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Experimental comparison of efficiency and emission levels of four-cylinder
lean-bur n passenger car-sized CNG engines with different ignition concepts

Today’s passenger car CNG engines are based oplpigines which typically have restrictions pretgg the exploitation of the
full potential of methane based fuels, especiéliiggy have to be operated also on petrol as arsbfel. Additionally, the use of three-
way-catalysis limits the engine operationite 1. Here, we present the efficiency potential #mel raw emission characteristics for a
dedicated four cylinder passenger car CNG engirthauit sticking to the usual combustion peak pressmd limitations. Lean com-
bustion reduces the knocking tendency but, beaafuges higher pressure levels, increases the igmignergy demand. Therefore, dif-
ferent ignition systems (spark plug, prechambeesBi pilot) have been used.
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1. Introduction

a special focus is therefore put on the ignitiostamys.

Natural gas offers distinct GGadvantages over classi- Three distinctly different ignition systems are disé\n

cal liquid fuels and it is therefore of interesttire mobility
sector [12, 14]. Additionally, renewable methanehsmi-
cally identical with the natural gas’ main componeme-
thane and can be therefore blended in any ratibowit
need to change engine hardware or calibration. ddyeir

inductive ignition system using a well-insulatedudpplug
(engine 1), an inductive ignition system in prechars of
different geometries which could be used with othaiit
prechamber gas injection (engine 2), and a Dieslet p
injection system (engine 3).

can also be added to Methane which leads to addltio
advantages, especially if engine control parametees
adapted [16]. All this gives compressed natural (2¥G)
an ecologic and economic long-term perspective hia t
mobility sector. Consequently, natural gas is ofidhe

2. Engines

The engines for the spark ignited versions had gone
through the following modifications:
- inserts for spark plugs (engine 1) or prechambens (

attractive fuel options for the automotive industviyich is
facing worldwide continuously tightening GQmission
regulations [17].

Today's mass-produced natural gas engines for passe

ger cars are typically based on petrol enginestlynasth

gine 2) instead of the Diesel injectors,

modified valve seats (engines 1 and 2),
— reduced swirl level (engines 1 and 2),
modified pistons / modified piston rings (enginend 2),
- wastegate instead of VTG turbocharger (enginesia

some adaptations such as increased compressian rati The Diesel pilot engine is only slightly modifiegt -

increased boost pressure, adapted valves and sedvs, or
high-temperature-capable turbine materials. Suchptad
tions do not fully take the advantageous propedfasatu-

ral gas into account as for example the peak cotitious

pressure limitation of typically around 100 bar ens
from the basic petrol engine. Passenger car nagaal
engines are nowadays operated stoichiometricallichwh
leads, in combination with three-way-catalysisyéoy low
emissions not only in legislative cycled but alsoreal-

plementing a PFI CNG supply system; all other d#etaie
identical from the serial production Diesel engiffdhe
engines are operated with rapid prototyping ECUkiarall
engines, closed-loop center of combustion (COCjrobis
implemented. The main characteristics of the ergitie-
cussed here are listed in Table 1 and additiodiatrimation

is given in the following subsections.

Table 1. Main characteristics of the used engines

world operation [1]. Also, natural gas engines hdve Engine1 Engine 2 Engine3
potential for practically zero emissions [2]. Howevit is Spg];iﬁgug PreEc:g}rnn:er D?%iﬁgot
well-known that stoichiometric operation leads éaluced S : Volkswagen | Volkswagen | Volkswagen
efficiencies compared to lean operation, especilig to ase engine EA 288 EA 288 EA189
higher pumping losses _and heat trf_in_sfe( [5]. _ # <I>f cylmdersl_/ d 44 4/4 4/4

