XPP (G Z)dV
[, PP (¢, Z)dV
_ JyXpP (¢ Z)dV
[, PP (¢, Z)dV

X, (¢, 2) , (3.38)

X, (€, 2) , (3.39)
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Fig. 3.2: Flowchart of coupling between combustion code @kd code for the two-
dimensional enthalpy and mixture fraction-space combuastiodel.

where P (¢, Z) is the joint PDF of modified enthalpy and mixture fraction [4Q]. As
discussed in Chapter 2, these two variables are assumedtatistically independent. One
property of statistically independent variables,and¢,, is that the joint PDFP (¢4, ¢2),

is just the product of the marginal PDFs. Therefore, hergdisisumed that

P 2)=P()P(Z), (3.40)
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where P (¢) and P (Z) are assumed to bg-functions, as defined in Eq. (3.32). Using
Eqg. (3.40), Egs. (3.38) and (3.39) can be rewritten as

[ X. PP ( C)P(Z)dV

Z , 3.41
X, (¢, 2) = [ 7B B Z)av (3.41)
_ vaZpP( )P( )dV

7 , 3.42
X, ((, Z)= fvPP B 2)dv (3.42)

Similar to the one-dimensional model, before the CFD codeamvance to the next
time-step, it must update the turbulent mean species massoins,Y;, in each CFD cell
using the following equation

~ lex Zmlx ~

Y, (x / / BCx ) P(Zix )Y (C.Z,0)dCdZ.  (3.43)
len mll’l

whereCuin, Cmaxy Zmin, aNAdZ,,., are the minimum and maximum modified enthalpies and

mixture fractions in the system. These are calculated by’#@ code using the mean and

variance of each scalar. For example,

—

Zmax = Max <Z (x, t)) +Cz0\ 2" (x,t), (3.44)

where(C'; is a constant, here taken to be 2 [42]. The turbulent meandeatyre is calcu-
lated using Eq. (3.37).

Since the modified enthalpy is not a conserved scalar, anianal term,, appears
in the convective velocity in the normalized modified enplyaspace ¢, in Eq. (2.68) of
the combustion model equation). Recalling the equatiohiermodified enthalpy source
term, Eq. (2.33), the mean enthalpy source term conditi@amechixture fraction,<S|Z>,

is used to calculaté. Here<S|Z> is calculated as follows

min (3.45)

. ‘max G (¢, Z, 1) pP dcdv
<S|Z>() I J <mi t)ﬂ (C) P (Z)d¢
Sy JE PP (¢) P (Z) d¢dV

The parameters(yin/dt, d{max/dt, dZmin/dt, dZ.x/dt are calculated by the CFD code
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using temporal differencing similar to that used dpy dt, and when combined with Eq. (3.45),
the combustion code has all the parameters needed to adwatteenext time-step.



Chapter 4

Validation of One-Dimensional
Combustion Model

In this chapter the one-dimensional enthalpy-based cotioiousiodel of Section 2.1 will
be validated in two steps. First, the model will be validaisohg Direct Numerical Simula-
tion (DNS) data for leal, auto-ignition with temperature inhomogeneities. Validgthe
model against DNS has two main advantages. First, expetahencertainties in initial
and boundary conditions are not present in DNS. Seconde she combustion param-
eters, ((e. xu, P(H), etc) are taken directly from the DNS, a validation using DINS
able to test the mathematical model separately from theudosiodel. Another advan-
tage of DNS is that it allows the model to be tested under tliedmmbustion regimes in
HCCI that were identified in Section 2.1.2. The second step@imodel validation is to
apply the mathematical model together with the closure mhtma Rapid Compression
Machine (RCM) experiment. The RCM is operated with a spgtledmogeneous mixture
composition and is compressed at a rate typical of HCCI ewgyitwhile HCCI engines
are often assumed to have a homogeneous charge in terms toirencomposition, this
RCM experiment represents that limit of homogeneous metamposition with thermal
inhomogeneities. Therefore, the RCM is used as an ideadizpdrimental case for valida-
tion of the one-dimensional enthalpy-based combustionaiadluding the closure model
and the method of coupling to a CFD solver. The final validastep is to apply the full
two-dimensional model to an HCLI engine experiment, willgbdeen in Chapter 5.

53
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4.1 Model Validation using Direct Numerical Simulation
of Lean H» Auto-Ignition with Temperature Inhomo-
geneities

4.1.1 Direct Numerical Simulations

To validate the proposed modeling approach, DNS resulth@futo-ignition of a lean
hydrogen-air mixture in a closed volume in the presence ahhomogeneous initial tem-
perature field by Refs. [43, 44] are used. The initial condisi include a uniform mixture
composition field with an equivalence ratio of 0.1, an iipeessure of 41 atm, a mean
initial temperature of 1070 K, and a turbulent Reynolds nernds 213.5. Further details
of the DNS code, the initialization, and the computatiorrad gan be found in Ref. [43].
The DNS employed a detailed,fir chemical mechanism by Muellet al. [45] with 9
species and 42 reactions. Five different cases are stuéied Mhe first four cases are
identical except for different levels of thermal stratitiom. The root-mean-square values
of the initial temperature fluctuation®;, were 3.75K, 7.5K, 15K, and 30K, respectively.
All these cases have been computed considering diffetefitiasion by using non-unity
Lewis numbers. A fifth case was computed at the conditionasé 8 " of 15K), but us-
ing unity Lewis numbers for all species. A summary of all fiases is given in Table 4.1.
Although the DNS data used in the present study cannot gxaegresent HCCI engine

CASE T’ Differential Diffusion

1 3.75 K Yes
2 7.5 K Yes
3 15K Yes
4 30K Yes
5 15K No

Table 4.1: Summary of conditions for all DNS cases.

conditions, it will be shown below that the data covers a Gnm@nge of conditions, rang-
ing from the homogeneous reactor regime to the deflagrabommhted regime, and might
hence provide some insight. The temperature and press@eslevant for HCCI, as they
were taken to correspond to an engine with a compressiam 0&tl5, and a temperature
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of 400 K and pressure of 1 atm before compression. Contounsaif release rates in the
computational domain at the time of maximum heat releasthfofour cases are shown in
Fig. 4.1. For all cases ignition begins in regions of higherghalpy, followed by regions
of lower enthalpy. In case 1, with the smallest temperatwetdhations, ignition happens
almost everywhere simultaneously shown in the top left pidtig. 4.1. As the enthalpy
inhomogeneities are increased frdm = 3.75 K to 7" = 30 K combustion increasingly
occurs in thin fronts. A plot of the heat release shortly miftgmition begins is show in
the top plot of Fig. 4.2 for case 3. Chen al. [44] found that the location of the fronts
corresponded to an iso-level surface at.anflss fraction of Y3, = 0.00033. Along this
iso-level surface the front velocity was compared to theit@mburning velocity. Their
analysis found that front velocity more than %Oarger than the laminar burning veloc-
ity corresponded to ignition fronts, while slower frontsnealeflagrations. In the top plot
of Fig. 4.2, the front iso-level surfaces are colored whaeignition fronts and black for
deflagrations. Three fronts were analyzed in detail, labé&leB, and C. From the front
propagation speed analysis the front at location A was detexd to be an ignition front
while fronts B and C were deflagration. A comparison of thenstoal source term and the
diffusion terms at these three locations is shown in thedonofplot of Fig. 4.2. This plot
shows that the chemical source term was dominate in frontlAlevthe chemical source
term and the diffusion term were of similar magnitude for thve deflagration fronts. As
the level of enthalpy inhomogeneities was increase frora tde case 4, a great percentage
of the fronts were determined to be deflagrations.

4.1.2 Model Simulations

A fully-implicit one-dimensional finite difference code wased to solve the combustion
model, as described in Eqgs. (2.25) and (2.26). An equidiggad of 101 points in-
space was used. The maximum and minimum enthalfiesnd©,, were taken from the
DNS. Additionally, the enthalpy dissipation rajey, as defined by Eq. (2.11), appears as a
parameter in the enthalpy-based combustion equationshis@tudy, it was taken from the
DNS data as the mean enthalpy dissipation rate conditionezhthalpy. Furthermore, in
order to calculate the pressure, a Probability Density Ean¢PDF) of enthalpy is needed.
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Fig. 4.1: DNS contours of normalized heat release rate feesd-4. Top leftT” = 3.75
K. Top right: 7" = 7.5 K. Bottom left: 7" = 15 K. Bottom right: 7" = 30 K. The heat
release is normalized by the maximum heat release rate ahadeneous mixture at 1070
K. Figures are taken from Hawkes al. [2]

This was also taken from the DNS data. Average species mas#ofis and temperature
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Fig. 4.2: DNS analysis of budget terms for DNS cases 3. Topatldeglease rate con-
tours (rainbow color scale - red denotes maximum heat releaig), H mass fraction
iso-contour lines (white lines: front speed more thar% larger than laminar burning ve-
locity, black lines: front speed less thaf % larger than laminar burning velocity), and
location of representative front structures A: ignitioorit, B and C: deflagrations. Bot-
tom: Structure for H species mass fraction budget terms. Dashed line: chentoates
term. Solid line: Diffusion term. Both figures are taken frétawkeset al. [2]

were calculated by,

- / Yi(€) P(€)de (4.1)
7~ [ Tereas. (4.2)
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whereP(¢) is the PDF of normalized enthalpy taken from the DNS, anddicates a mean
guantity for the system. An average molecular weight was ttedculated using average
species mass fractions calculated with EqQ. (4.1). The gegueessure was calculated from
the mean quantities using= ﬁRf//W, whereR is the universal gas constant. The time
rate of change in average pressure was calculated usingpadsecder Adams-Bashforth
method. With these quantities, all parameters used in theehare taken from the DNS
data. For an actual application of the model in an engine lsitian, models must be
provided for the enthalpy dissipation rate and the enth&py. Each of the five cases
discussed below was calculated using the proposed modethdtsame initial conditions
and chemical mechanism as the DNS.

