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Abstract

The operation of a small size cogeneration gas engine (6 cylinders, 122 mm bore, 142 mm stroke) modified for unscavenged prechambel
ignition was experimentally investigated. The objective was to evaluate the potential to reduce the exhaust gas emissions, particularly the
CO emissions, below the Swiss limits (YCGand CO emissions: 250 and 650 nmq3, 5% Oy, respectively), without exhaust gas after
treatment, through variations of the prechamber geometrical configuration (size, number, distribution and orientation of the nozzle orifices
and prechamber internal volume and shape). The results indicate that trends which increase the penetration of the gas jets and/or promote ¢
early arrival of the flame front at the piston top land crevice entrance (small total nozzle orifice cross sectional area, limited number of nozzle
orifices, an orientation of the nozzle orifices towards the squish region, relatively large prechamber internal volume) are beneficial to reduce
the CO and THC emissions. Further, these trends mainly result in a slight increase in fuel conversion efficiency.
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1. Introduction 2. Engine specifications and experimental conditions

2.1. Engine specifications
The motivation of the investigation of an unscavenged
prechamber for application on a small size cogeneration gas The engine used is derived fromLéebherr heavy duty
engine has already been presented in the first part (I [1]) diesel engine type 926 converted for natural gas operation
of this publication. The first part shows the results of a nu- 0n the Otto principle and is intended for cogeneration
merical simulation performed witkl VA-3V. The simulation ~ @pplications. The main engine specifications are summarised
was performed to assist the selection of the most promising/n Table 1. The engine is equipped with new cylinder heads,
prechamber geometrical configurations for experimentation Vr\:hlcdh en?bl_e the f|tt_:_r;]g of Spbark_plugi at kt)he Iocatu()jn of |
and to help the interpretation of the experimental results. Thet € diese |nje_cto.r.s. € com ustion chamber was a apte
: ._to the spark ignition operation through a modification of

second part (I1) forming the present paper, presents and dis- . : :

. . . the piston geometry and a reduction of the volumetric
cusses the experimental results. It illustrates the influence of

h b ze. distributi d ori . t th | compression ratio from 17.2 to 12.0 (Fig. 1(a)). Further,
the number, size, distribution and orientation of the nozzle the engine is equipped with cylinder liners characterised

orifices as yvell as the prechamberlhternal volume and shapeoy a reduced dead volume at the level of the cylinder
on the engine performance and emissions. head gasket to limit the carbon monoxide and hydrocarbons
exhaust gas emissions [3-5]. The engine is turbocharged
and intercooled. In order to preserve more energy for the
T Corresponding author. turbocharger,_ the engine is eql_upped Wlth an msula_ted
E-mail address: daniel.favrat@epfl.ch (D. Favrat). exhaust manifold. More detailed information on the engine
URL address: http://leniwww.epfl.ch (D. Favrat). conversion is given in [6].
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Nomenclature

An total nozzle orificearea................. rAim Subscripts

COV  coefficient of variance ABDC after bottom dead centre

dn nozztI)e or|]1:|ce dl;elme_tf(_ar .................. MM ATDC  after top dead centre

Nn numboer ot nozzle oriices b BBDC before bottom dead centre

P Indicated mean sffect. pres. -1-..1...1. .. par BTDC before op dead cenre

pmi SPIES cd combustion duration

0 heat....... ... o J

. L on  hr heat released

RH relative humidity ......................... % id ianition del

Ve compressionvolume .. ................. mm IL I'gn' lon delay

Vp prechamber volume.................... rhm ower

N p=1013barT =27315K
Greek symbols 0 p=1.013 barT = 29815 K
. o

on nozzle orlflce mean angle................ o Abbreviations

Ahg volumetric heatingvalue ............. -k

Ap pressure difference .............. ... bar CA  crankangle

Ag crankangleinterval ...................... ° COV  coefficient of variance

ny fuel conversion efficiency ST spark timing

A relative air to fuel ratio TDC  top dead centre
Table 1
Main engine specifications
Manufacturer Liebherr Intake valve opening °16ABTDC
Type G926 Tl Intake valve closing 4%AABDC
Number of cyl. 6inline Exhaust valve opening °5@AgBDC
Bore 122 mm Exhaust valve closing 1&AATDC
Stroke 142 mm Swirl ratio [2, Eqg. (8.28)] 2.0
Conrod length 228 mm Vol. compression ratio 12.0
Total swept vol. 9.96 | Turbocharger KKK K27 3371 OLAKB
Number of valves 2 Ignition system Fairbanks Morse 1Q 250
Firing order 1-5-3-6-2-4 Spark plugs Bosch Super F & W6DC
2.2. Prechamber design and integration determined on the basis of the engine cycle-by-cycle vari-