In the project described here, limitation regardiom- ‘g’i‘s"?;c%‘i;:r{t'” er
bustion peak pressure levels and stoichiometricabios [Cm'?] 1968 1968 1968
are omitted to finq the potentials and_ constrafgtsnatural [ Bore/stroke [mm] 81/955 81/955 81/9585
gas combustion in passenger-car-sized engines. eseDi | Compression ratio 145 145 165
engine is used as an experimental basis as modegelD | Ignition system Inductive Inductive -
engines can cope with considerably higher peakspres | _ NGKMIZ | NGk m10 B
than gasoline engines. High combustion pressuspgcel- park plug chanﬂbe, in prechamber
ly at lean conditions, need high ignition energiasd
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Table 1 cont. mixing of methane and air. The injection timing v&a®-
Common chronized to the crankshaft signal and the injectwere
Diesel injection _ _ Rail with activated alternatively over 720 °CA with the lowpsssi-
system In?;‘ztz:rs ble rail pressure in order to enable injection tars as
Gas port fuel Bosch NG2 | Bosch NGI2 | Bosch NG close as possible to 180 °CA. In comparison tatapseith
injectors T the gas injectors mounted closer to the cylindeakia
tF’rech«'slmber injec- _ Bosch NGI2 _ valves, the present setup is suited for transi@etragion
ors only to a limited extent. However, this is not aslie since
Turbocharger Wastegale,  Wasleqaic Presemvﬁgt the focus of the work presented here lies on stetate
EGR Not installed Not installed used operation 0n|y.
aguns | agu | mguny | 22 Prechamber engine (Engine?
%%P?ACE) %%P?ACE) %%P?ACE) The prechamber engine is built on the same baglseas
_ All4 cylin- 1 1 4 olinders | A4 oYlin- spark plug engine with the difference, that théndér head
i(rtlxélilggt?énpressure d%SstT:rmg using Kistler d%sstlll:r'ng is equipped with specifically designed prechambees
Sensors sensors sensors Fig. 3._ Prechamber parts are sh(_)wn in Fig. 4. Ia_rebler
Prechamber pres- One precham- operation can be passive (|.§. W|t_hout gas injactm the
<ure indication - ‘ber using - prechamber) or scavenged (i.e. with gas supplhé¢opre-
Kistler sensor chamber). A higly insulated M10 spark plug is used
2.1. Spark plug engine (Engine 1) ignition. A check valve at the prechamber entragrtables

The cylinder head is redesigned to hold an insétt w the use of a recessed dosing valve. Additionallgmell

a spark plug instead of a Diesel injector. To achie uncooled piezoelectric pressure sensor is |mpleed_em
good combustion chamber geometry for premixed conid€ upper part of the prechamber. The prechambertiare
bustion, pistons with hemispherical bowls with atiict Placed in cooling water channels and sealed wittkeja
squich-area are used. Figure 1 shows a cross-catewhngs.

the combustion chamber geometry can be seen. Wssho
also the flush-mounted water-cooled cylinder pressu
sensor.

=
L
M

;
=

Prechambe

Fig. 3. CAD visualisation of the combustion chambérithe prechamber
engine

Fig. 1. CAD visualisation of the combustion chambérthe spark plug
engine

Figure 2 depicts the intake manifold with the upaitn
throttle and gas mixer. A gas mixer enables a peeifect

Fig. 4. Prechamber assembly, including the preclesnpbessure sensor
and the gas supply cannula

The air/fuel equivalence ratid)(of the mixture inside
the prechamber at time of ignition is crucial foetopera-
tion of the scavenged prechamber. The goal ish®Eee a
mixture inside the prechamber when ignition is &gupl
which is close to stoichiometric condition. Thisnst a
trivial task as during compression a lean mixtuiieh va
certaini is pushed back into the prechamber if the engine i
run lean. Therefore, the resultihgat spark timing depends
on the in the main chamber, on the amount of gas injected
to the prechamber and on the spark timing itselfedicat-

Fig. 2. CAD visualisation of gas mixer, throttledaintake manifold
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ed prechamber controller adapts the injection gmdtion
timing based on the estimated prechambexccordingly
[6]. Finally, we optimized for best efficiency anowest
THC emissions which turned out to occur at earjgation
with the start of prechamber injection around 3@A°
before TDC.