4.1.3 Results

The main assumption in the derivation of the enthalpy-basedbustion model is that
diffusion is either dominant in the enthalpy-gradient diren, or unimportant altogether.
To test the validity of this assumption in HCCI environmertke relative importance of
diffusion in enthalpy-gradient direction, diffusion tagial to enthalpy iso-surfaces, and
the chemical source term has been assessed from the DNSTdeanagnitudes of the
enthalpy-gradient and the tangential component of theisiih term in Eq. (2.1) normal-
ized by the magnitude of the chemical source term in that ttmjudave been evaluated
locally from the DNS data for the Hmnass fraction. From this, the PDFs of these quantities
have been computed at the time of maximum heat release irothme and the iso-level
surfaceYy, = 0.00033, which corresponds to the location of the largest magnitfdae
total diffusion term in Eq. (2.1).

The PDFs of these quantities are shown in Fig. 4.3. The cl@soarce term-normalized
tangential diffusion is shown in the upper, the normalizethelpy-gradient diffusion in the
lower panel. It is observed that for all cases the tangeatialponent of diffusion is small
compared to the chemical source term everywhere in the fieddcases 1 and 2, tangen-
tial diffusion is rarely larger than 5% of the chemical saiterm. The PDF of enthalpy-
gradient diffusion shows that this process is small compéoethe chemical source term
for case 1, but with increasing levels of inhomogeneity frcase 1 to 4, this term becomes
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Fig. 4.3: DNS results for cases 1-4. Top: PDFs of the magaitfdliffusion tangential to
enthalpy iso-surfaces in the,ihass fraction equation normalized with the chemical source
term. Bottom: PDFs of the magnitude of diffusion in enthagpgdient direction in the K
mass fraction equation normalized with the chemical sotexa.
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more significant and therefore cannot be neglected. For4atfeere is a large probabil-
ity for enthalpy-gradient diffusion and the chemical s@urerm to be of the same order of
magnitude, which is characteristic of deflagrative burnifige finding that either enthalpy-
gradient diffusion is dominant or the entire diffusion pess is negligible compared with
the chemical source term is also supported from the joint BO#oth quantities, which is

not shown here.

Another interesting observation can be made from Fig. 4i8s figure shows that case
3 apparently has regions where enthalpy-gradient diffusomportant, and other regions
where transport is negligible compared with the magnituidéhe chemical source term.
This case is hence comprised of regions of homogeneousregpe auto-ignition and
other regions of deflagrative burning. Previous authorelsown that for combustion in
HCCI engines operated with large levels of inhomogeneitiee and mixing are leading
order effects [7, 18, 19]. The results shown here indicas fibr such engines enthalpy-
gradient diffusion could be a significant effect while tangal diffusion is negligible.

Figure 4.4 shows the heat release rate results of the modeases 1-4. The heat re-
lease rate is normalized by the maximum heat release rateedidmogeneous constant
volume combustion case (2.27E+09 J/kg/s), and is plottadfasction of time normalized
by the homogeneous ignition delay time (2.9 ms). The enyhbgsed combustion model
is in excellent agreement with the DNS data for all four cagéls combustion modes rang-
ing from homogeneous auto-ignition, over mixed modes, ftageation-type combustion.
While the model was constructed to satisfy the limits asged with the homogeneous and
the deflagration regimes, the results show that the modédasvalid in transition regimes
between these two limits.

In order to compare the enthalpy-based combustion modelstaradard type model
used in HCCI simulations, results of a multi-zone model fidawkeset al. [2] are also
plotted in Fig. 4.4. The multi-zone modeling approach usssreges of homogeneous zones
to represent the different thermodynamic states in therengiFor example, Acevest
al. [8, 9, 10] used different temperatures in each zone to reptethe different thermal
states inside of heavy-duty truck HCCI engines. The zones wéialized based on mix-
ture formation results from a CFD simulation of the flow up tpant just before ignition
occurs. The PDF of the zones was then not allowed to furth@lvevn time. The basic
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Fig. 4.4. Heat release rate versus time for cases 1, 2, 3, amed ghown from the DNS,
the enthalpy-based combustion model (H-combustion), thié4zone model (multi-zone),
and the enthalpy-based multi-zone model (H-MZ).

assumption of any multi-zone approach is that the combussigoverned by chemical
kinetics and that diffusive mixing is not important. Thefdient zones interacted only
through pressure work since convection and diffusion betweones was considered in
the multi-zone approach. The multi-zone calculations ofvkis et al. [2] were initial-
ized from the DNS data and each DNS grid point was represexgedzone. Since case 1
most closely approximates the homogeneous reactor lirhigiwcorresponds to chemical
kinetics dominated combustion, the multi-zone model isabég of achieving reasonable
agreement for this case. However, as the level of inhomateimereases and mixing
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becomes increasingly important from case 1 to case 4, tha-raue results become in-
creasingly worse while the enthalpy-based combustion inamginues to correctly cap-
ture the physics. This is not surprising, given that it wasintended to perform well in
the presence of significant deflagrative burning. However,domparison demonstrates
that the multi-zone model is not applicable in situationserehdiffusion controlled burn-
ing occurs. The results obtained from a different formwlatof the multi-zone model in
enthalpy space according to Eq. (2.15) are also shown indg. In contrast to the MZ
model, this formulation considers the temporal evolutibthe enthalpy PDF. The results
are improved compared with the MZ model, but the temporaétimment of heat release
is still predicted incorrectly for the cases with higheramhogeneities.

Figure 4.5 shows the magnitude of the diffusion term and eb@nsource term in the
hydrogen mass fraction equation, Eqg. (2.25), which are Hefi@ed as,

_ PXe 9*Yu,

Diffis. = —5* 55 (4.3)

Chemy, = piv, . (4.4)

These are plotted at the time of maximum heat release forafdhk four cases. Consistent
with the DNS results for the PDFs shown in Fig. 4.3, as thel leenthalpy inhomogene-
ity increases, the relative importance of the modeled diffn term increases. For case 1,
(T" = 3.75K), the diffusion term is negligible compared to the chemisérm, while the
relative magnitude of the diffusion term for cas€4 & 30K) is of the same order as the
chemistry term, indicating propagating flame fronts. Césanad 3 appear to be composed
of a mixture of the two combustion modes where diffusion is-inegligible. These ob-
servations agree with the analysis of this DNS by Hawdtedl. [43], which compared the
front propagation velocity with the laminar burning veltyci A comparison of the DNS
data in Fig. 4.3 and the model results in Fig. 4.5 shows tleafrtbdel captures the general
trend of increased importance of diffusion in the enthajjpgelient direction for increasing
levels of thermal inhomogeneity.

The bottom figure of Fig. 4.3 shows that for cases 2-4, theeewsde range of the
relative magnitude of the diffusion term compared with tsaation rate. Similarly, Hawkes
et al.[43] showed that in case 3, at a given time, the reacting $rondifferent regions of
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Fig. 4.5: Budget terms for Hmass fraction combustion equation from the simulation. The
sum of these two terms plus the velocity term in enthalpyespgaves the rate of change.

the flow exhibited varying levels of ignition-front and deftation-type burning. For this
reason, it is interesting that a single averaged solutidaqgs. (2.25) and (2.26) using the
mean enthalpy dissipation rate is capable of producindé¢kied of agreement with the heat
release rate of the DNS.

The enthalpy-based combustion model in the present forms dotinclude differen-
tial diffusion effects. These effects could be incorpadaite the equations similar to the
flamelet formulation of Pitsch and Peters, but this leads ¢mite complex set of equa-
tions [46]. Here, to assess the effect caused by differediffasion, a fifth DNS case (case
5) with the same conditions as cas€l3 € 15K), but with unity Lewis numbers was also
investigated. The enthalpy-based combustion model and Bé$release rates for case
5 are plotted in Fig. 4.6. The heat release rate plot showsstlimdistinguishable results
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T"=15K: CASE 5

©
~

—DNS
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I
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Heat Release/HR0
o o
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Fig. 4.6: Normalized heat release versus time for variaugsifor case 5, T' = 15 K, unity
Lewis numbers. Explanation of the legend, see Fig. 4.4.

from the DNS data, while the multi-zone model predicts a miggver heat release rate.
This demonstrates that the slight discrepancies seen iftE@re mainly due to the unity
Lewis number assumption. However, this assumption couludre appropriate for higher
Reynolds number cases typical of real engines, where mialetansport effects become
less important and mixing is governed by turbulent advectio
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4.2 Model Validation for Rapid Compression Machine Ex-

periments

4.2.1 Experiment

The second step of the validation procedure is the compaokthe model to experimental
results of auto-ignition in a Rapid Compression Machine \R®y Ref. [1]. The exper-
iment involved am-butane/air mixture with an equivalence ratio of 0.4, a coespion
ratio of 14.7, two different initial temperatures of 323 KdaB33 K, and a pressure of
1 atm before compression. A fully premixed RCM experimenswhosen because the
charge is fully homogeneous in mixture composition while tiharge has a stratified en-
thalpy field. Because of the contraction between the commesylinder and combustion
chamber in the experimental configuration, the charge gage=ience large levels of ther-
mal/enthalpy stratification. Therefore, this experimeanmamn example of a case where wall
heat loss effects are particularly important.

4.2.2 Chemical Mechanism

A skeletaln-butane/air mechanism consisting of 119 species and 6¢8adaa was used in
this study. The mechanism was based on a detailed chemichlamism [47], which has
been extensively validated for C7 and C8 hydrocarbon ignjtin which all C5 and higher
species were eliminated. Additional species were redutzed sensitivity analysis [48] for
zero-dimensional auto-ignition efbutane/air for equivalence ratios from 0.3 to 0.4 over a
temperature range of 650-950 K. Over this range, the redomssdhanism agrees to within
2 % with the ignition delay times given by the detailed cheahroechanism, and it agrees
well with experimental data by Ref. [49].

