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Abstract

A model for the efficient simulation of lean, premixed self-ignition under HCCT conditions is introduced.
In the model the in—cylinder gas is described by an ensemble of independent, homogeneous chemical
reactors, which develop according to detailed chemistry. Essential information used in the model to de-
scribe the HCCI behaviour is the spatial fluctuation of temperature in the cylinder gases. Laser—Induced
Fluorescence (LIF) of formaldehyde is used to approximately determine temperature fluctuations in an
optically accessible HCCI-engine. These fluctuations are used to initialize the reactor ensemble, which
predicts the onset of ignition and the measured pressure trace of the same engine very well. Detailed
simulations evidenced that the consideration of temperature fluctuations with a reactor ensemble is

sufficient to predict pressure traces with good accuracy for HCCI with lean, homogeneous mixtures.

Introduction

Homogeneous charge compression ignition
(HCCTI) offers the potential for increased fuel econ-
omy [1] and lower NO, emissions than those from
a comparable spark ignition (SI) engine operated
at the same load. But the HCCl-engine is more
difficult to control with respect to the onset of ig-
nition. To develop strategies for a better control,
reliable simulation tools are helpful.

Modelling can help to acquire profound under-
standing of the self-ignition in engines and the un-
derlying physical and chemical processes. A sim-
ulation that considers detailed chemical reactions
and physical processes (diffusion, heat conduction,
momentum and all aspects of flow) would be opti-
mal. Currently, however these fully detailed simu-
lations are computationally prohibitive.

The purpose of the present work is to intro-
duce and apply a simplified efficient model for the
simulation of lean, premixed self-ignition under
HCCI conditions. In the model, the in—cylinder
combustion process is described by an ensemble
of independent, homogeneous chemical reactors,
which react according to detailed chemistry and
according to the boundary conditions imposed by
the engine. The use of this model is justified by
1D—simulation used to identify the importance of
physical and chemical processes for lean, premixed
HCCI conditions before self-ignition. The results
of the simulations indicate that, for the mentioned
conditions the influence of transport processes is
negligible, so that independent reactors are appro-
priate for modelling,.

The essential feature of our modelling approach

is that the individual reactors are initialized with
slightly varying temperatures. This is motivated
by optical observations in engines [2] and rapid
compression machines [3]. These give evidence
that the temperature in the combustion chamber
is not homogeneous, but that spatial temperature
fluctuations exist in the cylinder gas prior to ig-
nition. Detailed numerical simulations show that
the variation of the temperature fluctuations is of
paramount influence to the subsequent behaviour:
for small fluctuations and lean mixtures, the tem-
poral change of in—cylinder gases is dominated by
chemical reactions, physical processes like diffusion
or gasdynamical effects being negligible. There-
fore, under thes conditions the central information
used in the model is the temperature fluctuation.
It is shown that the consideration of temper-
ature fluctuations with an ensemble of homoge-
neous, independent chemical reactors, is sufficient
to predict the observed cylinder pressure traces
(under sufficiently lean conditions and with pre-
mixed fuel/air mixture) with good accuracy.

Detailed numerical investigations

The state of the in—cylinder load can be de-
scribed by the temperature 7', pressure p and
chemical composition, e.g. defined by the concen-
trations ¢; of the i—th species, for all times t and
all locations z. For a more efficient notation, we
write the quantities as state vector:

P (z,1) = (T'(2,1),p(21), ¢ (21))

A solution of the conservation equations with
detailed chemical and physical consideration is
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difficult and computationaly prohibitive. There-
fore, it is useful and necessary to refrain from a
detailed treatment, and to apply simplifications.
The question is, which degree of detail is needed
for a realistic model.

1D-simulation is used to address this question,
because it can handle detailed chemistry and de-
tailed transport processes. In order to mimic
the broad range of scenarios that appear dur-
ing operation of a HCCl-engine, we performed
a set of representative detailed numerical simu-
lations. These simulations are not intended to
directly simulate a real engine, but are used to
infer essential characteristics of the physical and
chemical processes in the cylinder. Especially, the
relative importance of chemical source terms and
physical processes (transport and gasdynamical
effects) on the temperature change are taken from
these model calculations. Similar studies were
performed, e.g. in [4, 5]. In each calculation,
the temporal evolution of spatial profiles of the
state variables is computed by solving the system
of partial differential equations established by the
conservation equation for total mass, species mass,
energy and momentum and using the ideal gas law
[6, 7].