the least amount of Diesel possible [18]. In gehedtas
“Minimal Diesel Control” minimizes the CQOemissions of
the engine as the substitution rate is maximizeeddition,
when operated with a fixed total fuel/air mixtufewer
Diesel leads to less excess oxygen in the air/gatira.
This favors flame propagation since laminar flarpees! is

Prechamber geometries are designed and optimized icreased. At high loads, the mechanical limitattonthe
ing CFD tools by Volkswagen Konzernforschung, Rilcar maximum cylinder pressure prohibited the air/fuslas to

Software and ETH Zurich [3, 4, 10, 11, 15]. Thefper

exceed a of about 1.4.

mance of different prechamber designs was tested on

rapid compression and expansion machine at ETHcEUri

and on a single cylinder engine at Poznan Uniwersit
Technology with focus on prechamber performancd §9,

A selection of prechambers was then implementedhen

full engine described here where the behavior efaverall
combustion system is addressed and engine efficiand
emission levels are assessed. In this article, agasf on
two prechamber geometries which show a distindemint
performance, both with identical volume but witldiéer-
ent channel configuration. Figure 5 shows a pictfrthe
two prechambers and Table 2 lists the main chaistits.

= . Prechamber 1 .

rechamber 2

Fig. 5. Used prechambers (jet exit sides)

Table 2. Main characteristics of the prechambenspared in this study

Prechamber 1 Prechamber 2

Prechamber volume 1.826 tm 1.826 cm
Number x diameter 7x1.5 mm 12 x 0.9 mm
of horizontal nozzles

Number x diameter 3x1.4mm 5x0.9 mm

of vertical nozzles

2.3. Diesdl pilot engine (Engine 3)

The Diesel pilot engine is only slightly modifiedrf
Diesel pilot operation: Four gas injectors are adttethe
swirl flap adapter just before the engine’s intakannels
(Fig. 6). The Diesel fuel is directly injected inttoe cylin-
ders using the standard Diesel injection systente@om-
pression ignited, the Diesel provides ignition cesfor the
premixed natural gas. The amount of Diesel defithes
level of energy that is available for the ignitiaf the
gas/air mixture. The point in time at which the §ikis
injected, influences the type of combustion sigaifitly.
Very early injections allow for much better miximg the
Diesel with the gas/air mixture than it is the cagh late

injections. According to this, different injectictrategies

can result in combustions with the same combugituas-

ing but different CQ@ emission, thermal efficiency and

pollutant emissions. In this study, the Diesel étijgn pa-

rameters, i.e. the start and duration of injecteme, chosen

such that the desired combustion phasing is actiasing

Fig. 6. Four PFI gas injectors mounted on the s¥agp adapter of the
original Diesel engine

3. Fudl

For all experiments, natural gas from the locat gsi
compressed in bottles and fed to the engine’s pressgu-
lators. The gas composition is analyzed from timéirhe
using a process gas chromatograph. A stable gapasim
tion was observed. Table 3 shows the main compenent
The resulting lower heating value is 48.6 MJ/kautstard
deviation 0.2 MJ/kg) and the methane number iss&h(-
ard deviation 0.7).

Table 3: Composition of the used gas (values aci¥analyses)

GO
3.5 Mole%| 0.8 Mole%| 0.5 Mole% 0.4 Mole%

Methane Ethane

94.5 Mole?

Nitrogen | Propane

Mean

Standard
deviation

4. Results

For the discussion of efficiency, emissions andpera-
ture levels, we concentrate here on the following bper-
ating points:

- Operating point 1 (low load): Engine speed 1400 in
brake torque 50 Nm (bmep = 3.2 bar),

- Operating point 2 (higher load): Engine speed 20800™,
brake torque 220 Nm (bmep = 14.0 bar).