4.2.3 Modeling Approach

A fully-implicit one-dimensional finite difference code wased to solve the combustion
model, Egs. 2.25 and 2.26. An equi-distant grid of 101 pamtsspace was used.
Three-dimensional Navier-Stokes equations were solveaiyute commercial CFD
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software Fluent. The computational domain at Top-Deadt€@€mDC) is shown in Fig. 4.7.
A zero-dimensional model was used to model blow-by, whiclstinine included so that

i,
A

Fig. 4.7: Computational domain at TDC.

the maximum pressures will not be over predicted. Turbwdewas modeled using the
Renormalization Group (RNG)—< model. Additionally, transport equations for the Favre
averaged mean and variance equations for total enthalpy sadved.

4.2.4 Results

Simulations were conducted in this study for the operatmpitions of two experimental
cases of Murase and Hanada (2002). Both the experiments ¢as= 333 and323 K)
were simulated using the modeled combustion equations(E@®) and (2.26). In order to
guantify the effects of diffusion in enthalpy space, a tlsirulation was conducted for the
case off}, = 333 K, but with the scalar dissipation ratgy, set to zero. This third case has
therefore neglects diffusion in enthalpy-space, whiclrespnts a series of homogeneous
reactors and is equivalent to the H-MZ model described exarllThe ignition timing for
both the experiments [1] and the simulations as a functiomitil gas temperature is
given in Table 4.2. The two main simulations under predianitign timing by 0.4 and 0.9
ms for7, = 333 and323 K respectively, but correctly predict the general trendedreéased
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‘ CASE‘ Ty ‘ Texp,ign ‘ Tsim,ign ‘ Tsimnodif,ign ‘
1 333K | 57.6 ms| 57.2ms| 64.2ms
2 323 K | 60.4 ms| 59.5 ms -

Table 4.2: Ignition timing for two initial temperatures @t= 0.4) from experiments [1],
simulations with enthalpy-based combustion Eqgs. 2.25 a2@l, 2nd simulations without
the diffusion term;, = 0.

ignition timing with increased initial temperature. Hehetignition timing is taken to be
the time of the maximum rate of pressure rise. The magnitddei® error is within the
2 % error tolerance prescribed by the reduction of the chahmrechanism.

240 56ms | X X X X X ]
2200777 27 B |
2000 77 Soms ]
———-60ms = ]
- 180 _"_‘___.,_.4—- o 4
L I =" /
S 1600 / ! /
E - I ! /
B 14007 i , /I
o 1200 I [ /
£ 1000 i P /
— so0 / e T
L /-/‘"./‘;—///////
600—==——

400102 0304050607 0809 1
Normalized Enthalpy, [-]

Fig. 4.8: Model solution of temperature as a function of nalimed total enthalpy, for
various times for simulation with initial temperature of3R.

The solution of the temperature equation (Eq. 2.26) in ndeed enthalpy space,
for theT, = 333 K simulation is plotted in Fig. 4.8. The region most affecbgdwall heat
loss is located a§ = 0 while the mixture at = 1 is not affected by wall heat loss. The
simulation predicts that the regions not affected by thd @t loss ignite firstq = 1) at
approximately 56 ms.
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Fig. 4.9: Rate of pressure rise vs. time [MPa/ms] for casg, k 333 K, for both experi-
ment and simulations.

An ignition front propagates ig-space from large enthalpie§, = 1, to small en-
thalpies,& = 0, due to diffusion in enthalpy space. In this study, thermé#usion in
enthalpy-space is represented by the second and third ter&ts (2.26),

N

g PP x0T (00, SN oY
Diff = = (%2+20pa§ % +Zcp,za5 . (4.5)

i

Due to the large enthalpy gradients and exponential tertyreradependence on reaction
rates this term cannot be neglected.

As given in Table 4.2, when the diffusion term is includedhe todel, the simulation
predicted for theél, = 333 K case an ignition timing of 57.2 ms as compared to 57.6 ms
found in the experiment. However, when this term is neghbctiee simulation predicted
an ignition time of 64.2 ms. Figure 4.9 shows the rate of pressise for the experiment
(T, = 333 K) and these two simulations as a function of time. The sitdawith the
diffusion term predicts the magnitude of the maximum ratemssure rise, duration of
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Fig. 4.10: Convection, diffusion, pressure, and chemioakse terms in model equation
for temperature (Eq. 2.26). These terms are normalized ta) tione rate of change in
temperature as a function of normalized enthalpy, durimdgiign, 57.5 ms.

combustion, and the timing of ignition reasonably well. @ensely, the simulation with-
out the diffusion term under-predicts the maximum rate efsgure rise, over predicts the
duration of combustion, and significantly over predictstih@ng of ignition.

In order to quantify the effects of the various terms in Eq26, convection, pressure,
and chemical source terms,

oy; [ OH OH
Conv = BYi <p§ —i—pvja—xj) , (4.6)
1 /0 .
Pres = gp <a—zt) — QAh) s (47)
p N

are normalized by the total rate of change in temperature@oided (Fig. 4.10) as a
function of ¢ during ignition (at 57.5 ms). As shown in the figure, at theitign front
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(¢ =~ 0.62), the chemical source term is largest. However, the diffugerm is the dom-
inant term in the unburnt gas just ahead of the frans({ < ¢ < 0.55), increasing the
temperature. The effect of diffusion in enthalpy-spaceigtrease the propagation ve-
locity of the front, thereby advancing ignition timing andateasing the total combustion
duration. However, diffusion is less important in regioasfrom the front. The coupling
between these unburnt gasé9)(< ¢ < 0.4) and the front is realized through the pres-
sure term. This pressure term models the increase in peesssociated with volumetric
expansion of gas during combustion.

Figure 4.11 shows the spatial distribution of the Favre ayed enthalpy, temperature,
normalized enthalpy, and velocity fields for the case withiranhal temperature of 333
K. The top plot is just before ignition (57 ms), the middle tpi® during ignition (57.5
ms), and the bottom plot is just after ignition (58 ms). Theperature and normalized
enthalpy contours show that ignition begins in mixtures ighlest normalized enthalpy.
This result agrees with ignition of the combustion modellage-space, which was shown
in Fig. 4.8 to begin at high values of normalized enthalpyguifé 4.11 shows that while
the range of the normalized enthalpy remains relativelyhanged by combustion, the
enthalpy field increases due to the pressure rise assoaidtiedolumetric expansion of
the burnt gas. It is interesting to not that it took approxiehal ms for the diffusive
front to propagate from a mixture at a normalized enthalpp.®@5 down to 0.75. The
combustion duration would correspond to approximately i&2& Angle Degrees (CAD)
at a moderate engine speed of 2000 RPM. Itis interestin@tragiid compression machine
with a homogeneous mixture composition and approximataijotrm wall temperature
would have enough thermal inhomogeneities to cause the heaihrelease to be spread
over this length of time.

In summary, the model correctly predicts ignition timingrids as a function of initial
temperature. It predicts the propagation of an ignitiomfia enthalpy space. A simulation
with the diffusion term set to zero was not able to predicitign characteristics adequately.
The effect of the various terms in the model equations weamtijiied. Across the front the
chemical source term is dominant, whereas the diffusian tgas shown to be dominant in
regions near the front and the pressure term was the donteantar from the front. The
results of this study indicate that for HCCI-like combustiith large enthalpy gradients
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Fig. 4.11: Contours of Favre averaged enthalpy, temperatwsrmalized enthalpy, and
velocity fields for the case with an initial temperature of338. The top plots are just
before ignition while the bottom plots are just after igoiti

and a fully premixed charge, diffusion in enthalpy-spadea$ combustion characteristics
and can be modeled using the enthalpy-based combustion.mode



Chapter 5

Homogeneous-Charge Late-Injection
Diesel Engine

In this section the two-dimensional enthalpy and mixtuaetion-based formulation of the
model is applied to a four cylinder, 2.15 liter Daimler Diefigeled engine (om646) oper-
ated in an HCCI-type mode. The type of combustion in thiseag termed Homogeneous-
Charge Late-Injection (HCLI) in reference to the fact thalfinjection occurs late in the
compression stroke, around 32-20 CAD before TDC (bTDC). iaviple perspective in
relation to other homogeneous-type Diesel combustioriegfies, a brief review of the
characteristics of HCLI are presented here. Zleaal. [3] identified three operational
strategies for Diesel HCCI: premixed HCCI, early DI HCClddate DI HCCI. Premixed
HCCI utilizes port fuel injection to obtain a homogeneouxtomie. Unfortunately, this
strategy suffers from uncontrolled premature ignitionp&king, and very high UHC emis-
sions [50, 51]. Early DI HCCI injects the fuel part way up tlwergpression stroke. Typical
values would be 120 CAD bTDC for single injection [52, 53] afad split injection, a pilot
at 50 CAD bTDC with a second injection at 13 CAD after TDC (aT&4]. In order to
optimize in-cylinder flow and mixture formation, high press common rail fuel injectors
with a spray cone angle less than 100 degrees have recestlyimestigated [55]. Late DI
HCCI utilized injection timings later than conventionatgie injection Diesel combustion
(e.g, 3 CAD aTDC [56, 57]). In the past two years, several straetiave been pursued
which do not fit within any of these categories. These tendprate fuel-lean and inject

72
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later in the compression stroke than early DI HCCI, but eatihan conventional Diesel
combustion. Premixed Compression Ignition (PCI) eithggdts between 5 and 15 CAD
bTDC [58, 59, 60], whereas Low Temperature Combustion (Liff&cts at approximately
20 CAD bTDC for early injection and at around TDC for late icfjen, or it utilizes a
pilot at 20 CAD bTDC with a second injection at 15 CAD aTDC [6Hnother strategy,
Partially Premixed Compression Ignition (PPCI), employslat injection at 62-30 CAD
bTDC with a second injection around 2 CAD bTDC [62]. The itijee timing of HCLI
lies somewhere between early DI HCCI and the recent stegegiPCI, LTC, and PPCI,
while being most similar to early injection LTC.

