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Abstract

Three-dimensional time-dependent CFD simulations of autoignition and emissions are reported for an idealized engine con-
figuration under HCCI-like operating conditions. The emphasisis on NOx emissions. Detailed NOx chemistry is integrated with
skeletal autoignition mechanisms for n-heptane and iso-octane fuels. A storage/retrieval scheme is used to accelerate the compu-
tation of chemical source terms, and turbulence/chemistry interactions are treated using a transported probability density function
(PDF) method. Simulations include direct in-cylinder fuel injection, and feature direct coupling between the stochastic Lagrangian
fuel-spray model and the gas-phase stochastic Lagrangian PDF method. For the conditions simulated, consideration of turbu-
lence/chemistry interactions is essential. Simulations that ignore these interactions fail to capture global heat release and ignition
timing, in addition to emissions. For these lean, low-temperature operating conditions, engine-out NOx levels are low and NOx
pathways other than thermal NO are dominant. Engine-out NO, levels exceed engine-out NO levels in some cases. In-cylinder
inhomogeneity and unmixedness must be considered for accurate emissions predictions. These findings are consistent with results
that have been reported recently in the HCCI engine literature.

1. Introduction

Homogenous-charge compression-ignition (HCCI) and related quasi-homogeneous |ow-temperature combustion
systems have been receiving considerable attention in recent years [1, 2]. Such systems offer the potential for high
thermal efficiency with low engine-out NOx and soot emissions, and can be designed to burn avariety of fuelsinclud-
ing conventional gasolines and diesel fuels. Detailed chemical mechanisms are required to capture autoignition, and
NOx pathways other than thermal NO must be considered at the lean, low-temperature conditions that characterize
HCCI combustion. Zona models[3] and hybrid CFD/zonal models [4] are appropriate when flow/chemistry interac-
tions are weak (e.g., robust autoignition of nearly homogeneous reactants), but detailed-chemistry CFD and explicit
accounting for turbulence/chemistry interactions are required for less robust operating conditions, stronger departures
from homogeneity (e.g., relatively late in-cylinder fuel injection), and accurate emissions preditions[5].

By design, HCCI engine-out NOx should below (10’'s of ppm or lower). NOx prediction remains an issue because
of the cost and complexity of after-treatment systems for low-temperature, oxygen-rich exhaust streams and because
of the need to characterize marginal and transitional operating conditions. It has been suggested that the N ;O pathway
may be dominant under some HCCI operating conditions[6]. Relatively high levels of engine-out NO 5, in some cases
exceeding NO, have been reported in some HCCI engine experiments[7]. And it has been shown that temperature and
composition inhomogeneities and/or unmixedness have a strong influence on NOx levels[7, §].

We have been working to develop CFD-based methods that accommodate detailed thermochemistry and tur-
bulence/chemistry interactions, while remaining computationally practicable. The essential elements are chemical
mechanisms (devel oped el sawhere), a consistent hybrid particle/finite-volume composition probability density func-
tion (PDF) method, and storage/retrieval-based chemistry acceleration. Embouazza, Haworth and Darabiha [9] im-
plemented Pope’s in situ adaptive tabulation (ISAT) method [10] in multidimensional CFD calculations of HCCI
autoignition, and reported results for n-heptane/air mechanisms containing up to 160 species and 1,540 reactions.
An ISAT-based agorithm, DOLFA (Database for On-Line Function Approximation [11]), has been developed for
highly nonstationary combustion processes, such as those that occur in reciprocating-piston IC engines. Consistent
hybrid particle/finite-volume PDF a gorithms have been devel oped for three-dimensional unsteady flows on unstruc-
tured, deforming computational meshes [12]. And these methods have been integrated and applied to investigations



Table 1: Engine configuration and operating conditions for two fuels. In all cases the bore diameter is82.55 mm, TDC clearance is 10.0 mm, engine
speed is 1000 r/min, and thereisa0.5 mmradial x 5 mm axia piston top-ring-land-crevice (~1.2% of TDC volume).

