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Abstract

At our laboratory extensive research has been conducted on the conversion of conventional Diesel cogeneration
engines to operation on natural gas and biogas. In the framework of this research, a numerical simulation of a
prechamber autoignition gas engine has been performed based on an experimental test case. With a simplified finite-
rate/eddy-dissipation model for the combustion of natural gas, it was possible to properly reproduce the experiment
considering the combustion duration, ignition timing and overall energy balance. A modification of the original
cylindrical-conical prechamber geometry to a simpler cylindrical one was tested with the simulation model. The
influence of burnt gases inside the prechamber was assessed simulating the mixture formation inside the
prechamber. The simulations showed little effect of taking into account the non-homogeneities in the gas phase on
the combustion duration. The new cylindrical geometry envisaged did not show any improvement in the combustion
homogeneity inside the prechamber and its volume (limited by the real engine geometry) is in fact not sufficient to
properly ignite the main chamber according to the simulations. The model can be used to further guide design

modifications of the prechamber engine to improve performance.
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1. Introduction

Small scale cogeneration is a common means of
decentralized power generation. The installation of such
engines in the power size of several hundred kW, has
increased drastically the last years along with increased
energy recovery from wet manure via digestion in
agriculture. In January 2009 more than 4000 biogas
cogeneration plants were registered in Germany compared
to about 200 in 2003 (www.biogaswissen.de). In
Switzerland, 1032 plants for small scale cogeneration
(below 1 MW,) — mainly diesel and gas cogeneration
engines - have been in operation in 2007, producing 600
GWh of electricity (Kaufmann & Gutzwiller, 2008). In
order to make best use of the energy content in the fuel, it is
of utmost importance to aim at an efficient conversion in
the engines. Energy efficiency in general has been
identified as one of the key roadmaps towards a sustainable
energy future by the International Energy Agency (2008),
being a very effective way of decreasing the global
greenhouse gas emissions.

At the Industrial Energy Systems Laboratory (LENI)
research is investigating the efficient heat and power
generation in gas engines equipped with prechamber. A
150 kW, Diesel engine has been converted to operation on
both natural gas and biogas using unscavanged
prechambers triggered by spark-ignition (Roethlisberger &
Favrat, 2002a, 2002b, 2003a, 2003b; Roubaud & Favrat,
2005). The capability of the engine concept to reduce
emissions below the Swiss emission limits for stationary

cogeneration engines while keeping high conversion
efficiency was demonstrated for both natural gas and
biogas. Current work is aiming at further improving the
prechamber concept by converting the prechambers from
forced ignition with spark plugs to autoignition by
compression heating. This would on the one hand reduce
maintenance intervals, and on the other hand, a faster
combustion is expected yielding higher efficiency and
lower emissions. The new engine concept is based on
autoignition of the gas mixture inside a heated unscavanged
prechamber. Through the temperature control of a limited
volume (prechamber) the concept can be considered to be
similar as, but easier to control than homogeneous charge
compression ignition (HCCI), an engine concept with very
low NO, emissions. The potential of this new prechamber
autoignition concept has been demonstrated by
experimental studies on a mono-cylinder test engine
operating on natural gas (Heyne, Meier, Imbert & Favrat,
2009). Untimely auto-ignition lead to a non-optimal
combustion  behaviour and average efficiencies.
Furthermore, high cycle-to-cycle fluctuations have been
observed.

To better understand and guide the experimental work, a
numerical simulation of the experimental set-up has been
performed. For the initial development of the spark-ignition
prechambers, fluid dynamics simulations were successfully
used to optimize the prechamber shape (Roethlisberger &
Favrat, 2003a).
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Autoignition in an engine being strongly dependent on
local conditions, direct coupling between computational
fluid dynamics and chemistry was applied in this study, to
have a high resolution of the computational domain.
Numerical studies with varying levels of detail have been
extensively used to study HCCI combustion. Aceves et al.
(2001) have validated a multi-zone model on an HCCI
engine operating with propane. Heat release rate, HC and
CO emissions as well as pressure traces were predicted with
good agreement. Kong (2007) studied natural gas/DME
HCCI combustion using CFD with detailed chemistry.
Combustion and operation limits of the engine as well as
the influence of the fuel composition were well reproduced
by the simulations. Zheng, Zhang & Zhang (2005)
simulated a prechamber autoignition engine with direct
injection of natural gas using the GRI3.0 reaction
mechanism.