Those two operating points cover all the domindnt e
fects seen across the engine map. It has to bd ttwethe
turbochargers are not able to cover all possibleraipg
conditions from\ = 1 until the lean limits at all engine
speed/torque combinations. Especially at very leamdi-

0.4 Mole% | 0.2 Mole%0.1 Mole%| 0.1 Mole% 0.1 Mole%
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tions and in combination with high load operationda
comparably low engine speed, boost pressure limitst
occur which lead to a power loss since the desireahnot
be met. Such operating conditions are marked itfialfawv-
ing Figures with a grey background.

4.1. Brake engine efficiencies

The base Diesel engine for the Diesel pilot expenits
is not the same as the base engine for the spaitedg
versions, also the turbocharges are different (WEGus
wastegate). Therefore, the direct comparison oblates
numbers can be misleading as the gas exchange lasde
friction can be different. However, the main ohjeetin
engine design is generally to maximize the efficiewhile
meeting pollutant emission limits and keeping thgiee in
safe operation for all setups. In this section,digeuss the
influence of different parameters on efficiencyale en-
gine efficiencies depend on:
The properties of the working fluid, which are infl
enced by the air-to-fuel ratio.

air-to-fuel ratio, the in-cylinder charge motiondathe
ignition characteristics.

confirmed that the center of combustion at 8 °Cyegi
best efficiency for all cases so that this phasives
fixed for all experiments presented here (with exica

of retarded combustion phasing for cases wherekknoc e °

occurred at COC = 8 °CA).

by the global air-to-fuel ratio, by the in-cylindeharge
motion and by crevice volumes.

Figure 7 shows the measured brake engine effi@enci
versus) for the lower load operating point. Best efficien-

The combustion duration, which is influenced by the

The combustion phasing, whereas it was experingntal

The completeness of combustion, which is influenced

see section 3.3 and [7]. Prechamber 1 shows theefies
ciency of all combustion concepts; it performs diebetter
than prechamber 2, which points out the importafdhe
prechamber channel configuration.

Figure 8 shows the measured brake engine effi@enci
versush for the higher load operating point. Here, therkkpa
plug option shows clearly the lowest efficienciesoas the
whole ) range. The Diesel pilot setup peaks its efficieacy
A = 1.43 where the allowed cylinder peak pressumaégs
Prechamber 2 shows similar efficiency levels asOiesel
pilot setup, but was able to run leaner withoutirmt the
peak pressure limit; this is mainly due to the Iowem-
pression ratio of 14.5 versus 16.5 of the Dieskit pier-
sion. Also at this higher load point, prechambshaws the
best brake thermal efficiency level with nearly 44\
levels around 1.6 ... 1.7. The gray area in the ghatws
the X region where the turbochrger was not able to deliv
enough air, the resulting reducions in bmep areated.

46
—— reference engine w/o prechamber
—B— benchmark diesel pilot engine
—@— engine w. scavenged prechamber 1
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Fig. 8. Brake engine efficiencies for the operatpgnt 2 (2000 rpm/
220 Nm/bmep 14.0 bar)

cies occur in thé range of 1.5 ... 1.7 for all concepts. The

spark plug engine shows efficiencies very similarthe

4.2. Peak cylinder pressure and center of combustion

engine equipped with prechamber 2, but prechamber 2 Settings

allowed keeping a high efficiency up to leaner mnigs.
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Fig. 7. Brake engine efficiencies for the operatpgnt 1 (1400 rpm/
50 Nm/bmep 3.2 bar)

The Diesel pilot engine shows a clear disadvantage
terms of efficiency which results from an impairBdesel
ignition. Since the fresh air is throttled underctsdoad
conditions, the pressure after compression dimassind,
in turn, the ignition delay is prolonged. Consedlyerthe
Diesel mass for proper ignition has to be stromgtyeased,