For the simulation, the conditions near top
dead center (TDC), just before self-ignition are
used as initial conditions. The initial pressure
is adopted directly from the experimental pres-
sure traces. In the simulation, 34 gridpoints were
used. To estimate the influence of the heat con-
duction, different sinusoidal initial temperature
profiles are specified. Initial conditions like the
conditions investigated in the engine were used
(see below). The average temperature is varied
between 1025 K and 2025 K, the fluctuation am-
plitudes were varied between 25K and 50K and
the fluctuation wavelenghts are varied between
11.13mm and 22.25mm. Likewise, the influence
of diffusion is estimated with varying initial tem-
perature and concentrations. For the evaluation
of the chemical source term, a detailed iso—octane
mechanism [8] is used (84 chemical species and
824 elementary reactions).

The simplest way to simulate the compression and
the self-ignition of a mixture is by a homogeneous
chemical reactor. This can by described by the
following differential-algebraic equation system:

av  [av

dr (dt>oxt.

aw v dQ
a - Pa T a

N

p = RT Z ¢ (1)
=1
U = Z Ww; Ui (t)
i=1
dci . Ci dVv dCi,loss
= Wchem. — 7, 7,
dt Vo dt dt

V is the volume, (%)ext_ is the temporal
change of the volume that is imposed to the sys-
tem by the moving piston. dQ/d¢, de;/dt describe
the heat- and mass loss of the system (e.g. by
wall heat losses, blow—by) and U, U; are the spe-
cific internal energy of the mixture and of thei—th
species. w; is the mass fraction, ¢; the concentra-
tion of the i—th species and Wepem. is the chemical
source term (on a molar scale). R is the universal
gas constant, R = 8.314J/(molK).

The initial conditions are set according to the
experimental results, with a homogeneous chemi-
cal composition, pressure and temperature field.

Experimental Determination of Temperature-
Fluctuations

Laser-based investigations in an optically aces-
sible experimental 2-stroke—engine were per-
formed, providing information about mixture ho-
mogeneity and spatial temperature fluctuations in
the in—cylinder load. The engine has been de-
scribed in previous publications [9, 10], therefore
only a short account is given here. The combustion
chamber has optical access by a quartz glass ring at
the cylinder top, which is closed by a quartz glass
block. Laser radiation can be coupled through the
ring and the resulting fluoresence can be observed
through the quartz block. This enables a complete
and distortion—free observation of the combustion
chamber.

The mixture homogeneity was investigated
with planar laser-induced fluoresence (PLIF) [11]
of acetone used as a fuel tracer. For the excita-
tion the output of a pulsed XeCl-excimer Laser
(Lambda Physik LPX 200, wavelength 308 nm)
was formed into a thin light sheet using cylindrical
lenses. Additionally the fluoresence of formalde-
hyde, that is formed during the ignition phase as
an intermediate species, was observed and used for
visualization of the temperature fluctuations, ac-
cording to the method described in [2]. The 24}
vibrational band of the A'A, — X'A; electronic
transition of CHoO was excited with a pulsed
dye laser (Lambda Physik FL3002, wavelength
339.3 nm [12]) pumped by a XeCl-excimer laser
(Lambda Physik LPX 200). Pressure was mea-
sured using two Kistler transducer (Kistler 6001
and Kistler 4045-A20). The measured pressure
traces are used to judge on the accuracy and the
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Figure 1: Contributions of chemical reactions and
physical processes to the temporal change of tem-
perature, as a function of temperature in different
volume elements in a 1D-model

predictive power of various computational mod-
els. Previous publications [2; 9, 13] show that for
the conditions of the compressed endgas, the gas
temperature and the formaldehyde concentration
[CH2O] are strongly correlated (Figure 2). A char-
acteristic feature of these correlations is an approx-
imation of the form log [CH20] = A + BT with
constants A and B, which is valid in temperature
ranges, like they occur in the combustion chamber
immediately before self-ignition. A and B can be
determined by simulations of defined engine con-
ditions. In the interesting temperature and pres-
sure range, the formaldehyde fluoresence—intensity
signal I in a single—shot measurement is, in good
approximation, proportional to the formaldehyde
number density. The temperature fluctuation AT
can then be determined from the LIF-signal I and
the constant B by AT = Alogl/B |2].

Ensemble of homogeneous reactors

Since the single reactor model a—priori has the
shortcoming of assuming a complete homogeneous
mixture, an improvement can be expected by us-
ing a multi-reactor model. In this model, the tem-
poral evolutions of many individual reactors with
varying initial temperatures reflecting the essen-
tial characteristics of the temperature fluctuations
observed in the experiment are used.

These empirical temperature fluctuations are
projected onto an ensemble of homogeneous reac-
tors as initial condition. Each member of the en-
semble evolves according to the equations 1. At
this degree of model complexity, no interaction
between reactors occurs, transport processes like
heat conduction and transport of mass by diffu-
sion are not contained in the model.
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Figure 2: Correlation between [CH20] and T, de-
termined for the engine at 1000 rpm; various ex-
perimental cylinder pressure traces are applied as
temporal constraint to the system.