The engine concept studied in this paper is different
from their concept in the fact that air and fuel are mixed
prior to admission in the engine and no pilot injection into
the prechamber is used. Ignition is triggered inside the
prechamber by means of a resistive heating of the
prechamber walls. As a numerical study using detailed
chemistry proved difficulties in convergence and was very
intensive in calculation time (Wunsch, Heyne, Vos &
Favrat, 2007), a simplified combustion model implemented
in the commercial code Fluent is used in this work. This
simpler model aims mainly at guiding the experimental
development of the prechamber in order to improve the
engine performance. The main goals are to reach a
homogeneous ignition inside the prechamber and to have
optimum ignition timing for maximum efficiency. The
focus with the model presented in this study therefore is on
the mixture formation within the prechamber for different
geometries and on the determination of the ignition timing.
The interaction between experimental and simulation work
is schematically represented in Figure 1.

2. Simulation

All simulations presented in this paper are based on one
experimental test series at conditions given in Table 1, also
specifying the basic engine dimensions.

To simplify simulations, the valves are not represented
and a closed system is modelled. The geometry is reduced
to one quarter of the cylinder given the periodicity imposed

by the four nozzle orifices of the prechamber. During the
experiment, the inlet valve is closed at 130 °CA before top
dead centre (BTDC) only, but in order to account for the
gas motion due to the piston movement, simulations are
started at bottom dead centre (BDC). The mesh is made up
of hexahedral cells. The piston is a moving surface with its
velocity being controlled by a slider-crank shaft law
implemented in Fluent.

Table 1. Engine dimensions and simulated experimental
conditions.

Parameter Value
Bore (mm) 95.25
Stroke (mm) 1143
Piston rod length (mm) 222.25
Compression ratio € 13
RPM (min") 1500
Relative air-to-fuel ratio A 1.31
Natural gas composition CH4/ C,Hg / C3Hg / CO, / Ny

(mole-%) 903/52/1.1/1.1/2.3

As the piston is moving upwards and downwards, layers
of the mesh have to be deleted or added, respectively. This
is done within the dead volume using the Layering method.
The mesh size decreases from 400 000 to 200 000 during
compression and increases up to 480 000 during expansion
as illustrated in Figure 2.

The original cylindrical-conical prechamber shape
(geometry 1) used during the autoignition experiments was
based on former work with spark-ignited prechambers
(Roethlisberger & Favrat, 2002a, 2002b, 2003b). In a
previous numerical study on the new autoignition concept it
has been shown that the temperature distribution in the
original prechamber is too stratified to obtain a
homogeneous ignition (Wunsch et al., 2007). Therefore a
new simple cylindrical geometry (geometry 2) was tested in
the simulations, its shape being constrained by the real
engine cylinder head geometry. The volume of geometry 2
is 490 mm® compared to 1630 mm® for geometry 1. The
two shapes are illustrated in Figure 3. There is no notable
difference in the calculation mesh for the two prechamber
geometries simulated. For further information on the
experimental work performed with the autoignition
prechamber, the reader is referred to Heyne et al. (2009).

fluid dynamics simulations
for prediction of ignition timing and location

SIMULATIONS

utual guidance to improve the system» EXPERIMENTS

| I with experimental test runs

TIP
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i

14
excess air 4[]

prechamber performance analysis

Figure 1: Schematic representation of interaction between experiments and simulations for autoignition prechamber
development.(Figure is in color in the on-line version of the paper).
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Figure 2. Computational mesh for original prechamber
geomeirry.
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Figure 3. Original prechamber (geometry 1) and
cylindrical prechamber (geometry 2) shape.

In order to investigate the mixture formation for both
geometries, non-reactive simulations have been run,
assuming burnt gases inside the prechamber and a mixture
of fresh gases and burnt gases in the main chamber.
Subsequent, reactive calculations for both geometries,
assuming a homogeneous gas phase, have been run, as well
as one simulation taking into account combustion and
mixture formation for the original prechamber geometry. In
the following, the simulations will be referred to as
indicated in Table 2.