Figure 9 shows the peak cylinder pressures foldive
load operating point. In all variants, the centecambus-
tion (i.e. the crank angle where 50% of the fuddused) is
set to 8 °CA after TDC. For the spark ignited vemsi
especially for the spark plug version, a clear éase in
peak pressure with increasing charge dilution carsden.
In the region of best efficiency, the prechambedisws
higher peak pressures than the pure spark plutiagnithe

60
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—¥— engine w. scavenged prechamber 2
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Fig. 9. Peak cylinder pressures for the operatmigtd (1400 rpm/50 Nm/
bmep 3.2 bar)
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Diesel pilot engine shows the highest peak presdexels
in general, which is attributed to it's higher caegsion
ratio. In this operating point with unfavorable ddions for
the Diesel pilot and thus high Diesel pilot quaest the
peak pressure is fairly unaffected by increasingliution.

intensive fuel as possible [18]. In case of thecpaber
variants, the amount of gas supplied to the pretlearis
set in such a way, that the efficiency is maximifgdThe
resulting energetic amounts of fuel provided to pre-
chambers and the Diesel pilot respectively are show

Figure 10 shows the cylinder peak pressure lewals fFig. 12 and Fig. 13 for the two discussed operapioigts.

the higher load point and Fig. 11 shows the comedmg
settings of the center of combustion. Fowalues below
about 1.4 ... 1.5, the combustion phasing had tdeteyed

For the prechambers, the necessary amount of faeided
to the prechamber increases with increasing chdifgion
for both operating points whereas prechamber 2seente

to prevent knock. Ak = 1, the spark plug engine had thduel than prechamber 1, in spite of the same prabea

most delayed center of combustion setting whictatis
tributed to the comparably slow combustion and efoee
to an increased knock tendency. The Diesel pilgiren
even it has an considerably higher compression thén
the spark ignited versions, could keep the cerfteombus-
tion at a near-optimum level. This is most liketyributed
to the fact that the Diesel pilot catches a largeme frac-
tion of the cylinder filling which reduces the tinfier the
end-gas to pass through pre-reactions. In termpeak
cylinder pressure levels, the Diesel pilot engistesws, due
to its higher compression ratio, the highest levEle spark
plug engine shows the lowest levels. However, pmedyer
ignition increases the peak pressure levels whsditribut-
ed to considerably faster combustion comparedeaafark
plug version, see section 3.5.
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Fig. 10. Peak cylinder pressures for the operapinmt 2 (2000 rpm/
220 Nm/bmep 14.0 bar)
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Fig. 11. Center of combustion settings for operatioint 2 (2000 rpm/
220 Nm/bmep 14.0 bar)

4.3. Energy fraction for ignition

In addition to the air/fuel mixture the engine aaf@s,
the Diesel pilot and the prechamber versions udéiadal
fuel for the ignition process. For the Diesel pioigine, the
amount of pilot fuel is minimized to minimize sofair-
mation and to use as little Diesel of this moreboar

volume. This points out the strong coupling of tloev and
composition structure in the prechamber with itsfqre
mance. For the Diesel pilot engine, the energdiires for
the Diesel pilot strongly increases at decreasiagl,| espe-
cially with decreasing air excess. This is becaof¢he
unfavourable conditions for compression ignition ewh
pressure levels are decreased with intake flowttihrg. At
higher load conditions, the minimum amount of Didgel
is used which the injectors can provide. With thedtors
used, this is the case with injection durationsaund
120ps.
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Fig. 12. Energy fraction for Diesel pilot or preahiaer fueling for operat-
ing point 1 (1400 rpm/50 Nm/bmep 3.2 bar)
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Fig. 13. Energy fraction for Diesel pilot or precfiaer fueling for opera-
ting point 2 (2000 rpm/220 Nm/bmep 14.0 bar)

4.4. Combustion stability

To assess combustion stability, the coefficienvanfa-
tion of the indicated mean effective pressure (QEP),
which is standard deviation divided by mean vaisiejsually
taken as a measure. Here, we calculated the Co\R)ME
based on 300 consecutively recorded in-cylindessone
traces of cylinder #1. CoV(IMEP) values below akisfi4t are
typically regarded as desirable as these levatyadic varia-
tions guarantee a smooth engine operation.
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Figure 14 shows the cyclic variation levels for ibvwer ences in the underlying physico-chemical procedtsés
load operating point. The spark plug and prechaniberclear, that the combustion characteristics havéeovery
overshoot the desired CoV(IMEP) levels abovevalue of different.