Results and Discussion

The 1D-simulation show that for conditions like
small temperature fluctuations and lean mixtures,
which are typical for HCCI-combustion, the influ-
ence of the physical processes, like diffusion or heat
conduction, is much smaller than the influence
of chemical reactions <| (25)

> (5 e |)
(see Figure 1) [14].

Since in the considered case of a lean, premixed
in—cylinder gas the influence of physical processes
is negligible it is possible to simulate the com-
pression and the self-ignition of the mixture by a
homogeneous chemical reactor. The homogeneous
reactor predicted the experimental pressure traces
during the compression, up to TDC, quite well.
The simulated point of the initiation of combus-
tion matches well with the experimental initiation
of combustion. But the computed pressure gradi-
ent is much too large compared to the experiment
(see Figure 4) [15].

To understand the cause for the too large pres-
sure gradient of the simulation, the results of the
laser-based investigations in an optically acessi-
ble experimental 2-stroke-engine were considered.
As outlined above, from the combined informa-
tion of the acetone- and formaldehyde LIF-exp-
eriment, and using the results of numerical simula-
tions, temperature fluctuations in the in—cylinder
gases can be estimated. Figure 3 shows a typical
LIF-result and the corresponding derived temper-
ature fluctuation curve.

Since spatial temperature fluctuations are
present in the cylinder gases, it is clear that the
single reactor model a—priori has the shortcom-
ing of assuming a completely uniform tempera-
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Figure 3: top: CH20O LIF-Image. middle: the cor-
responding normalised fluctuations. bottom: the
derived temperature fluctuation profile.

ture. Figure 4 shows the behaviour of the reactor—
ensemble in form of the calculated pressure trace.
In those calculations, an ensemble with several re-
actors was considered. The ensemble members dis-
played slightly varying temperatures taken from
a random gaussian distribution, with a standard
deviation for the initial temperature of AT =
5K, leading to a deviation of AT = 11K near
TDC. This corresponds to the temperature fluctu-
ations deduced from the LIF—formaldehyde mea-
surements. As a consequence of the progressing
chemical reactions, each member of the ensemble
sequentially starts to ignite, and to increase its
pressure. The overall pressure trace is obtained
from the individual pressure traces by averaging.
Since the ignition events do not occur simultane-
ously, the ensemble-averaged pressure trace dis-
plays a smooth temporal increase. Those pressure
traces indeed match very well to the experimen-
tally observed pressure traces (see Figure 4).

Conclusion

A numerical model for the description of self—
ignition in HCCl-engines is introduced and ap-
plied. This model exploits the fact, that in the
specified range of conditions (typical HCCI op-
eration range with respect to equivalence ratio),
the chemical processes dominate over physical pro-
cesses by orders of magnitudes in the late compres-
sion phase. For these operation ranges, physical
processes can be neglected in the numerical treat-
ment. An essential feature of the model is the
consideration of temperature fluctuations, which
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Figure 4: Calculated cylinder pressure traces of a
HCClI-engine, using a single homogeneous reactor
(blue curve), and an ensemble of homogeneous re-
actors (red curve), which was initialised according
to measured temperature fluctuations. For com-
parison, an experimental pressure trace is shown.

are incorporated into the model by homogeneous
reactor ensemble.

To obtain information about temperature fluc-
tuations in a test engine, laser—induced fluores-
cence of in—cylinder mixture is used to determine
formaldehyde (CH20) concentration fluctuations.
This measurement, combined with correlations be-
tween gas temperature and intermediate species
concentrations yields spatially resolved profiles of
temperature fluctuations.

As demonstrated in Figure 5, the fuel/air load
can be modelled as an ensemble of independent ho-
mogenous chemical reactors with good accuracy.
The simulated pressure trace matches well with
the experimental pressure trace, if an ensemble of
homogeneous reactors, reflecting the experimen-
tally determined temperature fluctuations, is used.
An important feature of the model is also that it is
efficient and computationally not expensive, mak-
ing it attractive for use in practical applications.
The transformation of the fuel/air mixture to ex-
haust gas and heat is under these conditions not a
flamelike combustion, which is controlled strongly
by transport processes, and also not a knocking
combustion mode, which is generated or accom-
panied by pressure waves. Instead, it is a succes-
sive, independent self-ignition of different regions
in the combustion chamber, which is controlled by
the local ignition delay time according to the local
temperature: a process that is mainly kinetically
controlled.
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Figure 5: Schematic of the computation of the ensemble-averaged pressure trace.
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