Table 2. Simulated cases for the two prechamber
geometries.

short

Simulation name Geometry
Non-reactive with burnt gases in prechamber D1 1
Non-reactive with burnt gases in prechamber D2 2
Reactive with homogeneous gas phase R1 1
Reactive with burnt gases in prechamber R2 1
Reactive with homogeneous gas phase R3 2

The chemistry is represented by a global reaction model
for natural gas represented by methane, ethane and propane.
The combustion reactions are

CH4 + 2 02 i C02 +2 H20 (1)
C2H6 + 3.5 02 — 2 COZ +3 HzO (2)
C3Hg + 5 02 — 3 COZ +4 HzO (3)
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The composition of the natural gas used during the
experiments is known and higher hydrocarbons (C4+) have
been neglected in the simulation. It has been shown by
Turbiez, El Bakali, Pauwels, Rida & Meunier (2004) that a
good representation of natural gas combustion is feasible
with this simplification. To model combustion chemistry,
the Fluent model finite-rate/eddy-dissipation is used. The
reaction rate is both calculated based on a finite-rate
Arrhenius model (FR) and an eddy-dissipation model (ED)
developed by Magnussen & Hjertager (1976), the smaller
of both values being kept. The mass-based reaction rate of
species i is

R=Y, min(R[}.RP 4)
where:
" Ear
R = M (v}, ) TG, |V, e ()
ED _ ' ag g 6 . YR >pYp
R =v; M Ap 7 min <m1r1 R (v;},,MR> ,B Z_]NV]er> (6)

with M; the molar mass of species i, V,E, and V,, the
stoichiometric coefficient for the reactant respectively
product i for reaction r, C;. the molar concentration of
species j in reaction 7, 77/';r and 77” the rate exponents for
reaction respectively product species j in reaction 7, A, the
pre-exponential factor for reaction », f the temperature
exponent, £, the activation energy and R the universal gas
constant. For the eddy dissipation model, 4 and B denote
empiric constants, Y the mass fraction of any product
species P, Y; that of a particular reactant R. & represents the
turbulent dissipation rate and k& the kinetic energy. Due to
the relatively low temperature before ignition, it is the
Arrhenius law (FR) that controls chemistry and determines
the autoignition timing whereas the eddy-dissipation model
(ED) controls the flame speed during combustion as high
temperatures result in very high reaction rates calculated
based on the Arrhenius model.

The values for the rate constants used in the Arrhenius
model were taken from the built-in database of Fluent and
left unmodified. The empirical constant 4 of the eddy-
dissipation model is generally set to a numeric value of 4,
and B to 0.5 (Magnussen & Hjertager, 1976). Based on the
combustion duration of the experiment the value of 4 was
adjusted and increased by a factor of 10. This adaptation is
consistent with other work where the value of both 4 and B
have been increased by a factor of 8 for simulating
turbulent premixed flames (Magnussen & Hjertager, 1976).
The ke-realizable model and standard wall functions are
used to model turbulence. Thermal effects in the diffusion
equation are neglected.

The boundary conditions to be specified are the wall
temperature for both prechamber and main chamber. The
prechamber wall temperature is measured by a
thermocouple during the experiments. For the main
chamber, based on a heat balance taking into account the
cooling circuit, the mean temperature of the cylinder gases
and the heat transfer coefficients, a mean wall temperature
can be established. The latter had been evaluated during a
former work (Wunsch et al.,, 2007). Initial conditions
include mixture composition, pressure, temperature and
level of turbulence. Two different cases simulated have to