The goal of HCLI is to have an engine that can be operated Isaltanventional Diesel
engine for high load and high engine speed operation poimdsraa more homogeneous
mode for low loads and speeds. Since the New European Driegtee GNEDC) defines
several operation points at lower loads and engine spepésating with a low emission
combustion mode during this part of the cycle can improvedberall emissions of an
engine even if a conventional Diesel combustion mode is t@wdtigher loads and engine
speeds. Additionally, conventional Diesel combustioroat loads produces exhaust gas
temperatures too low for many Diesel after-treatment tethgies €.g, NO, adsorption
catalysts) requiring low engine-out emissions for theserajing points. The limitation of
this strategy is the difficulty in simultaneously optimigithe engine for operation under
both modes. For example, in HCLI the fuel is injected at twemtmore CAD bTDC while
conventional Diesel combustion typically has the mainati@ near TDC. The implication
is that liquid fuel impinges on the piston bowl differentlyrfthese two modes, leading to
non-optimal mixture formation for at least one of the modes.

5.1 Experimental Configuration

Details of the engine are given in Table 5.1. The original baas replaced by an omega-
shaped bowl for a compression ratio of 16, resulting in a riredlicompression ratio of
14.7. Since the original bowl was replaced by a wider bowd, dhiginal nozzle was also
replaced by a nozzle with a spray cone angle of 153 degreepird=b.1 illustrates the
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engine type four cylinder 2.15 liter Daimler om646
bore 8.84cm
stroke 8.80cm
compression ratio 14.7:1
injection system Bosch common rail injector 2.1
injector Bosch No. A 433 193 859
number of spray holeg 7 equally spaced
nozzle hole diameter 0.136 mm
spray cone angle 153 degrees
fuel Diesel with 4.9 % biodiesel-blend (FAME)

Table 5.1: Summary of engine data.

experimental configuration in the test laboratory at RoBedch, GmbH in Schwieberdin-
gen, Germany. The pressure, temperature, flow rates, a@ct splecies concentrations are
measured at various locations in the set up. All measuresrexttept for in-cylinder pres-
sure are engine average and not cylinder specific. The figgpeE® the intake manifold in
blue and the exhaust manifold in red. External EGR and intakare cooled separately
and mixed upstream of the intake manifold. The engine operat controlled using active
closed-loop control. The injector nozzle geometry is itaged in Fig. 5.2.

Table 5.2 presents a summary of the experimental cases sk istudy. All cases
are at a two bar IMEP load and 1500 RPM engine speed. Injesyistem rail pressures
of 1400 and 500 bar were used, along with four injection tgsin20, 24, 28, and 32 CAD
bTDC for injector Start of Energization (SOE).

5.2 Modeling Approach

The CFD simulation was split into two parts; a non-reactigs gxchange simulation and
a reactive simulation after Intake Valve Closure (IVC). Thst simulation used a hybrid

tetrahedral and hexehedral mesh with moving piston andevabundaries. The mesh is
shown in Fig. 5.3. The mesh had 1,096,498 cells at TDC and5%80 cells at BDC.

Intake and exhaust manifold pressure boundary conditiare walculated based on a GT-
Power simulation. However, since this operation point hadaaifold pressure that was
nearly constant during valve openings, the pressure wad foxéhe experimental value.
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Fig. 5.1: HCLI experimental set up. Sketch by Roderich OftRabert Bosch GmbH.

CASE SOFE EGR P,y BMEP CO UHC NQ @
No. [CAD] % bar bar mol% ppm ppm -

1 32CAD 56.8 1400 1.42 1.0 4600 9 070
2 28 CAD 58.2 1400 1.91 0.58 3300 7 081
3 24 CAD 58.0 1400 2.00 0.43 2600 7 0381
4 20CAD 54.2 1400 1.98 0.40 2300 8 0.77
5 32CAD 58.1 500 1.93 0.66 4100 7 079
6 24CAD 56.6 500 2.03 0.49 2600 9 0.77

Table 5.2: Summary of conditions for all engine cases. $td&hergization of fuel injector
given in CAD before TDC, measured external EGR percentagatake given in mass
percentage, Injector rail pressui,;;, in bar, IMEP in bar, CO in exhaust given in molar
percentage, unburnt hydrocarbons and,Nfven in ppm, and average equivalence ratio,
o,

The intake gas temperature was taken from an experimen&dumement in the manifold
labeled as TLSAUG in Fig. 5.1. Prior to simulation of the gashange in the experimen-
tal cases, a simulation of the gas exchange was performea fiootored curve without
combustion. Despite having no blow-by model, the simukapoessure trace is in good
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Fig. 5.2: Bosch common rail injector 2.1 nozzle geometrye $pray hole, labeled DSP, is
0.136 mm in diameter. Nozzel drawing by Robert Bosch GmbH.

agreement with the experimental motored curve, shown ofetheide in Fig. 5.4.

To create the proper initial conditions for the reactive @iation a gas exchange simu-
lation was calculated from 15 CAD bTDC in the compressiookstup to 3 CAD after IVC
to adequately develop in-cylinder flow, turbulence, andisvéilthough the gas exchange
simulation was only used to prepare the mixture for the reasimulation, it included one
combustion event. This combustion event had to be apprdgona produce the proper
thermodynamic state of the mixture just after TDC. Comlmrstiuring the gas exchange
simulation was modeled using a spatially uniform voluntetieat release based on a curve
fit to experiment. The right side of Fig. 5.4 shows the presstaice from the gas exchange
simulation, including the combustion event and followedabselatively good agreement
with the experimental pressure trace during the expansrokes

Mixing of the trapped exhaust gas with the intake gas wasesbfer using a scalar
transport equation following Eq. (3.6). The simulation veasnputed until 3 CAD after
IVC, at which point the flow results were interpolated onte thexahedral-based mesh
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Fig. 5.4: Left: cylinder pressure for motored engine withoambustion. Right: cylinder
pressure for the first revolution of the gas exchange sinaurathere a curve fit heat release
was used. Solid lines: experiment, dashed lines: simulatio

used for the reactive part of the simulation. The hex meshasva in Fig. 5.5. At the start
of the simulation (145 CAD bTDC), the mesh contained 1,768,8ells. At TDC it still
had 240,164 cells, corresponding to an average grid spaciggp5 mm.

5.2.1 Spray Model

Fuel injection profiles for mass flow rates and velocities evealculated using a one-
dimensional hydraulic model of the injector geometry aneldte lift. This AMESim model
has been provided and validated by Bosch. The needle liff@aldnass flow rates are il-
lustrated in Fig. 5.6. Liquid fuel droplets were introdug¢etb the domain with uniform ve-
locities and diameters equal to the nozzle diameter, (bigztion). The so-called Discrete
Phase Model used in Fluent solves equations for the dispegged phase in a Lagrangian
framework using particle tracking. Standard force balareoe applied to the droplets in-
cluding a dynamic drag model that takes into account dragilape distortion [63]. The
spray breakup was based on a hybrid Kelvin-Helmholtz inktplfWAVE) [64, 65, 66]

— Taylor Analogy Breakup (TAB) [67] model [68]. The WAVE mddeas used until a
breakup length calculated by Levich’s correlation was heg¢ at which point the model
switches to the TAB model [69]. The droplet collision modelaulates droplet collision
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Fig. 5.5: Numerical mesh used for reactive simulations.
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Fig. 5.6: Needle lift and mass flow rate per hole.

probability and includes bouncing and coalescence typksiaols [70]. The wall inter-
action model includes four regimes: stick, rebound, spraad splash, which depend on
impact energy and wall temperature [71, 72]. Spray paramsélisted in Table 5.3) were
validated using hot and cold spray chamber experimentakurements of liquid pene-
tration length and droplet size distributions along theteehne 40 mm downstream of
the nozzle. Figure 5.7 illustrates the spray model resuispared to the spray chamber

C, Cy By B; SprayCone Angle
30 05 0.61 18 5.5¢

Table 5.3: Spray parameter set.

experiments. The spray model is in good agreement with @xpeetal liquid penetration
length up to approximately 5 cm downstream of the nozzle. [@hgest discrepancy in
the liquid penetration length occurs in the near nozzlearg@within 1 cm of the nozzle),
corresponding to the region where the liquid core undergosary breakup. It is inter-
esting that the experimental measurement for penetratiothfs first 0.1 ms shows the
sharpest rate of increase in penetration length, yet tleetof needle lift is small and the
mass flow rates and velocities are quite small for those tinilae physics governing pri-
mary breakup of Diesel sprays are not well understood atithis. Consequently, models
for primary breakup have been built upon unverified modelsgumptions. Instead of
tuning the model coefficients to best match primary breakiug strategy employed here
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Fig. 5.7: Comparison of spray simulation to experiments spey chamber. left: liquid
penetration length. right: droplet size distribution om ttenter-line 40 mm downstream of
nozzle.

is to focus on matching experimental results downstrearh®fear nozzle region, since
ignition does not occur in this engine until long after pripareakup is complete. One
consequence of a missing model for primary breakup is tleaptadiction of flow and tur-
bulence produced by the liquid core region very close to thezle might be inaccurate.
A comparison of the droplet size distribution on the ceftitez-at 40 mm downstream of
the nozzle is shown on the right side of Fig. 5.7. While theiigpenetration length is in
almost perfect agreement with the experiment at this looathe spray model has a larger
variance in droplet size distribution. The model over-peesithe number of large droplets,
even predicting some droplets with 40n in diameter, which is nearly three times larger
than the largest droplet diameter in the experiment. Desp#se differences, the overall
distribution is in reasonable agreement with the experimidnfortunately, no experimen-
tal measurements for the droplet size distribution arelalka closer to the nozzle. Hence,
it is not possible to comment on the droplet size distributio evaporation rates upstream
of this point.
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5.2.2 Chemical Mechanism

Diesel fuel was modeled using n-heptane as a single compsuengate fuel. The chem-
ical mechanism for n-heptane was obtained by reduction oétailed scheme for hep-
tane [47] using the Directed Relation Graph with Error Pggieon method [73]. It was
reduced for homogeneous configurations, including autdtan and isobaric systems such
as plug flow reactors, and for premixed flames over a wide rahgemperatures, equiva-
lence ratios, and pressures. The final mechanism consisi2®species and 673 chemical
reactions.