1.8 and reach there their lean burn limits. Prediaan? Figure 16 shows the combustion duration, defineithas
does not show this behaviour at all; it enableblstaom- crank angle from 5...90% mass fraction burned, ferltiw
bustion to well abové values of 2. The same can be obload point. The spark plug version shows the slowes-

served for Diesel pilot operation. bustion, whereas the prechambers lead to a mudhr fas
combustion. The Diesel pilot, which is energeticalllarge
1L} e mm————— amount in this operating point (see section 3.3pdeto
16 B engme v cavenged prochamber 1 extremely fast combustion.
—¥— engine w. scavenged prechamber 2
14
12 /K = —&— reference engine w/o prechamber
// 50 —H- diesel pilot engine
—l— engine w. scavenged prechamber 1
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Fig. 14. Cyclic variations for the operating paln¢1400 rpm/50 Nm) °
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Figure 15 shows the cyclic variation levels for High- tambdatd

er load operating point. Here, a similar behavican be Fig. 16. Combustion durations for the operatingipi(1400 rpm/50 Nm)
observed for the spark ignited variants: the spdulg ver-

sions has its lean burn limit atavalue of 1.8, the pre- Figure 17 shows the combustion durations for tigbéri
chamber 2 at a slightly higharvalue, prechamber 1 runsload point. In this point, the Diesel pilot engisigows simi-
stable even at values above 2. The Diesel pilot engindar combustion durations as the spark plug versidrs is
shows a completely different behaviour than for lineer because at higher loads, the Diesel pilot quastiie much
load operating point: CoV(IMEP) increases alreaidyoen-  lower than at lower loads which transfers in a glosom-
parably low air dilution levels. The reason forsthieha- bustion. The prechambers show fast combustion, egiser
viour is most likely the cyclic variability of thBiesel pilot prechamber 2 leads to even faster combustion then p
quantity. At high load, the Diesel quantity is vergall and chamber 1. However, the faster combustion of prediea
at the operating border of the Diesel injectorg, section 2 does not increase the thermal efficiency of thgiree

0
0.9 10 11 12 13 14 15 1.6 17 18 19 20 21 22
Lambda [-]

4.3. compared to prechamber 1, neither in the high-imdhe
7 low-load operating point. This is most likely atuited to
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Fig. 15. Cyclic variations for the operating pdn2000 rpm/220 Nm)

o «

4.5. Combuglon duratlon 0.9 10 11 1.2 13 14 15 1.6 17 18 1.9 2.0 21 22
Ignition systems affect the subsequent combustim ¢ S T T s T
siderably. The ignition systems discussed in tlaigep are
very different. A spark plug driven by a capacitigaition o
system creates a thermal plasma which initializamé 4.6 NOx emissons o o
propagation directly in the combustion chamber [Hje _ The NQ emissions shown in Figure 18 and 19 indicate
flame development in case of a prechamber is peatec Slight benefits for the prechamber engine conceptsus
from the combustion chamber and hot radicals aetej @ Simple spark plug for operation at a giverHowever,
[10], ignite the mixture and create turbulence.chse of SiNce the prechambers versions show .best effi@enat
a Diesel pilot ignition, a diffusion-controlled &égnition  higher’ values than the spark plug versions, the precham-
of Diesel jets ignites the mixture. Because of ¢hdifer- bers proved to be a very good approach to maxiefise

Fig. 17. Combustion durations for the operatingip2i(2000 rpm/220 Nm)
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ciency and minimize NQraw emissions. Ak = 1, the
Diesel pilot and the spark plug versions show \@nyilar
NOy levels for low- and high-load operation. At lowatb
operation, the Diesel pilot version shows the hagH¢O,
level at lean conditions. This is caused by thd lamount
of Diesel fuel used at these conditions.