Vol. 14 (No. 2) / 45



be considered here. Simulations with homogeneous
composition all over the gas phase (simulations R1 and R3)
simply use the mixture composition calculated based on the
relative air-to-fuel ratio A = 1.31 from the experiments and
the burnt gases left in the dead volume. When taking into
account the mixture formation inside the prechamber
(simulations D1, D2 and R2), it is assumed that the gases
inside the prechamber are initially composed of burnt gases
only. For the main chamber the same mixing rule as for the
homogeneous cases applies. The initial pressure for the
simulations could not be based on the measured value as the
signal is very noisy at BDC due to the valve motion and the
induced pressure fluctuations. In addition, it has to be
accounted for the fact that during the experiment the valves
are only closing at 130° CA BTDC while the simulation
starts at BDC as a closed system. Therefore, this value is
calculated for an adiabatic compression in order to obtain
the experimental value of maximum pressure for a motored
cycle without combustion, assuming that the pressure at
BDC is not very dependent on the intake gas composition.
Once composition, pressure and trapped mass are known,
the temperature is obtained by the ideal gas law. For
simulations D1, D2 and R2, the temperature of the gases
inside the prechamber is assumed to be equal to the
experimentally measured exhaust gas temperature. The
level of initial turbulence is based on literature and
preliminary simulations. A summary of the boundary and
initial conditions for the different simulations is given in
Table 3.

Table 3. Boundary and initial conditions for the simulations
(in parenthesis: prechamber gas phase composition and
temperature for simulations DI, D2, and R2). Based on the
experimental test case (engine speed 1500 min™, relative
air-to-fuel ratio A = 1.31, compression ratio CR = 13).

Boundary conditions

Main chamber wall and piston temperature (K) 376
Prechamber wall temperature (K) 793.2
Initial conditions
CH4 (Wt-% mass) 3.537(0)
C,Hs (Wt-% mass) 0.320 (0)
C;Hs (wt-% mass) 0.100 (0)
CO; (Wt-% mass) 1.018 (11.96)
H>0 (wt-% mass) 0.725 (9.41)

O, (Wt-% mass)

N, (wt-% mass)

20.93 (5.626)
73.37 (73.37)

Pressure (bar) 0.86
Temperature (K) 353.4(718)
Turbulent kinetic energy & (m%/s”) 5
Turbulent dissipation rate & (m*/m?) 1000

3. Results

The investigation of mixture formation for the two
geometries showed that the original prechamber shape
results in a very homogeneous distribution considering the
relative air-to-fuel ratio A. Figure 4 shows the range of 1 at
27°CA BTDC in a cut plane of the prechamber and
illustrates well that the maximal value of 1 for geometry 1
is about 1.6 in the top centre region of the prechamber. For
geometry 2 little mixing of the burnt gases and the fresh
gases occurs and the burnt gases are actually only
compressed at the top of the prechamber. The A value
exceeds 2 in the top of the prechamber. The relative air-to-
fuel ratio being an important parameter for ignition timing,

46/ Vol. 14 (No. 2)

the original geometry more favourable for
homogeneous ignition.

The main reason for the bad mixing for geometry 2 is
the fact that the swirl motion - induced by the holes
connecting prechamber and main chamber which are
inclined by 10° in the radial direction - dies out due to the
constant small prechamber diameter. For the original
prechamber shape it is mainly this swirl that renders the
mixture more homogeneous. In addition, a stronger effect
of recirculation for geometry 1 enhances the mixing.

The reactive calculations all showed good agreement
with the experimental ignition timing and combustion
duration. Table 4 illustrates that the moment of 5% heat
release 650, coincides acceptably well with the experimental
data for the two simulations R1 and R2. Simulation R2,
taking into account the mixture formation in the
prechamber shows a particularly good agreement. The same
applies for the combustion duration. Simulation R3 results
in an earlier ignition and a longer combustion duration.

| I

seems

Simulation D1
Air to fuel ratio (t=17ms, 0=-27°)

Simulation D2

Figure 4. Lambda distribution for both prechamber
geometries at 27°CA BTDC. Simulations D1 and D2.
(Figure is in color in the on-line version of the paper).

The parameter A0, in Table 4 represents the delay
between the complete ignition of the prechamber, indicated
by a small pressure peak, and the moment of 5% heat
release in the main chamber. It can be interpreted as a
measure of the capability of the prechamber to ignite the
main chamber. It can be seen that for geometry 2, the value
is more than 3 times higher compared to geometry 1. This
indicates that the volume of geometry 2 is not sufficient to
rapidly ignite the main chamber which is also documented
by the distinctively lower peak pressure of the simulation
run R3 compared to the other simulations.