5.2.3 Combustion Model

An Alternating-Direction-Implicit (ADI) two-dimensiordinite difference code was used
to solve the combustion model, Egs. (2.64) and (2.69). Andespant grid of 41 x 41 points
in & andé;-space was used. Species concentrations of the air-EG&trstwere initialized
based on experimental species concentrations in the expasisas shown in Table 5.4.
All UHC in the EGR are assumed to be ethyle@geH,, since experimental measurements
of engine-out emissions for a similar operation point (260@M, 4 bar IMEP) showed
ethylene to have the largest concentration of all UHC spesissimilar equivalence ratios.
Unfortunately, no detailed UHC species composition measents were provided for the
cases simulated.
Species Mass Fraction
CASE Oq H->O CO, Cco CoHy

1 0.150 0.0378 0.0766 0.00557 0.00126
0.123 0.0497 0.106 0.00356 0.000983
0.125 0.0483 0.105 0.00254 0.000755
0.129 0.0464 0.101 0.00238 0.000680

0.129 0.0469 0.0996 0.00390 0.00121
0.133 0.0445 0.0962 0.00283 0.000743

OO WN

Table 5.4: Calculated initial species mass fractions ferdh and EGR stream. The re-
maining mass is nitrogen.
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5.3 Results

This section discusses the comparison of simulated resiili®xperimental data. Pressure
traces and total engine-out CO and UHC emissions will be @vatpto experimental mea-
surements. Figure 5.8 illustrates the envelope of the @xjeaital pressure traces for cases
1 and 3 over 200 cycles. The large spread of pressure signalesult of both in-cylinder
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Fig. 5.8: HCLI cycle-to-cycle variation in experiment, pseire for cases 1 and 3.

170

cycle-to-cycle variations as well as average differene®ben the four cylinders. A closer
examination of the cycle-to-cycle variation did not revaalobvious pattern from the cou-
pling between sequential cycles. The lack of obvious cogpis likely due to the use of
external EGR as opposed to trapped or internal EGR, whicHdvemain in the cylinder
and influence the following cycle. These fluctuations in thespure signal are in part the
result of cycle-to-cycle variations in combustion effiaign For example, before ignition,
the minimum pressure curve for case 3 is approximately etu#he average pressure,
whereas after ignition it is significantly below the averggessure curve. Considering the
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close agreement between the two pressure curves beforethB@ifference after combus-
tion cannot be attributed to large differences in chargepenature or composition, since
such differences would affect the ratio of specific heatd,therefore the pressure at TDC.
Another possible cause is a fluctuation in the injected fuedsn However, considering the
tight tolerances associated with the fuel injection systesad in these experiments, this
does not appear to be a likely source of the pressure fluonstirherefore, cycle-to-cycle
differences in combustion efficiency appear to be the pyncause. These fluctuations in
combustion efficiency have a direct impact on CO and UHC aomss If the fluctuations
in combustion efficiency are due to the inherent randomnessceated with turbulent flow,
then a RANS based modeling approach might be unable to pte@gaffect on emissions,
since these fluctuations would be averaged out of the salutior example, turbulent flow
could cause the spray to impinge upon the piston bowl atréiffttangles and locations for
a given cycle. Such a situation would impact the heat trandfeplet evaporation, wall
film development, droplet splash, among other things. Tingses of effects are difficult
to model with a RANS based approach. However, if some of tlotufations are a result of
differences in the inlet conditions or in the mixture comipios of the trapped EGR (which
accounts fore 5% of the mixture by mass), then a RANS based approach copldirea
the effects of these fluctuations provided a dynamic modti@boundary conditions.
Figure 5.9 shows the comparison of the pressure curves $a& 8awhich will be used
as the baseline case. The model is in overall excellent agreewith the experimental
pressure curve. The first deviation of the model from the erpental curve occurs at
approximately CAD 167 (13 CAD bTDC), when the experimentalsure increases due to
low temperature heat release, or cool-flame. One possibkeda that longer chain alkanes
in Diesel fuel, such as dodecane, break down faster tharptashe. Another difference
between the results is the significantly higher amount of ifemperature heat release in
the model compared to the experiment, as seen in Fig. 5.9ekatd75 and 180 CAD.
Also this could be explained by the differing compositionvieeen Diesel fuel and the
model surrogate fuel used. The rate of pressure rise assdaath the main heat release
between 182 and 187 CAD is in good agreement. One minor gianoy of the model
is that combustion goes to completion somewhat slower tharekperiment. This can
be observed from the fact that the pressure is under-pegtiigt the point of maximum
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Fig. 5.9: HCLI pressure as a function of CAD, model vs. expennt for case 3.

pressure until approximately 4 CAD later. Also, the pressafter combustion is over-
predicted by approximately one bar. Since the overall catibn efficiency based on
exhaust species concentrations is in good agreement, éreposdiction of the pressure is
likely due to the lack of a blow-by model in the simulation.

A similar comparison of the pressure curves between thelalion and experiment for
cases 1, 2, and 4 is shown in Fig. 5.10. In general, these thsas show good agreement
with experiment, though they experience discrepanciedasinto case 3. Cases 1 and 3
suffer from too high overall combustion efficiency. Modedués for case 4 have the worst
comparison to experiment. The heat release for case 4 faistueh too slowly, how-
ever, this case is well within the experimentally observezspure envelope and the overall
combustion efficiency is well predicted. Pressure tracesdses 5 and 6 are compared to
experiment in Fig. 5.11. Cases 5 and 6 are at a lower rail press 500 bar. The pressure
curves for these two cases are in excellent agreement vatexperiment. Similar to cases
3 and 4, the only difference not related to low temperatued helease is that combustion
appears more prolonged in the simulation than in the expgrim
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Fig. 5.10: HCLI pressure as a function of CAD, model vs. ekpent for cases 1, 2, and
4.

The mechanism of ignition for case 3 can be explained by tigetsng the temperature
field in phase-space. Contour plots of this field are theesfdotted in Fig 5.12 at four
points during combustion: A, just before ignition at 1 CADCT, B, just after ignition
has begun at 2 CAD aTDC, C, near the end of the rapid heat eek#aS CAD aTDC,
and D, after combustion at 14 CAD aTDC. The normalized mixtisaction is between
Z = 0andZ = 0.15. Plot A shows that ignition first occurs in rich mixtures (= 0.5,

Z ~ 0.075, or ® =~ 2) and at high modified enthalpie§, (~ 1). Plots A to D sequence
front formation and propagation towards leaner and coldettures. After combustion,
plot D, some mixtures remain unburnt, especially mixtutes tare both lean and have
lower modified enthalpies. Figure 5.13 illustrates the fnoropagation in physical space
at these same CADs. Shown are two planes: the top plane igieavatice through the
cylinder center-line, the bottom plane is a horizontaleshalfway between the wall deck
and the top of the piston. Figure 5.14 illustrates the ewahubf the mixture fraction field
on these two planes at these same four times. Similarly, =i illustrates the evolution
of modified enthalpy field on these two planes at these sametifoes. Together, the
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Fig. 5.11: HCLI pressure as a function of CAD, model vs. ekpent for cases 5 and 6.

mixture fraction, modified enthalpy, and temperature fighdfese three figures show how
the phase space combustion shown in Fig. 5.12 develops siqahgpace. As in phase
space, the rich mixtures ignite first in plot B, followed bynigon of leaner mixtures in
plots C and D.

As discussed in Section 1.1, HCCI engines tend to suffer fnogh CO and UHC
emissions. Since these emissions are of particular iritteyé$CCl, they will be discussed
in detail. A comparison of predicted CO emissions for casésslgiven in Fig. 5.16, where
the simulated emissions are calculated at 40 CAD aTDC. $imust of the mixture is below
1500 K at that point, further CO oxidation will be minimal. Wever, some UHC present
might form CO later during the expansion stroke. All simidatpoints are within 40 % of
the experimental values. The early injection timing of casmuses a significant amount
of the spray to enter the squish region. Contours of mixtraetion are shown in Fig. 5.17
for case 1 at 21, 16, and 7 CAD bTDC, and for 11 CAD aTDC. Plot Avahthat the
spray impacts the piston bowl too high, causing some of taktfuenter the squish region.
Comparatively, the mixture fraction field of case 3, showifrig. 5.14, is almost entirely
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Fig. 5.12: Contours of temperature for case 3 plotted in ptgmces;, &, whereé; and

&, are the normalized enthalpy and mixture fraction respettivA: 1 CAD bTDC, B: 2
CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.

contained in the bowl until later in the expansion strokeat$C and D of Fig. 5.17 show
for case 1 that most of the fuel in the squish region accuraesilaear the cylinder walls.
Indeed, engine oil-fuel interactions and other effecth@rear crevice region could play a
large role in the production of CO and UHC emissions. Addisilky, the spray model was
not validated for cases of wall impact with large angles ofdence or for sprays in narrow
channels like the squish region. Also, the model fuel maybeat good choice for mixtures
with high degrees of heat loss. While alkanes like n-heptaresasily oxidized at lower
temperatures, aromatics are less easily oxidized at thédmperatures found in the squish
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Fig. 5.13: Contours of temperature for case 3 plotted in gayspace. The top plane is
a vertical slice through the cylinder center-line, and tb&dm plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: IDUANDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.14: Contours of mixture fraction for case 3 plotteghhysical space. The top plane
is a vertical slice through the cylinder center-line, thétbm plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: 1IDAANTDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.15: Contours of modified enthalpy for case 3 plottegysical space. The top
plane is a vertical slice through the cylinder center-littes bottom plane is a horizontal
slice halfway between the wall deck and the top of the piséori CAD bTDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.16: Engine-out CO emissions as a function of SOE. Moabelel vs. experiment for
cases 1, 2, 3, and 4, with SOE of 32, 28, 24 and 20 CAD bTDC ré&spbc

region. Itis interesting to note that case 1 was the only tasfich any soot was observed
experimentally. Since soot formation requires mixturethvein equivalence ratio greater
than two, these rich pockets must also have been preseng aitrik of combustion for
case 1. Figure 5.18 shows the PDF of mixture fraction forgdsand 3, taken just before
ignition, at 7 and 1 CAD bTDC respectively. Since case 1 haglagh oxygen content, it
also has a higher stoichiometric mixture fraction, of aporaately 0.04 compared to 0.035
for case 3. In Fig. 5.18 it can be seen that compared to casesé has much more mass
at equivalence ratios greater than two (case’ 3s 0.07 and case 1Z > 0.08). From the
PDFs alone, it seems that case 3 should have more soot theah.dadact, the PDF of case
1 has almost zero mass at an equivalence ratio greater tllarHwwever, experimentally
case 1 had a Bosch Filtered Soot Number (FSN) of 0.2, while 8dsad essentially no
soot (FSN< 0.01). This observation indicates that the simulation efrthixture formation
for case 1 has less very rich regions than the experimenth g&gions would contribute
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Fig. 5.17: Contours of mixture fraction for case 1 plotteghhysical space. The top plane
is a vertical slice through the cylinder center-line, thétbm plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: 2DMTDC, B: 16 CAD
bTDC, C: 7 CAD bTDC, D: 11 CAD aTDC.
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Fig. 5.18: Probability density function of mixture fraatidor cases 1 and 3, taken just
before ignition. case 1: 7 CAD bTDC, case 3: 1 CAD bTDC.