18
—— reference engine w/o prechamber

—- benchmark diesel pilot engine
16 —l— engine w. scavenged prechamber 1
—¥— engine w. scavenged prechamber 2

14
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Fig. 18. Raw NQemissions for the operating point 1 (1400 rpm/30)N
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Fig. 19. Raw N@Qemissions for the operating point 2 (2000 rpm/R2q)
4.7. THC emissions

The measured raw THC emissions, shown in Figs 58

and 21, indicate clear benefits for the prechambrsow
load, the Diesel pilot version with its high pertzge of

Diesel used shows the highest THC levels. The TH& a

lyzer used for the Diesel pilot experiments was atwe to

distinguish between methane- and non-methane hgdroc

bons so it is unknown, which portion of the THC ssions
come from the Diesel pilot. However, as the Diedere

decreases with increasing air excess but the THEI le

increases monotonically it is very likely that tbeurce of
the THC emissions is not the Diesel pilot. As taigine
has Diesel pistons without any optimization for 16\@
crevices a large portion of the HC emissions magaaesed
by crevice volumes. For the prechamber enginesntae
thane- as well as the non-methane hydrocarbons avere
lyzed which revealed a stable methane share of @2%n
This corresponds well with the methane share infileé
The THC levels at lean conditions, especially &t ledfi-

ciency setting at above 1.5, are generally high and ask for o 5 \\

an efficient methane reduction technology unden lean-
ditions, which is not yet available.

—a— reference engine w/o prechamber
—m~— benchmark diesel pilot engine

—— engine w. 1
60—k~ engine w. scavenged prechamber 2
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= 40 =
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0.9 1.0 11 12 13 14 15 16 17 18 19 2.0 21 22
Lambda [-]

Fig. 20. Raw THC emissions for the operating p&ift400 rpm/50 Nm)
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Fig. 21. Raw THC emissions for the operating p&i§2000 rpm/220 Nm)

4.8. Exhaust temperaturelevels

Figure 22 and 23 show the temperature levels oéxie
haust gases at turbine exit. This represents didocap-
stream of a potential exhaust aftertreatment systewh
indicates the thermal range of operation which adog
expected for such a device. Due to the increasimexaess
at lean burn operation, temperatures drop sigmifigzaand
the temperature levels can become challengingaftaiytic
nversion, especially for methane oxidation.

Generally, the lowest exhaust gas temperaturedeaai
be observed for the prechamber versions. This cdross
on the one hand from the high efficiency level lagdo
less waste heat but, on the other hand, also &npally
increased heat losses to the cylinder walls.

The lower temperature level for lean combustiord$ea
to challenges for exhaust gas aftertreatment bredtices
the thermal requirements for the turbocharger sa for
example variable turbine geometries could be used.
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Fig. 22. Temperature after turbine for the opegagioint 1 (1400 rpm/50 Nm)
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Fig. 23. Temperature after turbine for the opegagioint 2 (2000 rpm/220 Nm)

4.9. Examples of cylinder pressuretraces

In order to directly compare cylinder pressureedsafor
the different configuration, an operating pointcdsosen
which allows stable premixed combustion in all cagkt
low load, the Diesel pilot engine needs a high Blishare
and at higher loads, the Diesel pilot engine ikgaassure
limited. Therefore, the comparison is done on aiomed
load point at 1500 1/min and a brake torque of NdO

(bmep = 6.4 bar) and at= 1.7, center of combustion was_.

set to 8 °CA after TDC for all configurations. Figu24
shows the corresponding p(V) diagrams
logarithmic (left) and normal representation (rjghthe
Diesel pilot version shows in this operating pdhe high-
est intake- and peak pressure levels. In this tipgraoint,
the Diesel pilot version shows also the lowestcidficy of
all configurations (not shown here) which demanidgér
boost pressure. The very fast combustion of thehamaber
versions, especially for prechamber 2, can nicelgden in
the p(V) diagrams.