ability during the first experiments. The lowest limit of fuel

A small water cooled prechamber, representing 2 to 3% of concen_tratior) was.corresponding tothe hig_hest relative aﬁr to
the main chamber compression volume, was designed to befu_el ra_uo, which s_,tlll _e_nabl_es stable operation of the engine
housed in the boss of the existing cylinder head used for the With direct spark ignition (i.e., about 1.7). Further details of
spark plug well. The prechamber integrated to the modified (€ Prechamber design and cylinder head modifications are
cylinder head is represented in Fig. 1(a). It was designed on91Ven in [6]. The numerical results can be found in[1,6].
a modular basis formed by three parts (nose, body and fix-
ing clamp (not represented on Fig. 1(a))), in order to limit 2.3. Testing facilities
the machining work for the experimental parametric study.
Part of the engine water flowing in the cylinder head is de-  The experimental investigation was carried out on a
rived to cool the nose and the bottom of the body to limit test bed especially developed for the study of gas engines
the prechamber and spark plug operating temperature. Sev{Fig. 2). The test bed is equipped with a direct natural gas
eral prechamber configurations were realised in order to per-supply from the network as well as from an intermediate
form variations of the cross sectional area, number, distrib- storage tank at high pressure. The storage tank is used
ution and orientation of the nozzle orifices, as well as of the to keep the natural gas composition constant over several
prechamber internal volume and shape. The configurationsseries of experiments. The natural gas was supplied from
tested were selected on the basis of the results of a CFD nustorage and the exact composition was determined by gas
merical simulation withKIVA-3V. The configuration which ~ chromatography to enable an accurate calculation of the
were leading to excessive turbulence intensity or to low fuel engine fuel conversion efficiency. The composition and the
concentration at the location of the spark plug electrodes lower heating value of the different natural gas blends used
were discarded. The upper limit of turbulence intensity was are given in Table 2.
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Fig. 1. (a) schematic representation of the combustion chamber with prechamber ignition and original piston for natural gas operation, ledteating t
different nozzle orientations studied, (b) shape and volume of the prechamber internal geometries investigated.

Fig. 2. Test bed with gas engithéebherr G 926 TI.
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(@) (b)

Fig. 3. Instrumentation for high pressure indication: (a) in main combustion chamber with water cooled piezoelectric tr&iSTu€s 7061B, (b) in
prechamber with piezoelectric trandu¢diSTLER 6053Csp90.

Table 2 prechamber and the cooling jacket is realised with the di-
Chemical composition and properties of the natural gas blends used rect contact of the spherical surface of the transducer holder
NG4 NG5 NG6 tip on a cone machined on the prechamber nose outer sur-
CHq % vol. 9301 9568 9606 face (Fig. 3(b)). Although the transducer is not externally
CoHg % vol. 328 176 170 cooled, the flow of water emerging from the prechamber
CaHg % vol. 084 050 040 well limits and stabilises its operating temperature, which
i-CaH1o % vol. 014 008 007 reduces the sensitivity shift. Combined with the relatively
n-Catio % vol. 015 209 307" high sensitivity &19 pCbar-1) for this size of transducer
i-CsH12 % vol. 0.04 002 003 : - I i ,
n-CsHio % vol. 003 002 001 this measurement configuration is expected to yield an accu-
c % vol. 0.04 000 000 rate prechamber pressure indication. The angular measure-
N2 % vol. 184 154 147 ment resolution is 05CA and the presented results are av-
e % vol 064 031 Q19 eraged over 100 engine cycles. The testing facilities and the
Aho, 1 * MJ-my 3664 3608 3605 complete instrumentation have already been described thor-
3 ct considered as-CgH1a. oughly elsewhere [3,6].