to the CO emissions, improving the trend. Thus, there is sevidence that the spray and
turbulence models are responsible for the under-prediaifaCO for case 1.

A comparison of the UHC emissions is shown in Fig. 5.19, whieeesimulation emis-
sions are calculated at 40 CAD aTDC. Total UHC in the simatativas calculated by
summing mass fractions of major UHC species, which inclu@dd,, C,H,, C;H,, CsHg,
C4Hg, C4Hg, CsH1o. The simulation over predicts UHC emission by a factor of 2 H8w-
ever, the model does capture the trend of increased UHC mmssw/ith earlier injection
timing. Additionally, some of the UHC in the simulation wddikely be converted to CO
later in the expansion stroke. Since not all UHC species aséyeoxidized by the Diesel
Oxidation Catalyst (DOC), and since tailpipe-out emissiare most important for passing
emission tests, the formation of individual UHC speciedss af interest. Detailed exhaust
gas measurements for this engine operated in HCLI mode & RGM and 2 bar IMEP
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Fig. 5.19: Engine-out UHC emissions as a function of SOE. 8lodbdel vs. experiment
for cases 1, 2, 3, and 4.

were taken at a series of equivalence ratios. Both engihedod tailpipe-out measure-
ments of major UHC species and total UHC emissions are showigi 5.20. The left plot
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Fig. 5.20: HCLI experimentally measured mass flow rates ofOUtnissions for different
engine average equivalence ratios. left: engine-out eomssright: tailpipe-out emissions.
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illustrates the engine-out emissions. Over the entireearfgequivalence ratios, ethylene,
CyHy, is the UHC with the highest mass flow rate. However, as shawthe right plot of
Fig. 5.20, ethylene is not the major tailpipe-out UHC spefoe equivalence ratios greater
than 0.82. As the engine is operated closer to stoichiometmditions, methane;H,,
emissions sharply increase, causing the overall tailpygtetJHC emissions to increase.
Engine-out acetylen&sH,, emissions also increase as the equivalence ratio in@ease
However, acetylene is easily oxidized by the DOC, even atf@xhaust gas temperatures.
Methane emissions are seen as a drawback of HCLI comparedvemtional Diesel com-
bustion, since conventional Diesel combustion producéslow methane emissions.

Figure 5.21 shows the distribution of CO, total UHC, methared ethylene for case
3 at 14 CAD aTDC. This should be compared with the modifiedapthdistribution and
the mixture fraction distribution for the same case at theesame shown in Figs. 5.15
and 5.14 in panel D. It is obvious that different species ltdsom different areas in the
cylinder. Most interestingly, methane peaks in the richarg in the piston bowl, while
ethylene has the highest concentrations in the lean regmtigee center of the cylinder
and in the squish region. The CO distribution generallydie the trends observed for
methane.

In order to investigate the role of mixing on CO and UHC enassimore thoroughly,
the CO and UHC emissions will be evaluated based on mixtactiém. It is not sufficient
to look at the average species mass fraction at a given meiftaction, since ultimately
the contribution to the total mass of that species in the eshwill also depend on the
amount of mass at the given mixture fraction. For examplealoulate the total species
mass fraction of species, a cylinder average mass fraction can be expressed siroilar t

Eq. (3.43), as
~ Cmax [ Tmax
v = /< | TP P@vic ) aaz. (5.1)

min min

which can be expressed as

Zinax .
% :/ P(2)ViZdZ . (5.2)

Zmin
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Fig. 5.21: Contours of species mass fractions for case 3goloh physical space at 14
CAD aTDC. The top plane is a vertical slice through the cydéindenter-line, the bottom
plane is a horizontal slice halfway between the wall decktaedop of the piston. A: CO,
B: total UHC, C: methane({H,), D: ethylene C,H,).
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Therefore, the integrand of Eq. (5.2) represents the weamount of species, in the
cylinder originating from a given mixture fraction. Thisajutity is plotted for CO and total
UHC in Fig. 5.22. The left plot shows that there are subsshitntributions to CO from
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Fig. 5.22: Conditional species mass fraction weighted leByRDF of mixture fraction for
cases 1, 2, 3,and 4 at 20 CAD aTDC. left: CO right: UHC.

both the lean and the rich regions, with the majority of CQyimvating from rich regions
(Z > 0.035 for cases 2, 3, and 4, aril > 0.04 for case 1). These plots were generated at
20 CAD aTDC. The CO in the rich mixtures does not have enougliyex to oxidize, while
the lean mixtures are either too cold or too lean to combusis ihdicates that engine-out
CO emissions could be significantly reduced by increasdalitent mixing, which would
lead to a more homogeneous charge without rich regions AHloFig. 5.21 illustrates CO
mass fraction in physical space at 14 CAD aTDC for case 3. @oimg the CO field to
plot D of Fig. 5.14, the largest concentrations of CO are tbumrich regions.

The right plot in Fig. 5.22 shows that approximately threrds the UHCs originate
from lean mixtures than from rich mixtures. Diesel sprays iajected into the bowl and
away from the walls in order to minimize heat transfer andfed! interaction along the
cylinder wall and in the piston crevice. Hence, even withréased mixing, the majority of
the UHCs would not be eliminated, since under this injecttvategy, very lean mixtures
are always present in the engine between the piston bowlrensgquish region, as shown
in Fig. 5.14. Contours of total UHC emissions are shown irt Blof Fig. 5.21. This plot
shows that engine-out emissions originate from three iocat rich mixtures, very lean
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mixtures, and the thermal boundary layer.
Figure 5.23 illustrates the origin of engine-out methang ethylene emissions in mix-
ture fraction space. The left plot shows that most methaiggnates from rich mixtures,
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Fig. 5.23: Conditional species mass fraction weighted lByRDF of mixture fraction for
cases 1, 2, 3, and 4 at 20 CAD aTDC. left: methdrig,, right: ethyleneCsH,.

while the right plot shows that most ethylene originatesrfiean mixtures. Plots C and
D of Fig. 5.21 show contours of methane and ethylene in physjgace. The result found
in these figures that methane is mostly formed in the richoregivhile ethylene is mostly
from the lean regions is consistent with the experimentasueements of engine-out UHC
emissions illustrated in the left plot of Fig. 5.20, whictoshthat engine-out methane emis-
sions grow rapidly by a factor of about ten as the equivaleatie is changed from 0.7 to
0.95, whereas ethylene emissions increase only by a fattaiocas the equivalence ratio
is increased by the same amount. The experimental trend thame emissions can be
explained by assuming that as the average equivalenceimateEases, so does the quan-
tity of rich mixtures. This explanation is further suppattey the simulation results that
these mixtures have a significantly broad distribution oktomie fractions, including rich
mixtures, as shown in Fig. 5.18 for cases 1 and 3.

The temporal evolution of the conditional species masgitras of methane and ethy-
lene as a function of mixture fraction for case 3 are shownign $.24. In this figure, five
times are plotted: before low temperature heat release AR2ICTDC), during low temper-
ature heat release (4 CAD bTDC), the beginning of the main fedsase (2 CAD aTDC),
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Fig. 5.24: Conditional species mass fraction weighted leByRDF of mixture fraction for
cases 3 at various times: 12 and 4 CAD bTDC and 2, 4, and 14 CAICaleft: methane,
CHy, right: ethylene(CsH,.

during the main heat release (5 CAD aTDC), and after combgfi4 CAD aTDC). The
left plot shows that while there is no methane prior to low pemature heat release, consid-
erable methane is formed during it, most of which is in ricmear stoichiometric regions.
During the main heat release methane is consumed in neah&hietric mixtures, while
produced in lean mixtures. Following this phase, methaveddedrop across all equivalence
ratios. Similarly, the right plot of Fig. 5.24 shows the tesngl evolution of ethylene. Since
all UHC in the EGR were assumed to be ethylene, some mass bristre the low temper-
ature heat release. Similar to methane, ethylene is praddieeng low temperature heat
release, however, more is produced in lean mixtures. Duhagnain heat release ethylene
is nearly completely consumed in the rich and near stoicktommixtures, though some
remains at low equivalence ratios. The top row of plots in. BI@5 shows species mass
fractions of methane and ethylene in phase space. Thesesplow that the highest mass
fractions occur at large mixture fractions for both specsel that ethylene also has mod-
erate concentrations at lean and cold mixtures that didutigtifnite. In order to assess the
contribution of these fields to the total emissions, the tap of plots in Fig. 5.25 has been
weighted with the joint PDF, as given by the integrand in Eql), and is plotted in the
bottom row of the same figure. These two plots, C and D, shotntieghane and ethylene
emissions originate from rich mixtures and from lean andicoixtures. The observation
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that methane mostly originates from rich mixtures whileyéghe mostly originates from
lean mixtures can be explained using zero-dimensional lgeme&ous reactor auto-ignition
simulations of a lean mixtureq = 0.02) and a rich mixtureZ = 0.75) at 35 bar and 1000
K. The temporal evolution of the species mass fractionstfoylene, methane, and fuel are
shown for these two simulations in Fig. 5.26. The left platwh that the lean mixture has
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Fig. 5.26: Species mass fraction temporal evolution frorera-zlimensional auto-ignition
simulation of a lean4 = 0.02) and rich ¢ = 0.75) mixture. Left: lean case, ignites at
3.2 ms. Center: Rich case ignites at 0.71 ms. Right: zoomew wiff time near ignition for
rich case.