The fact that the volume of the new prechamber
geometry is not sufficient to rapidly ignite the main
chamber can also be observed in Figure 5, illustrating the
flame front at 5% heat release for each simulation. For
simulation R3 it shows that the jets issuing from the
prechamber are not penetrating deep enough into the main
chamber to properly ignite the mixture. The combustion in
the main chamber in consequence is rather controlled by the
heating due to compression than by the prechamber jets.
Comparing simulations R1 and R2 it can be observed that
for the homogenous gas phase simulation R1, the jets are
penetrating deeper into the main chamber. This results in
consequence in slightly shorter combustion duration.

Int. Centre for Applied Thermodynamics (ICAT)



Table 4. Performance indicators for the experiment and the different reactive simulations.

Experiment

Simulation R2
(Geometry 1) (Geometry 1) (Geometry 2)

Simulation R1 Simulation R3

Cumulative 5% heat release Os., ("CA) -18
Cumulative 90% heat release gy, (°CA) -2
Combustion duration Aompusiion (CCA) 16
Prechamber ignition delay Ajgiion ("CA)
Break specific fuel consumption (g/kWh)
Peak cycle pressure (bar)

472.5
69.81

-20.7 -17.5 -14.2
-2.9 0.6 9.3
17.8 18.7 23.5
43 5.1 16.3
370.8 359.8 377.0
80.97 78.97 69.15

s

Simulation R1

Simulation R2 Simulation R3

050, = - 20.7°

B50,= - 17.5° B50,= - 14.2°

Mass fraction of methane (%)

Figure 5. Flame front at 5% heat release for simulations R1, R2 and R3. Iso-surfaces for 95% of initial CH, concentration
(red) and 10% of initial CH, concentration (blue). (Figure is in color in the on-line version of the paper).

Due to the higher fuel concentration inside the
prechamber, the energy release is higher and the velocity of
the gases leaving the prechamber is more elevated
compared to simulation R2. The differences in the overall
combustion duration A ,,pusiox are negligible between the
two simulations. It has to be mentioned that for all
simulations - as for the experiment - the ignition timing is
very early. This leads to quite high break specific fuel
consumption figures in both experiments and simulation.
As in the simulation the combustion is complete, whereas
the unburned hydrocarbon level is quite high for the
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experiments, the figures are better for the simulation. This
undesired early ignition timing could be influenced by
reducing the prechamber wall temperature in order to shift
ignition closer to TDC or modifying the prechamber shape.

A comparison of the pressure traces for simulations R1
and R2 with the measured pressure trace illustrated in
Figure 6 shows that the peak pressure is over predicted by
both simulations. Simulation R2 results in a lower peak
pressure indicating the necessity of taking into account the
mixture inhomogeneities for the simulations.

—_

0

-180 150 120 -90 -60 -30

0 30 60 90
Crank angle (°)

120 150 180

Figure 6. Pressure curve for simulations R1 and R2 in comparison to the experimental pressure curve (engine speed 1500
min”, relative air-to-fuel ratio A = 1.31, compression ratio CR = 13 as specified in Table 1). (Figure is in color in the on-

line version of the paper).
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The over prediction of the pressure in the simulations
can be related to several aspects in the model: no crevice
flow has been taken into account in the simulation model. A
rough estimation of losses through the crevice between
piston and cylinder liner is about 1% of the charge, leading
to a decrease in maximum pressure in the experiment
compared to the simulation. These losses could be taken
into account in the future using an implemented 0-D crevice
flow model in Fluent. Another important aspect leading to
differences between experimental and simulated pressure
trace is the fact that during experiments, there is a large
fraction of unburned hydrocarbons in the exhaust (about 6%
of the charge, see also Table 5) whereas the combustion is
complete according to the simplified combustion model
used in the simulation. This leads in turn to an
overestimation of the temperature respectively pressure
during combustion for the model. Finally, the simplified
combustion model does not account for the numerous
reactions going on prior to ignition where intermediate
species are formed in partially endothermic reactions. These
reactions also have a dampening effect on the
temperature/pressure increase in the experiment that is not
taken into account in the simulation.

A comparison of the experimental case and simulation
R2 considering the energy balance is illustrated in Table 5.

Table 5. Overall energy balance. Experimental and
simulated values. Orders of magnitude indicated in

literature (Heywood, 1988).