2.4. Experimental conditions

In addition to the usual pressure, temperature, flow and
exhaust gas emission measurements, the cylinders 1 and 3 The experimental conditions are summarised in Table 3.
are instrumented for pressure indication. The correspond-The emission concentration is expressed i“mi@ at nor-
ing heads were further modified to enable pressure measuremal conditions (1013 mbar,€C) and corrected for humidity
ment in the pre- and main combustion chamber of cylinder to 0% RH (dry) and an oxygen @residual concentration
1 and in the main chamber of cylinder 3. Due to their par- of 5%, corresponding to the Swiss standard.Nénd to-
ticular high sensitivity £80 pCbar') and accuracy, wa- tal hydrocarbon (THC) are expressed in equivalentN6d
ter cooled piezoelectric transducers of tyfiSTLER 7061B CHy, respectively. The ignition delayNgiq) is defined as the
were chosen for the measurement of the main chamber presdifference between the average angular positions where 5%
sure. Because of the limited accessibility of the prechamber, of the heat has been released (start of combustion) and of the
a piezoelectric transducer of typ@STLER 6053Csp90 was spark timing. The combustion duration¢cg) is defined as
selected in order to minimise the length of the connecting the difference between the average angular positions where
duct between transducer membrane and prechamber volume90% (end of combustion) and where 5% of the heat has been
and therefore to limit the amplitude of parasitic pressure os- released. The evolution of the pressure in the prechamber is
cillations [7]. The implementation of the pressure indica- represented through the difference of pressure between the
tion required the development of specific transducer hold- prechamber and the main chamber. The prechamber pressure
ers, which are represented in Fig. 3. The sealing between thds corrected in order to obtain the same value in both cham-
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Table 3 (Fig. 4(d)). In turn, the intensification and acceleration of the
General experimental conditions combustion process produces an increase in main chamber
Crankshaft rotational speed 1580 rpm pressure (Fig. 4(a)). The prechamber with the smallest
Rated brake mean effective pressure H@1 bar total nozzle orifice cross sectional area does not enable
Rated brake power output 1501.3 kW

the engine operation with a relative air to fuel ratio above

Engine room temperature 236°C . . .
Intake air pressure 986 5 mbar 1.62. Frqm this value, precham_ber.lgnltlorj fallu_re occurs
Intake air temperature 260.5°C at a relatively low frequency, which immediately increases
Intake air relative humidity 50+ 0.5% the coefficient of variance opny far above the usually
Natural gas pressite 980+ 5 mbar admitted maximum value of 5% (only stable operating
’;‘atlllrf"_' gas temperature dor | *ﬁgg points were measured). The occasional prechamber ignition
uel-air mixture temperature after intercooler failure seems to originate in the higher turbulence intensity
Exhaust gas pressure after turbocharger 1B50mbar .. . . .
Cooling water inlet temperature 800.5°C at the ignition point, which perturbs the arc discharge and
Cooling water mass flow 25+ 0.03 kgs~L the initial flame kernel generation [8]. The occurrence of
Lubricating oil inlet temperature 900.5°C ignition instabilities at a low value of relative air to fuel ratio
Lubricating oil mass flow 21+001kgs? strongly limits the potential to reduce the NGmissions
a When not otherwise specified. (Fig. 4(e)). Therefore, further discussion will essentially

b Through zero pressure regulator controlled by intake air pressure. concentrate on the three larger cross sectional areas.
When considering the same NGemissions, the reduc-

bers at intake valve closure. At this particular crank angle, tion of the total nozzle orifice cross sectional area leads to
the flow between the chambers is very weak, thus generatingSimilar CO and THC emissions (Fig. 4(e)). This may be ex-
no significant pressure drop. Further, the dynamical behav-Plained by the offset of the two following conflicting effects:
iour of both transducers is expected to be very similar. The firstly, the deeper penetration of the gas jets induced by a
emissions of NQ, CO, THC, @ and CQ were measured  Smaller nozzle orifice cross sectional area tends to reduce

and the relative air to fuel ratio is calculated on the basis of the amount of unburnt mixture compressed in the combus-
the exhaust gas composition. tion chamber crevices by an early arrival of the flame front

at their entrance. Secondly, the intensification of the com-

bustion process by stronger gas jets increases the cylinder
3. Resultsand discussion pressure. On one hand, this tends to increase the quantity

of unburnt mixture flowing into the crevices. On the other

This section presents and discusses the influence ofhand, it decreases the bulk gases temperature during expan-

the total cross sectional area, number, distribution and sion, which is likely to reduce the proportion of unburnt hy-
orientation of the nozzle orifices, as well as the prechamberdrocarbons transformed into fully oxidised products during
internal volume and shape, on the engine performance andhe secondary combustion process.