an ignition delay time of 3.2 ms (roughly 30 CAD). If we apprmate the total time for
a mixture to auto-ignite before volumetric expansion froistgn motion in the expansion
stroke quenches chemical reactions in this engine to be 2D,@#en the lean mixture a
would not ignite. However, as shown in this plot, the fuel@®aposes in to ethylene prior
to ignition and it is nearly all consumed after ignition. $hesult shows that lean ethylene
emissions arise from partially decomposed fuel that didfalby ignite. The center and
right plots of Fig. 5.26 show the results for the rich caseshkws that ignition occurs after
0.71 ms (approximately 10 CAD). After ignition, methane laalsigher equilibrium con-
centration than ethylene, resulting in more methane eonsst high equivalence ratios.
Considering other UHC species present in the engine-oidwesththe left plot of Fig.
5.27 shows that most of the acetylene originates from ricktunes. This results is also
consistent with the engine-out emissions plot of Fig. 5.Bldwever, it is interesting to
note that the simulation results predict that almost noydeee is produced in lean regions,
even though the experiments at low equivalence ratioscgiiltained some acetylene in
the exhaust. The right plot in Fig. 5.27 shows where some efntlajor UHC species
originate in mixture fraction space for case 3. From this ggit can be seen that all
species other than ethylene, methane, and acetylene dusiggly found at lean mixture
fractions. Some UHC species experimentally observed irxhaust were not included in
the chemical mechanism. Additionally, some chemical pagsito forming UHCs are not
included due to the lack of an aromatic component in the nasha However, the general
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production of methane emissions in the rich regions agred#isvith the experimental trend
of increasing methane emissions with increased equivalatmo.



Chapter 6

Analysis of Auto-Ignition vs. Flame
Propagation

Now that the model has been validated against HCLI enginere@rpnts, it is possible
to analyze the relative importance of flames and ignitiom#san that engine. First, the
criterion developed in Section 1.2 will be evaluated for laseline case (case 3) to assess
the relative influence of mixing. The findings will be furthesnfirmed by comparing a
simulation of the full model, Eq. (2.51), to the model in thefogeneous reactor regime,
as described by Eq. (2.44), where all diffusive transpomhase-space is neglected. In
order to compare the relative importance of mixing in the twodel coordinates, these
results are also compared to simulations where diffusioorily one of the two phase
variables is neglected, Egs. (2.53) and (2.54).

Before the deflagrations versus ignition fronts criterioncan be evaluated from the
HCLI engine simulation, the mixing lengtli, and the turbulent Reynolds number,;Re
must be expressed in terms of the turbulent kinetic enérggnd dissipation rate, This
is achieved with turbulent viscosity using Prandtl’'s mixilength hypothesis [74]. Also,
the laminar burning velocitysy,, and the derivative of the ignition delay time,, with
respect to the phase-variablg, must be evaluated. Here these quantities and the flame
thickness/r, have been evaluated using the FlameMaster code, an abhgrigero and
one-dimensional combustion code. The scalar fluctuatidfgin(1.16) can be taken from
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the Reynolds averaged transport equation for the scalama,

¢ = \/¢: (6.1)

Following Prandtl’s mixing length hypothesis, the turlntlgiscosity can be defined as
vi=u"L, (6.2)

where v* is a velocity scale and. is the length scale associated with mixing. Both
Prandtl [75] and Kolmogorov [76] independently suggestaidgithe turbulent kinetic en-
ergy, k, instead ofu*, resulting in

vy =ck'’L,
with ¢ &~ 0.55. (6.3)

The value of the constantis set to reproduce the correct behavior in the log-law negio
of a channel flow. This mixing length can be linked to the tvgur&tion,k— turbulence
model through the turbulence viscosity using the relation
k2
Vy = CN? s

with C), ~ 0.09. (6.4)

Setting these two equations equal and solving for the milangth gives,

L= Gk
c ¢

(6.5)

In order to evaluate the criterion, the turbulent Reynolds number must also be evaluated.
Using the relation:’ = /2/3k along with Egs. (1.13) and (6.5) gives

2\ /2% k2
Re — Ok (_) L (6.6)
c \3 VE

Before evaluating the criterion, the engine’s turbulergrpixed combustion regime
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must be identified. Recalling from Section 1.2.2 that a uKi#ylovitz number, Ka= 1,
defines the transition between the corrugated flameletsneegka < 1, and the thin re-
actions zones regime, Ka 1, the regime can be determined from Eq. (1.26). From one-
dimensional flame calculations over the relevant tempezaiypressures, and equivalence
ratios, the laminar flame thickness in this engine is founbedetween 20 and 1Qdm.
From Fig. 1.1, the Kolmogorov length scale is seen to be batwkand 1Q:m for this
engine. Therefore, the Karlovitz number is greater thamywemd this engine is operated
in the thin reactions zones regime. This implies that thiecdn is the same for both large
and small scales of turbulence as discussed in Section 1.2.2

The next step is to evaluate the deflagrations versus ignitamts criterion by substi-
tuting Egs. (6.1), (6.5), and (6.6) into Eq. (1.16), whiches

¢,2 1/2 d
. £ Tig
ﬁ_cﬁ [ vk ] SL de )
2 1/4 c 1/2
with Cg = Cﬁ |:—} {—} =0.22. (67)
3] |C,

This criterion is evaluated for HCLI case 3 in Fig 6.1 with= 7 in the top figure and
¢ = ( in the bottom figure at 1 CAD bTDC. In both figures, the contolatpof 5 are
colored on a log scale of andCj is assumed to be equal to unity. The top plot shows
that 5, is greater than unity for the entire bowl except just abovedénter of the piston
bowl, where the mixture is very lean and therefore the lammaning velocity is very
small. In many regions in the cylindes; is order 10, indicating that flame propagation
in the Z-direction is faster than ignition front propagation. Thattom figure of Fig. 6.1
shows that in most of the thermal boundary layers the catefor flames in theé-direction
is large, indicating the presence of deflagrations nearyheder walls. To a lesser degree
than theZ-direction, thes, criterion indicates that far from the walls deflagrationshac-
direction are important in some region of the cylinder, whgnition fronts in that direction
are dominant in other regions.

Now that the criterion has been evaluated in the HCLI engsimaplations using the
four limits discussed in the asymptotic analysis of Secdh2 can be compared to the
base line HCLI experiment (case 3). That analysis showedhkedull model, Eq. (2.51),
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Fig. 6.1: Ignition fronts versus deflagrations criteria lexaded for case 3 at 2 CAD after
TDC.

is valid in the limit of the homogeneous reactor regime anthim propagating diffusive
fronts regime. For the homogeneous reactor regime, thegiNé terms in phase space are
dropped from the full model leaving a multi-zone type dgstoon, Eq. (2.44). This limit
will be referred to as Limit O, the homogeneous reactor liniiwo other limits, described
in Egs. 2.53 and 2.54, neglect diffusion in one of the two phgsace coordinates. In limit
7, diffusion in Z was included while was neglected. Conversely, in limif, diffusion

in modified enthalpy was included, but diffusion #h was neglected. The propagating
diffusive fronts regime is not treated separately sincenitglel equation has the exact same
form as the full model, which is valid for all four limits. Té&6.1 summarizes these four

limits.
Limit Governing Equation | Diffusionin Z | Diffusionin ¢
full model Eqg. (2.51) yes yes
limit 0 Eq. (2.44) no no
limit Z Eq. (2.53) yes no
limit H Eq. (2.54) no yes

Table 6.1: Summary of four combustion regime limits.

Two sets of simulations were performed to evaluate theseliimits. First, the same
initial conditions as case 3 in Chapter 5 were used undeetfoes limits. Then, since there
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is some uncertainty in the intake temperature and therefotiee charge mass as well, a
second set of simulations was performed where the charge wessadjusted to obtain the
same ignition timing as the experimental case at each limit.

Results of the first set of simulations where all four limits/h the exact same initial
conditions are shown in Fig. 6.2. The full model results, lessaly discussed in Chapter 5,
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Fig. 6.2: HCLI pressure as a function of CAD for four model darstion limits and exper-
iment. All simulations have same initial conditions indluglin-cylinder mass.

show excellent agreement with the experimental pressuxecilihe homogeneous reactor
limit, limit O, experiences a missfire, completely missimg tcombustion characteristics
associated with the experimental case. Ligjtwith mixing in { neglected, experiences
a very late combustion timing with much lower rates of hed&ase. However, though
lower in combustion efficiency than the full model, as congplato limit O, it does not
experience a complete missfire. The other main differented®n limit Z and the full
model is that limitZ does not experience the same level of low temperature hieaises
This is interesting since the full model over predicts lomperature heat release. The
pressure curve for limif{, where mixing inZ is neglected, presents the best match with
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experiments of all the simplified modelsg( limits 0, Z, andH). It almost exactly matches
the full model’s pressure curve during low-temperaturetmekease. This indicates that
mixing in the(-direction might be most important prior to the main heatasle. LimitH,
however, under-predicts the rate of pressure rise asgadcwith the main heat release by
approximately a factor of two. Additionally, this limit alsinder-predicts the experimental
peak pressure by approximately 6 bar. The result indicdtaiswhile diffusion in theZ-
direction may not significantly affect low temperature hedéase, it is important during
the rapid heat release period of combustion.