N-heptane Stroke 150 mm
Compression ratio 15.8:1
Fueling 34% premixed; 66% direct in-cylinder injection, 90-75 BTDC
Equivalence ratio/EGR 0.24/0%
Intake-valve-closing (1VC) swirl/tumble ratios 1.5/0.75
IVCp & T; piston/liner T's 1am & 320 K; 450 K/400 K
| so-octane Stroke 145 mm
Compression ratio 1531
Fueling Direct in-cylinder injection, 175-160° BTDC
Equivalence ratio/EGR 0.24/~2% by mass
Intake-valve-closing (1VVC) swirl/tumble ratios 1.0/0.5
CaseA: IVCp & T, piston/liner T's 1atm & 450 K; 450 K/425 K
CaseB: IVC p & T; piston/liner T's 1atm & 430 K; 450 K/400 K

of autoignition and emissionsin HCCI engines [5]. Using these high-end models, it has been shown that turbulence
and turbulence/chemistry interactions always have a strong influence on computed emissions; in cases with strong
in-cylinder flow, high departures from spatial homogeneity, and/or marginal operating conditions, they influence the
global combustion event (i.e., ignition timing) as well. Other issues have been addressed, including the influence of
model coefficients on computed results [13] and the importance of simulating multiple engine cyclesto ensure that a
statistically stationary state has been reached [14]. The models and algorithms are being refined as we continueto gain
experience with their effective use for engine simulations.

In this paper, we report recent CFD simulations for direct-injection engines operating in HCCI or quasi-HCCI
combustion modes using n-heptane and iso-octane fuels. The emphasisis on NOx emissions.

2. Physical Models and Numerical Methods

Three-dimensional, time-dependent Reynolds-averaged simulations have been performed using an unstructured,
deforming-mesh, compressible finite-volume CFD solver. A Lagrangian particle Monte Carlo method has been im-
plemented to solve the modeled composition PDF transport equation using a consistent hybrid particle/finite-volume
method [12], thereby explicitly accounting for turbulent fluctuations in composition and enthal py (temperature) about
the local cell-mean values. A standard gradient transport approximation has been used together with a two-equation
k — e turbulence model to account for transport by turbulent velocity fluctuations, and a simple pair-exchange model
has been used for molecular mixing [15].

Thermochemistry has beenimplemented using the CHEMKIN libraries[16]. Two chemical mechanismshavebeen
used: an n-heptane mechanism based on a 40-species skeletal mechanism from Chalmers and the University of Wis-
consin [17, 18] and an iso-octane mechanism based on the 79-species skeletal mechanism of Ogink and Golovitchev
[19, 20]. In both cases, Glarborg’'s NOx chemistry [21] has been integrated into the underlying oxidation mechanism.
Theintegrated n-heptane/NOx mechanism has 70 species and 376 reactions, and the integrated iso-octane/NOx mech-
anism has 105 species and 608 reactions. It has been verified through zero-dimensional simulations that the NOx
chemistry has negligible influence on computed ignition delays, temperature, and major species. DOLFA [11] has
been used to reduce the computational overhead of these large (for multidimensional CFD) chemical mechanisms.

Direct in-cylinder liquid fuel injection has been modeled using stochastic L agrangian model s that are based on the
KIVA spray formulation [22, 23]. A novel feature of the present simulations is the coupling between the Lagrangian
parcel spray model and the gas-phase particle PDF method. As spray parcels evaporate in accordance with the spray
vaporization model, new PDF notional particles are introduced at the exact |ocation of each vaporizing parcel with the
correct mass, composition (pure fuel), and temperature. This captures in a natural and direct manner the high levels
of local gas-phase concentration and temperature fluctuations that arise from spray vaporization. This effect must be
modeled in more conventional approaches, and usually isignored [24, 25].

To isolate the roles of inhomogeities and unmixedness, results from three level s of modeling are compared: a zero-
dimensional adiabatic model (“OD adiabatic’), a CFD-based model without consideration of turbulence/chemistry
interactions (“CFD wo/PDF"), and a CFD-based model with consideration of turbulence/chemistry interactions using
a transported PDF method (“CFD w/PDF"). In general, OD adiabatic models predict advanced ignition, a high rate



Table 2: Global results for n-heptane. Emissions are global in-cylinder mole fractions at 30 ATDC, and UHC excludes the fuel.