emissions. At constant NG emissions, a reduction of the area from
23.64 to 18.85 mrhyields an increase in fuel conversion
3.1. Nozde orifice cross sectional area efficiency of more than 0.5%-point, but a further reduction

from 18.85 to 14.10 midoes not significantly affect the
The investigation was performed with prechambers fea- efficiency (Fig. 4(f)). This could be a result of a higher
tured with an internal volume of 4540 ninand 6 nozzle heat transfer to the main combustion chamber wall due
orifices, unevenly distributed (see Fig. 6) and oriented at anthe deeper penetration of the gas jets. The total nozzle
angle of~62° from the prechamber axis (orientation | in orifice cross sectional area has no perceptible effect on
Fig. 1). Four different total nozzle orifice cross sectional ar- the cycle-by-cycle variability illustrated by the coefficient
eas were evaluated;, = 9.37, 14.10, 18.85 and 23.64 Mm of variance of pyj. This seems to indicate that the gain
which corresponds to orifices of diameter 1.41, 1.73, 2.00 in main chamber combustion stability is balanced by the
and 2.24 mm, respectively. The engine was operated at adeterioration of the prechamber ignition conditions due
constant spark timing of 1?8 AgTpc. to the increase in turbulence intensity. Finally, the results
The results for the four different total nozzle orifice indicate the existence of an optimal size of the total nozzle
cross sectional areas are represented in Fig. 4. At constanorifice cross sectional area which achieves the lowesi NO
relative air to fuel ratio, the reduction of the total nozzle emissions. In the case of the nozzle orifice configurations
orifice cross sectional area produces an important increasdested, the optimal size is close to 18.85 fam
in the pressure difference between pre- and main chamber
(Fig. 4(c)), which is expected to generate stronger gas 3.2. Number of nozze orifices
jets penetrating deeper into the main combustion chamber.
Consequently, this significantly accelerates and intensifies The investigation was performed with prechambers fea-
the main chamber combustion process (Fig. 4(b)) and tured with an internal volume of 4540 nirand orifices un-
results in an important decrease of the combustion durationevenly distributed (see Fig. 6) and oriented at an angle of
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Fig. 4. Influence of the total nozzle orifice cross sectional area on the engine performance and emissions; main chamber pressure (a), main-otlaasgger heat
rate and integral (b) and pressure difference between pre- and main chamber (c) at constant relative air to fuel ratio; ignition delay and carabiostion d
(d) CO and THC emissions (e) and fuel conversion efficiency and coefficient of variapgg ¢f) as function of NQ; emissionsVp = 4540 mn?, Np =6,

an~ 62°, ST=10.8° CAgTpC, NG5.

~62° from the prechamber axis (orientation | in Fig. 1), ratio, the reduction of the number of nozzle orifices from
while keeping a constant total nozzle orifice cross sectional 6 to 4, while keeping a constant total nozzle orifice cross
area of 14.10 mréh Configurations with 4 and 6 nozzle ori-  sectional area, does not affect significantly the prechamber
fices of diameter 2.12 and 1.73 mm, respectively, were eval- combustion process. This is indicated by a similar pressure
uated. The engine was operated at a constant spark timing oflifference between pre- and main chamber (Fig. 5(c)). De-
10.8 CAgTDC. spite a similar prechamber combustion process, the reduc-
The results corresponding to the two different cases aretion of the number of nozzle orifices yields a slower first
represented together in Fig. 5. At the same relative air to fuel part and a faster second part of the main chamber combus-
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Fig. 5. Influence of the number of nozzle orifices on the engine performance and emissions; main chamber pressure (a), main chamber heat-release rate ar
integral (b) and pressure difference between pre- and main chamber (c) at constant relative air to fuel ratio; ignition delay and combusti() Qi@adiot

THC emissions (e) and fuel conversion efficiency and coefficient of varianpg,off) as function of NG, emissions;V, = 4540 mn?, An = 14.10 mn¥?,

an ~ 62°, ST=10.8° CAgTpc, NG5.

tion process (Fig. 5(b)). The second part over-compensatessecond part of the combustion process is likely to be due to
the effect of the slower first part, which results in a slight re- 3 significant increase of the initial main chamber flame front

duction of the combustion duration (Fig. 5(d)). Further, the grface. This would support the assumption that the reduc-
change in the rate of heat-release induces a shift of the Centr'?ion of the number of nozzle orifices increases the size and

of gravity of the combustion into the expansion phase. The . . . .
reduction of the number of orifices decreases the number Ofpenetratlon of the gas jets. The shift of the centre of gravity

main chamber distributed ignition sources and may explain Of the combustion process into the expansion phase resullts in
the lower rate of heat released during the first part of the @ significant decrease in main chamber peak cylinder pres-
main chamber combustion process. The acceleration of thesure (Fig. 5(a)).
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When considering equal NPemissions, the moderate
decrease in combustion duration associated with the reduc-
tion from 6 to 4 orifices yields a slight increase in fuel con-
version efficiency (Fig. 5(f)). The transition from 6 to 4 ori-
fices results in reduction o£5% and~9% of the CO and
THC emissions, respectively (Fig. 5(e)). This may originate
in the two following effects. On one hand, the lower cylinder
pressure (Fig. 5(a)) tends to reduce the amount of unburnt
mixture compressed into the combustion chamber crevices.
On the other hand, the expected deeper penetration of the gas
jets should enable the flame front to reach earlier the cylin-
der head gasket and piston top land crevice entrances. Both
effects tend to reduce the amount of unburnt mixture escap-
ing the primary oxidation.