The second set of simulations with these four limits is shawhig. 6.3. In this set
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Fig. 6.3: HCLI pressure as a function of CAD for four model darstion limits and exper-
iment.

of simulations, the cylinder mass was tuned so that each hwamdd predict the correct
ignition timing. Considering that there was some uncetyaassociated with the intake
temperature measurements, a mass in the cylinder whichsworkhe full model may not
in fact be the experimental mass in the cylinder. Therefafajr comparison of these mod-
els would include comparing the model for each limit with theake temperature inside
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of the experimental uncertainty range that works best fat timit. This was achieved
by adjusting the cylinder mass just after IVC for limits O aAdthereby increasing their
average temperatures so that ignition would occur at theedane as in the experiment.
Since limit H had approximately the same ignition time as the experimentnass was
not adjusted, so the tuning does not improve the resultdifsicase. As shown in Fig. 6.3,
limit Z is in good agreement with the full model when tuned, althotinghpeak pressure
is too low by about 3 bar. This result is somewhat surprisimgsacdering how poorly this
limit's model behaved before it was tuned. Effectively, thaing acted to set the timing
of the main heat release, which was much too late for lizhwithout tuning. Recall that
compared to the full model, limi¥ in the first set of simulations under-predicted the low
temperature heat release. These two points, along withdbd ggreement for the tuned
limit Z case, indicate that diffusion induring the low temperature heat release acts to set
the timing of the main heat release, while diffusiordrdetermines the rate of combustion
and the combustion efficiency during the main heat release.

Finally, limit O, where all diffusion is neglected, exparees a rate of pressure rise that
is too slow and a lower peak pressure as compared to the exgrari The combustion
efficiency for this limit is under-predicted. This resultdicates that the homogeneous
reactor limit is not valid in this engine. Even when the mofielthis limit is tuned to
match the correct ignition timing, it completely misses atther aspects of combustion:
heat release rate, peak pressure, and combustion efficigdaogsidering that this limit
represents the best possible multi-zone model, it showsdahéhis HCLI engine a multi-
zone modeling approach is completely unphysical. Not oolyrese results indicate that
the multi-zone modeling approach is missing a key aspechefsystem physics, they
also indicate that even when tuned, such a model would beioppate for predicting
emissions considering that the combustion efficiency isiBaantly under-predicted.



Chapter 7
Summary & Conclusion

HCCI engines potentially offer an efficient and low emissi@tternative to conventional
Sl and Compression Ignition (CI) engines. Though signifigamore homogeneous than
conventional Cl engines, HCCI engines often include thémmna mixture composition
inhomogeneities. Two combustion limits can be identifiedH&Cl; the homogeneous
reactor regime and the propagating diffusive fronts regirrethe first limit ignition is
driven solely by chemical kinetics, whereas in the secomdt liafter an initial chemically
controlled induction phase, the heat release is limited byng.

Using an asymptotic analysis, an enthalpy and mixture ibadbased auto-ignition
model that is valid for both limits was developed. Enthalpyl anixture fraction were
chosen as the phase-space variables because they are thparaneters that affect lo-
cal changes in auto-ignition behavior. Since these twoabdes are not statistically in-
dependent, a new modified enthalpy variable was defined towerthe mixture frac-
tion dependence, resulting in a model with two independéiasp-space variables. The
asymptotic analysis was applied to both a one-dimensiamalaégpy-based model and a
two-dimensional modified enthalpy and mixture fractiorsémodel. Closure models for
application of the model in engine simulations were devetb@ hese included the deriva-
tion of Reynolds averaged transport equations for modifigldadpy and modified enthalpy
variance in addition to modeling of unclosed terms. Alse,iamerical implementation of
the coupling between the combustion code and the CFD solagsidescribed.
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The combustion model was validated in three steps. Fisptie-dimensional enthalpy-
based combustion model was validated using DNS data forHgauto-ignition with tem-
perature inhomogeneities. The model validation using Dt tested the mathematical
model separately from the closure model and did not inclugeemental uncertainties
in initial and boundary conditions. The DNS cases covereghge of combustion modes,
from mostly homogeneous auto-ignition or ignition froraswostly deflagration-type com-
bustion. In the mostly homogeneous auto-ignition case teithperature fluctuations of
T' = 3.75K, the chemical source term in the enthalpy-based combustmdel for hydro-
gen was dominant over the diffusion term. For the mostly deftaon case with” = 30K,
these terms were of the same order. The case Witk 15 K, consisted of a mixed mode
of both ignition-fronts and deflagrations, where the diifusterm was smaller than the
chemical source term, yet it was shown to be important. Tlhieadpy-based combustion
model showed excellent agreement with DNS heat releasg f@tall cases. This model
was constructed to accurately model the homogeneous reautiothe diffusive burning
combustion limits. The agreement with DNS data over a rarigbase regimes indicates
that the model is capable of capturing the physics assacuih both of these limits as
well as mixed regimes. A multi-zone model showed good agesenvith DNS only for the
case dominated by chemical kinetics. For cases where migimgportant, the multi-zone
model failed to represent combustion accurately. Someepsncy between the enthalpy-
based combustion model and the DNS data was observed fauhedses where the DNS
included differential diffusion effects. However, the DN&se with unity Lewis number
was in near perfect agreement with the DNS.

The second step of the model validation was the applicafitimeomathematical model
together with the closure model to a Rapid Compression M&ckRCM) experiment.
The RCM was operated with a spatially homogeneous mixtumgosition and was com-
pressed at a rate typical of HCCI engines. As an idealizeéraxygntal representation of
the limit of homogeneous mixture composition with thernmdomogeneities it was used to
validate the one-dimensional enthalpy-based combustmteiralong with closure models
and numerical coupling to the CFD solver. The model corygutédicted ignition timing
trends as a function of initial temperature. It also presticthat combustion acts as a prop-
agating diffusive front in enthalpy space. A simulationiwtihe diffusion term in enthalpy
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space set to zero, representing an idealized multi-zoneelma@s not able to predict ig-

nition characteristics adequately. The effect of the waiterms in the model equations
were quantified. In the flame front, the chemical source teyrdaminant, whereas the
diffusion term was shown to be dominant in regions near tbatfand the pressure term
was the dominant term far from the front. The relative magphéts of these terms are con-
sistent with a premixed flame and not representative of catiduin the homogeneous
reactor regime. The results indicates that for HCCI-likenbaistion with large enthalpy

gradients and a fully premixed charge, diffusion in entlzgegdpace can affect combustion
characteristics, and it can be modeled using the enthapgdcombustion model.

The final validation step was to apply the full two-dimensibmodel to an HCLI en-
gine experiment. The model was validated using six expearialeases, comparing simula-
tion results to pressure traces and CO and UHC emissionaumegasnts. The model was in
excellent agreement with the experimental pressure tr&iesulation results showed that
ignition first occurred in hot (at a normalized modified emplyaof approximately one) and
rich mixtures (at equivalence ratios of approximately 2hei, a diffusive front in phase
space formed from these mixtures and propagated into leartecolder mixtures. Model
CO emissions had approximately the same magnitude, altpbeing within 40 % of the
experimental measurements, though they failed to preldectrend of sharply increasing
CO emissions as injection timings were advanced. UHC eonssiere overpredicted by
approximately a factor of two, yet the model successfullytaeed the trend of increased
UHC emissions with advanced injection timing. A detailedestigation into the source
of individual UHC species was performed by evaluating theoant of mass located at
various mixture fractions at 20 CAD aTDC. UHC emissions wierend to originate from
different regions depending on the species. For exampléhane (CH) and acetylene
(CyHy) mostly originate from rich mixtures while ethylene f&,) originated primarily
from either lean or cold mixtures where the fuel decomposgsibes not fully burn. Since
methane is not easily oxidized by the Diesel oxidation gatalrich mixtures contribute
to a significant portion of the tailpipe-out emissions whgremting near stoichiometric
conditions. The simulation predicted that methane is pcedun rich regions. This is in
agreement with experimental measurements of the engiriehwhowed a sharp increase
in methane emissions as the cylinder average equivaletioeagproached stoichiometric
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conditions. This result indicates that tailpipe-out met@missions can be improved by
more complete mixing, which would result in less mass in ragions.

In order to analyze the relative importance of auto-igmiti@rsus flames in HCCI en-
gines, a criterion was developed based on the ratio of the sicales associated with ig-
nition fronts and deflagration fronts. The criterion waswhdo be valid in both large
and small scales of turbulent mixing for the thin reactiooses regime. It was applied to
the HCLI engine and evaluated for fronts in both modified el and mixture fraction
space. The criterion indicated that the propagating difugonts regime in mixture frac-
tion space was the dominant regime almost everywhere inighepbowl. Diffusive fronts
in enthalpy space were shown to be the dominant regime inhérental boundary layers
while mixed modes were present in most other regions of thd.bo

A second analysis of the four combustion limits in HCCI wasstigated by simulating
the HCLI engine with the model equation from the asymptotialgsis of each limit. The
four limits were characterized as having: no diffusionfufon only in mixture fraction
(72), diffusion only in modified enthalpy({j, and diffusion in bothZ and({. The analysis
revealed that diffusion ig was most important during low temperature heat releasdewhi
diffusion in Z was important during the main heat release. The full mod# diffusion
in both Z and({ was the only model capable of matching the experimentabprescurve.
The homogeneous reaction regime model, with no diffusioas wnable to capture the
basic combustion characteristics, such as heat releaseesk pressure, and combustion
efficiency. The failure of the homogeneous reactor modebissarprising, since the cri-
terion indicated that the engine is in the propagating diffe fronts regime, for which the
asymptotic analysis showed that the homogeneous reactelnsomissing important dif-
fusion terms. Considering that the homogeneous reactoehnepresents the best possible
multi-zone model, a multi-zone approach is inappropriatenfiodeling HCLI. Instead, an
appropriate approach has to take into account both diusiixing and chemical kinetics.
The model presented in this work takes these affects intouad@and is therefore capable
of modeling combustion across the different combustiomneg observed in HCCI.
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