80 — ——reference engine w/o prechamber
——benchmark diesel pilot engine

‘\‘ ——engine w. scavenged prechamber 1

——engine w. scavenged prechamber 2

60‘
i

40

cylinder pressure [bar]
cylinder pressure [bar]

02 04
cylinder volume [I]

1071 0 06

cylinder volume [I]

Fig. 24. Cylinder pressure versus cylinder voluoettie operating point
(1500 rpm/100 Nm), = 1.7 and COC = 8 °CA after TDC

4.10. Examples of net heat releaserates

Figure 25 shows the net heat release rates fosahe
medium load operating point as discussed for thiedsr
pressure traces. Figure 25 also shows the ignitinimgs
and the start of injection (SOI) timing for the Bét pilot,
respectively. The spark plug version needs theéesaibni-
tion timing, the flame develops slowly and the pésdat
release rate is comparably low. In contrast, tleelpmbers
need much later ignition timing, the onset of costlan is
very fast and the peak heat release rates are Figh.is
especially the case for prechamber 2 where thdiagni
timing is set to 7 °CA before TDC to achieve COCB8at
°CA after TDC, i.e. only 15 °CA later. Diesel-pilgnition

shows in this operating point a very similar heglease
shape as the prechamber variants. The combustize no
characteristics for the prechamber-equipped andtter
Diesel-pilot engines are therefore very Dieselslikehard
combustion noise is clearly audible.

= spark plug engine — diesel pilot engine

scavenged prechamber no.1 = scavenged prechamber no.2
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Fig. 25. Net heat release rates for operating pdB@0 rpm/100 Nm

and\ =1.7

in double-

5. Conclusions

Among the engines considered here, the prechamber-
equipped engine showed the highest peak brakeeeftig
of nearly 44% af around 1.7 and higher load levels. This
is a Diesel-like efficiency level, even if the coragsion
ratio is considerably lower than for typical Dieselgines.

At such lean combustion, the prechamber enablesratsl
NOy levels in the order of 1 g/lkWh which would needea

NOy system such as SCR. The THC levels can be consider
ably lowered with a prechamber and lean combudbiatn
levels in the order of 5...10 g/kWh need a very édfit
methane oxidation technology, which is currently anail-
able. The prechamber-equipped engines showed gered p
formance and stable combustion across the wholeheng
map.

The Diesel pilot engine showed similar efficieneyéls
as the prechamber versions but at lolwealues of around
1.4. Stable combustion could be achieved with amhall
Diesel pilot energies of about 1% at high load diors.
With decreasing load, especially at throttled opena the
Diesel pilot quantity has to be considerably insgghto
enable stable ignition and combustion. At extrermely
loads, which are not discussed in this article,sBligpilot
operation is impossible and the engine has to beatgd in
pure Diesel mode. Therefore, lean Diesel pilot castibn
proved to be a fuel-efficient concept for mainlgthiload
operation.

The purely spark-plug equipped engine showed
poorest performance of all concepts. Combustia@oispa-
rably slow, the lean burn limit is comparably londaTHC
emissions are high. For efficient and low raw-eioiss
lean-burn gas engines, prechamber or Diesel-pijettion
proved to be the best solutions. However, to ligngen-
house gas emissions and to meet strict on-road [irki€s,
efficient methane oxidation catalysts have to hmib

the
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Acronyms
bmep brake mean effective pressure SCR selective catalytic reduction
CA crank angle SOl start of injection
CFD computational fluid dynamics TDC top dead center
cocC center of combustion (i.e. crank angle, wheréHC total hydrocarbons
50% of the fuel is burned) A stoichiometric air-fuel-ratio
IMEP indicated mean effective pressure
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