Finally, the transition from 6 to 4 orifices leads to a
significant improvement of the cycle-by-cycle variability,
particularly at low NG emissions. However, despite the
better engine operating stability with 4 nozzle orifices, the
relative air to fuel ratio could not be increased beyond 1.65
in order to further reduce the NOemissions. Above this
value, ignition failure started to occur. This phenomenon is
not related to the change in prechamber configuration but to
the particular spark plug used. This problem is discussed in
detail in the next section. (b)

3.3. Nozze orifice distribution Fig. 6. Theoretical path of the gas jet generated by the nozzle orifice
distribution around the prechamber nose: (a) uneven, (b) even.

The azimuthal orientation of the nozzle orifices was es-
tablished in order to achieve a relatively uniform distribution orifice distribution (Fig. 7(d)) makes it difficult to evaluate
of the gas jets into the main combustion chamber. Due to thethe influence of the nozzle orifice distribution on the main
tilted prechamber position and its location set off from the chamber combustion process. However, the even distribution
main combustion chamber axis, this led to an uneven dis- of nozzle orifices clearly leads to a decrease-@° CA of
tribution of the nozzle orifices around the prechamber nose the combustion duration in both cylinders.
(Fig. 6(a)). In order to evaluate the influence of the noz-  When considering same NOemissions, the somewhat
zle orifice distribution on the combustion process, a set of faster combustion associated with the even nozzle orifice
prechambers with an even distribution (Fig. 6(b)) and an distribution (Fig. 7(d)) yields a moderate increase in fuel
orientation of 60 of the orifices (axisymetrical prechamber conversion efficiency of£0.5%-point (Fig. 7(f)). However,
nose) was manufactured and tested on the engine. The investhe even nozzle orifice distribution results in a higher cycle-
tigation was performed with prechambers featured with an by-cycle variability. For equal N@ emissions, the even noz-
internal volume of 4540 miand 6 nozzle orifices of diam-  zle orifice distribution yields somewhat higher CO and THC
eter 1.73 mm 4, = 14.10 mn¥). The engine was operated emissions (Fig. 7(f)). Two different phenomena could con-
at a constant spark timing of 10.8AgTpC. tribute to this result. On one hand, the lower concentra-

The results discussed in this section are showed in Fig. 7.tion of the gas jets in the main combustion chamber re-
Like in the other sections, only the evolution of the pres- gion characterised by the largest distance between precham-
sure and the heat-release rate and integral during the enber nose and cylinder wall (compare Fig. 6(a) and (b)) may
gine cycle of cylinder 1 are presented. However, unlike delay the flame front arrival at the remotest location of
in the other sections, the results associated to cylinder 3the piston top land and cylinder head gasket crevice en-
do not show the same trend and indicate no significant trances. On the other hand, the higher cycle-by-cycle vari-
influence of the distribution of the nozzle orifice. This ability (Fig. 7(f)) may indicate an increase of the frequency
consequently limits the possible interpretation of the re- of bulk gas quenching. Both phenomenatend to increase the
sults. amount of unburnt mixture escaping the primary oxidation

At constant relative air to fuel ratio, the transition from process.
uneven to even nozzle orifice distribution does not affect  The engine operation with the even nozzle orifice distrib-
significantly the prechamber flow dynamics and combustion ution is characterised by a higher cycle-by-cycle variability
process (Fig. 7(c)). The large difference in ignition delay which cannot directly be explained on the basis of the exper-
between cylinder 1 and 3 in the case of the uneven nozzleimental results. As identified during a later test, the degra-
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Fig. 7. Influence of the nozzle orifice distribution on the engine performance and emissions: main chamber pressure (a), main chamber heatargiease rat
integral (b) and pressure difference between pre- and main chamber (c) at constant relative air to fuel ratio; ignition delay and combusti() Qi@adiot

THC emissions (e) and fuel conversion efficiency and coefficient of varianpgoff) as function of NG, emissions}Vp = 4540 mn?, Np = 6, A = 14.10

mm?, an ~ 78° (* = 60°), ST=10.8° CAgTpc, NG5.