Model CApmaz | (@p/d0)maz | CO | Fud | UHC NO NO2
[°ATDC] [bar/CA°] [ppm] | [ppm] | [ppm] [ppm] [ppm]

CFD wo/PDF 56 84 9000 | 20 | 2684 | 0.000013 | 0.00055
CFD w/PDF 55 45 4547 | 20 | 1500 0.62 0.87

Table 3: Global results for iso-octane. 0D adiabatic emissions are mole fractions at BDC expansion, CFD emissions are global in-cylinder mole
fractions at 30° ATDC, and UHC excludes the fuel.

Case Moddl CApmaz | @p/d0)maz | CO | Fud | UAC | NO | NOs
[°ATDC] [bar/CA°] [ppm] | [ppm] | [ppm] | [ppm] | [ppm]

A | 0D adiabatic 0.0 282 0049 | 0 | 0043 | 79 | 070
CFD wo/PDF 4.0 71 163 18 157 | 033 | 0025

CFD w/PDF 32 49 354 25 167 | 24 | 019

B | OD adiabatic 0.0 176 0036 | 0 | 0026 | 15 | 026
CFD wo/PDF 14.8 14 1548 | 595 | 660 | 0032 | 0017

CFD w/PDF 10.0 13 2433 | 39 438 | 019 | 0044

of pressurerise, and low unburned hydrocarbon and CO emissions compared to higher-order models or experiments.
CFD without turbulence/chemistry interactions (CFD wo/PDF) captures mean flow effects, wall heat transfer, and
inhomogeneitiesin the mean fields; CFD with turbulence/chemistry interactions (CFD w/PDF) captures the effects of
turbulent fluctuations about the local mean, in addition.

3. Engine Configuration and Operating Conditions

A simple pancake-chamber engine (flat head and piston) is simulated, including a piston top-ring-land crevice. The
importance of the top-ring-land crevice in determining unburned hydrocarbon and CO emissions has been highlighted
in a number of experimental [26] and modeling [5, 27] studies. Simulations begin at piston bottom-dead-center and
are carried part-way through expansion with all valves closed. Further information is provided in Table 1. These
correspond to low-speed, light-load operating conditions.

For n-heptane, multidimensional CFD results without (CFD wo/PDF), and with (CFD w/PDF) consideration of
turbulence/chemistry interactions are compared for a single operating condition. A portion of the fuel is premixed
while the remainder is injected directly into the combustion chamber over 15 crankangle degrees, starting 90 degrees
before piston top-dead-center, using a centrally mounted fuel injector that sprays directly toward the piston.

Results from three level s of modeling (0D adiabatic, CFD wo/PDF, and CFD w/PDF) are compared for iso-octane.
Two iso-octane cases are simulated that differ only in initial temperature (different by 20 K) and wall temperature
(different by 25 K; wall temperature is not relevant for OD adiabatic modeling). Fuel is injected over 15 crankangle
degrees starting shortly after piston bottom-dead-center, again using a centrally mounted fuel injector that sprays
directly toward the piston.

4. Results
Global results are reported in Tables 2 and 3 for n-heptane and iso-octane, respectively.
4.1. Pressure, Temperature, and Heat Release

The n-heptane case exhibits advanced ignition (C'Ap, e =~ 5.5°ATDC, for CFD w/PDF) compared to ideal
combustion phasing; in general, autoignition occurs somewhat early for n-heptane in HCCI-like combustion modes.
Consideration of turbulence/chemistry interactions generally advancesthe ignition and broadensthe heat-rel ease event,
resulting in lower peak rates of pressurerise, (dp/df) ma.. Thisbehavior isevident in Table 2 and Figure 1.

Evidence of in-cylinder temperature inhomogeneity and unmixednessis provided in Figure 2. The peak difference
between the maximum finite-volume cell temperature and the global volume-averaged in-cylinder temperature (a
measure of inhomogeneity in the mean temperature field) exceeds 150 K for CFD wo/PDF, and is even larger (over
500K) for CFD w/PDF. For CFD w/PDF, differencesamong individual particle temperatureswithin each finite-volume
cell areindications of unmixedness. Figure 2 shows that there are particles whose temperature exceeds 2000 K when
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Fig. 1: Computed in-cylinder pressure versus crankangle. Left: n-heptane with two levels of modeling. Right: iso-octane Case B with three levels
of modeling.

the global volume-averaged temperature and maximum finite-volume cell mean temperature both are below 1000 K.
These large excursions in local temperatures from the volume-averaged temperature have a profound influence on
emissions, in particular.