E total Phrake Qtotul E exhaust E unburnt
Experiment (W) 17890 5814 6368 4586 1122
% of By~ 100 32.5 35.6 25.6 6.3
Simulation R2 (W) 17890 7636 10254 0
% of By~ 100 42.7 53.3 0
Literature value (%) 100 25-38 18-41 22-45 1-5

As only the compression and combustion phase are
modelled, it is not possible to detail the heat flux Q,,,,; and
the energy flux leaving with the exhaust gases E,yjqus for
the simulation. The sum of both results from the calculation
of the overall energy balance. It can be seen that for both
the experiment and simulation, the orders of magnitude
given in literature (Heywood, 1988) are attained. This holds
except for the high value of unburned hydrocarbons
measured in the experiments.

Based on the simulations, an instantaneous energy
balance was established as shown in Figure 7. Small
deviations are noted (peaks in the imbalance curve) during
the combustion process that can be attributed to numerical
instabilities. The time step has been controlled manually
and reduced down to 0.01 ms (corresponding to 0.09°CA at
RPM = 1500 min") around TDC in order to ensure the
validity of the results. A further reduction would be
desirable during the combustion phase but even with the
current setup the simulations were very time consuming
(more than 10 days for e.g. simulation R2 on two parallel
calculation nodes). The energy balances — both overall and
instantaneous - could be used to further validate the model
based on experimental measurements.

4. Conclusions

A numerical model for the simulation of a compression
and combustion cycle for a prechamber autoignition engine
has been developed. With a finite-rate/eddy-dissipation
model it was possible to well represent an experimental test
case. Scaling of the empiric constant A of the eddy-
dissipation model by a factor of 10 was however necessary.
Further experimental data should be used to validate this
number. Two different prechamber geometries have been
tested to assess their respective combustion performance.
The small cylindrical prechamber has shown to be too small
to properly ignite the main chamber.

20
10 -
0 R P
-180 -150 -120 -90 -60 30"
=
3
— 10
[}
]
3
o ——mechanical power
-20 -
— -total power
------ heat flux
-30 -
——dU/dt
--- Imbalance
40 -

Crank angle (°)

Figure 7. Instantaneous energy balance for simulation R2 (engine speed 1500 min-1, relative air-to-fuel ratio A = 1.31,
compression ratio CR = 13 as specified in Tab. 1). (Figure is in color in the on-line version of the paper).
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The mixture formation in the cylindrical-conical
prechamber geometry is more favourable for a
homogeneous ignition. The ignition timing was well
represented in the simulations and the combustion duration
reproduced with acceptable accuracy. An overall energy
balance of the simulation is in good agreement with the
experimental case to the extent it can be expected. The
combustion was complete for the simulations, thus
underestimating the unburned hydrocarbon emissions and
thereby predicting too high cycle peak pressures. The
numerical model can be used to guide future design
modifications of the prechamber engine. Different
prechamber geometry designs might be tested for
combustion homogeneity and ignition timing. Further work
might be carried out on validating the scaled model with
further experimental data. A full engine cycle simulation
would be necessary to completely compare the energy
balances, making it necessary to include the intake and
exhaust valves, considerably increasing the modelling effort
and calculation times. The existing model could though be
used to investigate the influence of cycle-by-cycle
fluctuations on the ignition timing that were observed
during the experiments by evaluating the influence of
changes in the air-to-fuel ratio and in the charge on the
ignition timing.
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Nomenclature
Abbreviations

CA crank angle

CFD computational fluid dynamics
DME dimethyl ether
BDC bottom dead centre
BTDC  before top dead centre
FR finite rate Arrhenius model
ED eddy-dissipation model
HC hydrocarbons
NO, nitric oxides
Cco carbon monoxide
HCCI homogeneous charge compression ignition
CR compression ratio
Symbols
A empiric constant (ED)
A, pre-exponential factor for reaction » (FR)
B empiric constant (ED)
G, molar concentration of species j in reaction »
E, activation energy
Eoxnause €nergy of exhaust gases
Eiotal total energy flux
Enburne  €nergy loss due to unburned fuel

M; molar mass of species i

Pyrqre  brake power

Qrotar  total heat flux from combustion chamber

R; reaction rate for species i

T temperature

Y, mass fraction of any product species (ED)