dation of the combustion stability seems to mainly originate original cylinder head. Consequently, the following exper-
in the particular evolution of the spark plug behaviour after iments were first carried out with spark plugs not exceed-
several tens of operating hours, causing an increase in thang ten operating hours and then were replaced by standard
frequency of ignition failure. The replacement of the spark spark plugs typ&/6DC, characterised by the same electrode
plugs by new ones dramatically improved the engine oper- configuration and thermal index. However, the fitting of the
ating stability. Small spark plugBosch Super type F6DC standard spark plugs required the milling of the tightening
were selected because of the limited space available in thehexagon from 21 to 19 mm.
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At constant NG emissions, the use of an even nozzle with the somewhat reduced ignition delay induced by the
orifice distribution in comparison to an uneven distribution nozzle orifice orientation Il leads to a somewhat higher fuel
leads to a slight increase in fuel conversion efficiency, while conversion efficiency (Fig. 8(f)). This orientation yields no
producing only slightly higher CO and THC emissions. perceptible change in cycle-by-cycle variability. Despite the
However, the results presented in the previous sectionsomewhat higher peak cylinder pressure, the orientation of
indicate that a prechamber with 4 nozzle orifices enables athe gas jets towards the squish region results in a reduction
significant reduction of the CO and THC emissions, while of the CO and THC emissions (Fig. 8(e)). The reduction is
not affecting the fuel conversion efficiency. When now small with a relatively rich fuel-air mixture, but becomes
considering a lower number of nozzle orifices, it appears much larger when the relative air to fuel ratio increases. Fur-
even more important to obtain a uniform distribution of ther, orientation Il induces a fundamental change in the be-
the gas jets in the main combustion chamber. Therefore haviour between CO and THC emissions: the CO emissions
and because the general trend will be to use 4 nozzleslightly decrease with the increase of relative air to fuel ra-
orifices, only the uneven distribution was used for the next tio (this trend has been established several times), while the

prechamber configurations. THC emissions increase due to the degradation of the com-
bustion stability. These results tend to support the assump-
3.4. Nozze orifice orientation tion that an early flame front arrival in the squish region

reduces the amount of unburnt mixture compressed in the

The two different orientations of the nozzle orifices piston top land and cylinder head gasket crevices. Further,
indicated in Fig. 1 were investigated. The first orientation (I), the slight decrease of the CO emissions with the increase of
characterised by an average angle from the prechamber axiselative air to fuel ratio seems to indicate a progressive re-
of ~ 62°, yields a relatively uniform distribution of the gas duction of the amount of hydrocarbons located in the com-
jets issuing from the prechamber into the volume of unburnt bustion chamber crevices prior to the flame front arrival. On
mixture located in the main chamber when the piston is the other hand, the increase in THC emissions should essen-
close to TDC. The second orientation (ll), with an average tially result from the more frequent occurrence of bulk gas
angle of~78°, aims to promote an early arrival of the flame flame quenching.
front in the squish region, in order to reduce the amount  The orientation of the nozzle orifices towards the squish
of unburnt mixture compressed in the cylinder head gasketregion simultaneously reduces the THC and CO emissions,
and piston top land crevices. The investigation was carried particularly when increasing the relative air to fuel ratio to
out with prechambers featured with an internal volume of decrease the N emissions. In addition, it also improves
4540 mn? and 6 nozzle orifices of diameter 2.00 man(= somewhat the fuel conversion efficiency. For these reasons,
18.85 mn?), unevenly distributed. The engine was operated this particular nozzle configuration was adopted to evaluate
at a constant spark timing of 8 £Agtpc. The overall low the influence of the prechamber internal volume and shape,
cycle-by-cycle variability associated with the prechamber presented in the following two sections.
ignition operation enables a further delay of the spark
timing, which permits to take advantage of its beneficial 3.5. Prechamber internal volume
influence on the N@ and CO emissions. Therefore, the
spark timing was retarded from 10.8 to 8@3BAgTpc for the Two different prechamber internal volumes were evalu-
remaining prechamber configuration parameters. ated. The volumes are 4540 and 3010 fnoorresponding