I so-octane Case B exhibits satisfactory HCCI combustion phasing (peak pressure at 10° ATDC, for CFD w/PDF)
while Case A (higher initial and wall temperature) ignites somewhat early (peak pressure at 3.2° ATDC). The peak
rate of pressure rise from the OD adiabatic model is excessive. Consideration of turbulence/chemistry interactions
broadens the heat-rel ease event, resulting in lower peak rates of pressurerise, (dp/d) ma.. Figure 1 shows dramatic
differences among the computed pressure traces for the three level s of modeling.

4.2. Emissions

In-cylinder levels of CO, unburned hydrocarbons excluding fuel (UHC), unburned fuel, NO, and NO > early inthe
expansion stroke are summarized in Tables 2 and 3. By thistime CO, UHC, and fuel mole fractions are close to their
engine-out frozen valueswhile NO and NO; are still evolving (see below).

The strong influence of inhomogeneities and/or unmixedness on HCCI emissions that has been noted in earlier
experimental and modeling studies [5, 7, 8] is evident in Tables 2 and 3. CFD emissions with versus without turbu-
lence/chemistry interactions differ dramatically, and cannot be explained by the change in ignition timing alone. CO,
UHC, and unburned fuel emissions are virtually zero from the OD adiabatic model. All increase significantly with
consideration of mean flow effects, wall heat transfer, and inhomogeneities in the mean fields (CFD wo/PDF). CO
and UHC emissions can be higher or lower with consideration of turbulence/chemistry interactions (CFD w/PDF),
depending on the operating conditions.

The NOx results are particularly interesting. For the conditions simulated, NOx levels are low, consistent with
experimental measurements under similar conditions [7]. NO levels from the OD adiabatic model are high com-
pared to CFD wo/PDF values by virtue of the unrealistically high in-cylinder temperatures given by the 0D adiabatic
model. NO and NO,, levels with turbulence/chemistry interactions (CFD w/PDF) are at least one order of magnitude
higher than those without turbulence/chemistry interactions (CFD wo/PDF). The computed time evolution of global
in-cylinder NO, NO», and N, O for n-heptaneis plotted in Figure 3. For CFD w/PDF, N0 appearsfirst, is consumed
to generate NO, and NO in turn is consumed early during expansion to generate NO 5. In this case, NO, exceeds NO
by 30° ATDC, and the NO>/NO ratio continues to increase through the remainder of expansion (not shown). Thisis
consistent with the suggestion that the N»O pathway is dominant under some HCCI operating conditions [6], as has
been reported earlier in low-temperature, high-pressure, lean-premixed-flame calculations [28]. It also is consistent
with the relatively high engine-out NO »/NO ratios that have been reported in the literature for some HCCI operating
conditions[7]. In general, the modeling results support the conclusion that proper accounting of turbulence/chemistry
interactionsis essentia to capture the relatively high NO o/NO ratios [7, 8] and other emissions.
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Fig. 2: Computed in-cylinder temperatures versus crankangle for n-heptane. Left: Volume-averaged in-cylinder temperature and maximum finite-
volume cell mean temperature for CFD wo/PDF. Right: Volume-averaged in-cylinder temperature, maximum finite-volume cell mean temperature,
and maximum PDF notional particle temperature for CFD w/PDF.

5. Concluding remarks

The importance of turbulence/chemistry interactions on the global ignition event and emissions in HCCI engines
has been demonstrated using multidimensional simulations. For these lean, low-temperature operating conditions,
engine-out NOx levels are low, NOx pathways other than thermal NO are dominant, engine-out NO /NO ratios are
high, and in-cylinder inhomogeneity and unmixedness must be considered for accurate emissions predictions. These
findings are consistent with other results that have been reported recently in the HCCI engine literature.
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