Yr mass fraction of particular reactant species (ED)
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Greek symbols
B temperature exponent for reaction  (FR)
overall combustion duration
delay between complete ignition of prechamber
and @5%
turbulent dissipation rate
stoichiometric coefficient for reactant (FR)
stoichiometric coefficient for product (FR)
kinetic energy
relative air-to-fuel ratio
rate exponent for reactant species (FR)
rate exponent for product species (FR)
cumulative heat release during combustion

Acomhmti on

Aignition

QI oA < <o

References:

Aceves, S., Flowers, D., Martinez-Frias, J., Smith, J. R.,
Westbrook, C. K., Pitz, W., Dibble, R., et al. (2001). A
sequential fluid-mechanic chemical-kinetic model of propane
HCCI combustion: SAE Technical Paper Series No. 2001-01-
1027. Society of Automotive Engineers.

Heyne, S., Meier, M., Imbert, B. & Favrat, D. (2009).
Experimental investigation of prechamber autoignition in a
natural gas engine for cogeneration. Fuel, 88(3), 547-552.

Heywood, J.B. (1988), Internal Combustion
Fundamentals, New York, NY: McGraw-Hill.

Engine

International Energy Agency. (2008). Energy Technology
Perspectives 2008 - Scenarios and Strategies to 2050. Paris,
France: OECD/IEA.

Kong, S.-C. (2007). A study of natural gas/DME combustion
in HCCI engines using CFD with detailed chemical kinetics.
Fuel, 86(10-11), 1483-1489.

Magnussen, B. & Hjertager, H. (1976). On mathematical
modeling of turbulent combustion with special emphasis on
soot formation and combustion. Proceeding of 16th
Symposium (International) on Combustion, 719-729.

Roethlisberger, R.P. & Favrat, D. (2002a). Comparison
between direct and indirect (prechamber) spark ignition in the
case of a cogeneration natural gas engine, Part I: Engine
geometrical parameters. Applied Thermal Engineering, 22(11),
1217-1229.

Roethlisberger, R.P. & Favrat, D. (2002b). Comparison
between direct and indirect (prechamber) spark ignition in the
case of a cogeneration natural gas engine, Part II: Engine
operating parameters and turbocharger characteristics. Applied
Thermal Engineering, 22(11), 1231-1243.

Roethlisberger, R.P. & Favrat, D. (2003a). Investigation of the
prechamber geometrical configuration of a natural gas spark
ignition engine for cogeneration: Part I. Numerical simulation.
International Journal of Thermal Sciences, 42(3), 223-237.

Roethlisberger, R.P. & Favrat, D. (2003b). Investigation of the
prechamber geometrical configuration of a natural gas spark
ignition engine for cogeneration: Part II. Experimentation.
International Journal of Thermal Sciences, 42(3), 239-253.

Roubaud, A. & Favrat, D. (2005). Improving performances of
a lean burn cogeneration biogas engine equipped with

combustion prechambers, Fuel, 84(16), 2001-2007.

Vol. 14 (No. 2) / 49



Kaufmann, U. & Gutzwiller, S. (2008). Thermische
Stromproduktion inklusive Wérmekraftkopplung (WKK) in
der Schweiz: Summary Report 2007. Swiss Federal Office of
Energy.

Turbiez, A., El Bakali, A., Pauwels, J. F., Rida, A. & Meunier,
P. (2004), Experimental study of a low pressure stoichiometric
premixed methane, methane/ethane, methane/ethane/propane
and synthetic natural gas flames. Fuel, §3(7-8), 933-941.

50/ Vol. 14 (No. 2)

Wunsch, D., Heyne, S., Vos, J.B. & Favrat, D. (2007).
Numerical Flow Simulation of a Natural Gas Engine Equipped
with an Unscavanged Auto-Ignition Prechamber. European
Combustion Meeting, Chania/Greece, Combustion Institute.

Zheng, Q.P., Zhang, HM. & Zhang, D.F. (2005). A
computational study of combustion in compression ignition
natural gas engine with separated chamber. Fuel, §4(12-13),
1515-1523.

Int. Centre for Applied Thermodynamics (ICAT)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