The results corresponding to the two different nozzle to 2.9 and 1.9% of the compression volume (clearance and
orifice orientations are given in Fig. 8. The transition from prechamber volumes), respectively. The internal dimensions
orientation | to 1l leads to a perceptible intensification of the of the small prechamber (Fig. 1(b), (b)) correspondsto a pro-
prechamber combustion process. This results in a moderateportional reduction of the larger prechamber (Fig. 1(b), (a)),
increase of the pressure difference between pre- and mairwhich results in a similar internal shape. In order to achieve
combustion chambers, which occurs somewhat earlier in theapproximately the same orifice flow conditions (i.e., pres-
engine cycle (Fig. 8(c)). When considering the same relative sure drop), the ratio between the nozzle orifice total cross
air to fuel ratio, the higher pressure difference between pre- sectional area and the prechamber internal volume was kept
and main chamber generated by orientation Il yields a more constant to a value o,/ Vp = 0.0042 mnt L. This results
rapid main chamber combustion process (Fig. 8(b)). This in nozzle orifice diameters of 2 and 1.63 mm for precham-
results in a somewhat shorter ignition delay and a significant ber a and b, respectively. The specific parameters of each
decrease in combustion duration (Fig. 8(d)). The slightly prechamber are summarised in Table 4. The investigation
shorter ignition delay is expected to originate in somewhat was performed with prechambers featured with 6 nozzle ori-
stronger gas jets. In turn, the acceleration of the combustionfices unevenly distributed and orienteckat8°. The engine
process causes a slight increase of the maximum cylinderwas operated at a constant spark timing of &3\g1pc.
pressure (Fig. 8(a)). The results corresponding to the two different internal

When considering the same NGemissions, the signif-  volumes are represented together in Fig. 9. At constant
icantly shorter combustion duratiom=g° CA) combined relative air to fuel ratio, the small prechamber (b) causes
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Table 4
Prechamber configurations
a b
Vo mm® 4540 3010
% Ve - 2.9 1.9
dn mm 2.00 1.63
Nn - 6 6
An mn? 18.85 12.52

an earlier start of the prechamber combustion, which results
in a larger pressure difference between pre- and main
chamber (Fig. 9(c)). However, the combination of the
smaller prechamber volume and the earlier start of the
prechamber combustion process reduces the amount of
unburnt mixture flowing into the prechamber. Thus, the
small prechamber (b) is expected to generate weaker gas
jets, but which are emerging more rapidly and earlier in
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the engine cycle. This causes a slight reduction of the main  For the same N emissions, the shift of the main cham-
chamber ignition delay of approximately £A (Fig. 9(d)) ber combustion process towards TDC (Fig. 9(b)) fully com-
and consequently leads to an earlier start of the main pensates the detrimental effect of the longer combustion du-
chamber combustion process (Fig. 9(b)). In turn, this leads ration (Fig. 9(d)) on the engine fuel economy. Consequently,
to a significant increase in peak cylinder pressure (Fig. 9(a)). the reduction of prechamber volume results in no perceptible
The slower end of the main chamber combustion processchange in fuel conversion efficiency (Fig. 9(f)). The chem-
seems to originate in the lower penetration of the gas jets.ical energy converted into heat in the prechamber produces
It results in a significant increase of the main chamber a sufficiently large increase in pressure (Fig. 9(c)) to gen-
combustion duration of about £A (Fig. 9(d)). erate the hot gas jets required for the main chamber igni-
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tion. However, this pressure increase does not directly af- ented atx78°. The engine was operated at a constant spark
fect the main chamber pressure (Fig. 9(a)) and thus doestiming of 8.3 CAg1pc.
not produce mechanical work. The insensitivity of the fuel The results corresponding to the two different precham-
conversion efficiency to the variation of the prechamber vol- ber internal shapes are shown in Fig. 10. The transition from
ume indicates that the detrimental effect of burning a larger internal shapé to c leads to a delay of the prechamber pres-
guantity of fuel in the prechamber without producing me- sure pulse and a decrease of its intensity (Fig. 10(c)). The
chanical work is fully compensated by the acceleration of the longer pressure pulse observed with shapesults from
main chamber combustion process realised by the resultingthe larger main chamber ignition delay (Fig. 10(d)). The
stronger gas jets. The significant improvement of the cycle- slower and less intense prechamber combustion process is
by-cycle variability associated with the small prechamber expected to delay the development of the gas jets in the
(b) permits an increase in the relative air to fuel ratio, which main chamber and attenuates their intensity and penetra-
enables a further reduction of the M@missions. The sig-  tion. When considering the same relative air to fuel ratio,
nificant lower cycle-by-cycle variability associated with the this leads to an important increase in main chamber igni-
small prechamber may originate in the lower turbulence in tion delay of approximately<3CA. In turn, this results in a
the vicinity of the spark plug electrodes indicated by the nu- shift of the main chamber combustion process into the ex-
merical simulation ([1], Fig. 11(b), lowest graph). pansion phase (Fig. 10(d)). The less efficient combustion re-
Despite a better combustion stability which tends to quires a larger mass flow rate of fuel-air mixture in order
reduce the contribution of bulk gas quenching, the reduction to achieve a constant engine power output, which results in
of the prechamber internal volume yields more tharo an higher compression pressure (Fig. 10(a)) and heat release
and ~11% higher CO and THC emissions at constant integral (Fig. 10(b)). Further, the shift of the main combus-
NOyx emissions (Fig. 9(e)). This tends to indicate that the tion process into the expansion phase yields a significant de-
increase in CO and THC emissions mainly results from crease in peak combustion pressure, which becomes much
the combustion chamber crevice mechanisms. On the onesmaller than the maximum value reached during compres-
hand, the higher peak cylinder pressure tends to increasesion (Fig. 10(a)).
the amount of unburnt mixture flowing into the combustion In comparison to the prechamber with internal shape
chamber crevices. On the other hand, weaker gas jets ard, the slower and later main chamber combustion process
likely to delay the arrival of the flame front at the entrance induced by internal shape enables a reduction of the
of the piston top land and cylinder head gasket crevices. relative air to fuel ratio to achieve the same fN®missions
Both effects tend to increase the amount of hydrocarbons(Fig. 10(e)). At equal NQ emissions, the shift of the
escaping the primary oxidation process. The reduction of main chamber combustion process into the expansion phase
the prechamber internal volume also causes a more rapidproduced by internal shapecauses a significant decrease
increase of the THC emissions and a fundamental changeof more than 0.5%-point in fuel conversion efficiency
in the evolution of the CO emissions with the increase in (Fig. 10(f)). Despite the slight decrease in relative air to fuel
relative air to fuel ratio. This particular behaviour tends to ratio, the later and slower combustion process associated
indicate that the intensity and penetration of the gas jets haswith the shapec causes a significant increase in cycle-by-

a major influence on the exhaust gas emissions. cycle variability, which is illustrated by a higher coefficient
of variance ofpp;.
3.6. Prechamber internal shape When considering equal N emissions, the change

from shapeb to c¢ yields ~11% and~13% lower CO

A first insight into the influence of the prechamber inter- and THC emissions, respectively (Fig. 10(e)). This result
nal shape was gained on the basis of two different geome-is expected to mainly originate in the significantly lower
tries. In order to enable a sufficient variation of the inter- combustion pressure characterising shgpghich tends to
nal shape without modification of the prechamber external reduce the amount of unburnt mixture compressed in the
geometry, this study was based on the small prechamber vol-combustion chamber crevices and thus escaping the primary
ume of 3010 mr. The first internal shape correspondsto the oxidation process.
caseb represented in Fig. 1(b). The second internal shape (¢) The engine operation with the prechamber internal shape
was designed in order to distribute more uniformly the vol- c yields approximately the same CO and THC emissions
ume along the prechamber axis. With a size of 14 mm, the as with the large prechamber (shage at constant N@
larger diameter of the upper prechamber part corresponds teemissions. On the other hand, shapenables a further
the thread dimensions of the standard spark plug used. De+eduction of the NQ emissions. However, it also leads
rived from the internal shage the length between the point to a decrease in fuel conversion efficiency of more than
where the nozzle orifice axes converge and the prechambef.5%-point. Further, the effective potential to reduce the
top face (prechamber length) as well as the prechamber condNOy emissions sufficiently under the Swiss limits to be
angle were kept constant. The investigation was carried outpractical is strongly limited by the simultaneous increase
with prechambers featured with 6 nozzle orifices of diameter of the CO emissions. In this respect, the significantly more
1.63 mm @n = 12.52 mn?), unevenly distributed and ori-  stable behaviour of the CO emissions characterising the
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Fig. 10. Influence of the prechamber internal shape on the engine performance and emissions: main chamber pressure (a), main chamber heat-release re
and integral (b) and pressure difference between pre- and main chamber (c) at constant relative air to fuel ratio; ignition delay and comhiostid) durat

CO and THC emissions (e) and fuel conversion efficiency and coefficient of variangg; ¢f) as function of NG; emissions;V, = 3010 mn?, Np = 6,

An = 1252 mn?, an ~ 78°, ST=8.3° CAgtpC, NG6.

engine operation with the large prechamber offers, at this penetration of the gas jets and/or promote an early arrival
stage, more potential to reduce the CO emissions to anof the flame front at the piston top land and cylinder head
adequate level under the Swiss limits, while keeping the gasket crevice entrances.
highest possible fuel conversion efficiency.
e a small total nozzle orifice cross sectional area. How-
4. Conclusions ever, the reduction of this area is limited by the occur-
rence of ignition failure, likely to result from an ex-
The prechamber geometrical parametric study indicates  cessive increase in turbulence intensity at the ignition
that the following trends have a beneficial effect on the point. There is an optimum area, which enables mini-
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