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Optical investigation of prechamber combustion in an RCEM

In this study, detailed investigations of scavenged prechamber engine combustion are performed experimentally in a Rapid Com+
pression Expansion Machine (RCEM), which allows optical access into the main chamber. OH* chemiluminescence measurements
combined with pressure measurements are used to study the effect of varying ignition timing on combustion and cycle-to-cycle varia-
tions. The variation of ignition timing (pressure at ignition) showed an optimum ignition point for a given injection duration. Earlier
ignition resulted in weaker but more reactive jets, coupled to increased cyclic variations. Later ignition did not significantly affect heat

releaserate, but increased cyclic variation.
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1. Introduction

slower and longer combustion in the main chamben-C

Efforts to reduce CQemissions from internal combus- cerning the fuel amount injected into the precharivben

tion engines have led to the use of natural ges fagl in
lean-burn spark ignition engines [2]. Lean-burnalterna-
tively high-dilution combustion concepts, are enyphb in
order to keep engine efficiency high by minimizihgrmal

exceeding a certain amount, additional fuel hadigaifi-
cant impact on the combustion in the main chamBeme
numerical studies [4-7, 11, 16] have studied tliecefof
turbulence generation in the prechamber. Thesertrépeat

losses, while also keeping N@missions below legislated the turbulence inside the prechamber dissipatesosck-

limits. Under high-dilution conditions, operatios limited
by high cyclic variability as well as increased urted
hydrocarbon emissions [3, 17]. In order to addribese
limitations, external ignition engines require higinition
energy and distributed ignition sources in ordegtite and
consume the lean/diluted premixed main chargel[I],

ly between the end of the compression and theidgnithis
results in slower jets when ignition timing is late the
cycle. In addition, accurate modelling of the tuemi quan-
tities is important in order to correctly predigiephamber
combustion and resulting jet presentation.

In this work, we aim to study the effect of sparkihg

A widely used technology in these engines is preeha on the combustion in the prechamber and the mambker

ber ignition systems, in which the external igmitisource
is located in a separate small volume, connectéetonain
chamber via orifices [3, 17]. This setup allows tesign
for favorable ignition conditions near the ignitisource,
which result in fast and repeatable early flamepgation.
The pressure difference resulting from combustiaking
place inside the prechamber pushes jets contagdtige

using optical diagnostics and pressure measuremengs
purpose is to determine the effect of ignition tigiion
scavenged prechamber combustion and cycle-to-egeie
ation. To this end, an optically accessible Rapiin@res-
sion Expansion Machine is used, where information-c
cerning prechamber and main chamber combustiorbean
obtained through optical measurements. The pajpets st

radicals and/or hot combustion products into theinmawith a description of the experimental setup aredrtieas-
chamber, which ignite the lean or diluted mixtuFae use urement conditions chosen. This is followed by tésults

of prechamber ignition systems in engines allovesdbm- section, where the prechamber and main chamberusmb
tion are studied, before a brief discussion aboefindings
and their relevance to scavenged prechamber eppera-

bustion of very lean/diluted mixtures, resulting hirgher
efficiencies and lower NQemissions [17].

Research in the field of prechamber combustion h&ien. The paper closes with the conclusions ofibek.

been extensive in the past years, aiming to inereas
understanding and allow the practical applicatiérsuch
systems. Mamar et al. [1] worked on an opticallyessible
prechamber engine. They reported that a faster gstion

was observed using a prechamber in comparison ¢a op’
chamber ignition. Additionally, faster flame jeteduced by

higher pressure difference were claimed to redaeanain
chamber combustion duration. Moreira et al. [9]Igsed
an unscavenged prechamber in a four cylinder engine

unscavenged prechamber system was reported totdea

increased engine efficiency, as well as reduceq &i@is-
sions and IMEP covariance.

More recently, Kotzagianni et al. [8] compared th
scavenged and unscavenged operation modes of a ﬂ

chamber and investigated the effect of injected dngount
into the prechamber. The unscavenged operatioftedsn

2. Experimental setup and measurement
conditions

The current study was performed in a Rapid Compres-

ion Expansion Machine (RCEM). The RCEM operates in
a single cycle mode (compression-expansion) andicws
excellent optical access with high flexibility imde-
pendently changing parameters, such as mixture asimp
tion, start of ignition, initial chamber conditignstc. The

QRCEM uses a free-floating piston, which is drivep b

a pneumatic-hydraulic system towards the cylindeach
This motion creates the compression stroke, whigein-

&reasing pressure due to compression and combiestér

péa_lly drive the piston back. The piston containguertz
window, which allows optical access towards thencigr
head, where the different pre-chambers are moucted
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trally. A UV-enhanced mirror is placed behind theadz
piston in order to allow the detection of the andeere the
reacting jets were exiting and the combustion mside

pressure sensor (Kistler no. 4053, 0.0-5.0 bar) evas
ployed for the pressure correction (pegging) of glezoe-
lectric pressure sensor. The absolute pressur@rseres

main chamber. A schematic of the RCEM, showing theonnected to the cylinder through an automatic chivg

most important components, is shown in Fig. 1. Toest
important technical characteristics are summarizethble
1, while further details about the driving part ahé prin-
ciple of operation of the RCEM can be found in]2;-14].

High pressure
oil acts on
working piston

Mass balance piston
Working piston moves to the back and

moves to the front Pressurizes oil

Combustion

Prechamber chamber

_ UV enhanced mirror
Window Piston

Fig. 1. Schematic of the RCEM, adapted from [15]

Table 1. Technical characteristics of the Rapid @ssion Expansion
Machine

Parameter
Bore (B)
Stroke length (s)

Description
84mm
Adjustable from 120-249 mm
(here 249 mm)
5-30
1-3 bar (here 1.2 bar)
Up to 200 bar
d=52 mm, 2.2 mm depth
(top hat)
we& 52 mm, quartz window
Cylinder head and cylinder liner
heating
Spark plug mounted inside
the pre-chamber

Compression stroke)
Loading pressure (R
Max. cylinder pressure (R)
Piston bowl

Piston optical access
Heating system

Ignition

adaptor (Kistler 741A), which allowed the piezoéliec
sensor pegging during the early stages of commmes¥he
initial pressure inside the combustion chamber setsat
1.2 bar for all operating points. Additional piezsistive
pressure sensors were mounted on the driving pistah
the fuel supply line of the PC and MC to contra fiilling

of the driving gas, which was set at 27 bar, arel ftrel

pressure for the PC and the MC, which were seOtarid
at 60 bar respectively. The synchronisation ofrajlgering
signals, i.e. for the start of injection in the pend main
chamber, the ignition timing and the image acqoisit
using the high speed camera, was achieved usiglinaer

pressure-based system, which allows triggeringeatain
cylinder pressures.

The fuel for the filling of the main chamber wasraa-
istered by a Siemens hollow cone piezo actuatezttio,
which was located 35 mm off-axis in the cylindeatieThe
piezo injector has an umbrella angle of 90 degaeeswas
operated with a nominal needle lift of g@f. The injection
pressure was 60 bar. For safety reasons and irr tode
achieve a homogeneous background methane-air mjxtur
the gaseous methane was injected into the chanileet f
with pure air (Bag = 1.2 bar) about 3 seconds bTDC and
prior to the start of compression. The compositibrthe
main chamber was set fo = 2.0 for all measurement
points. The methane injection for filling the prtegacnber
was performed using a prototype injector (EFF-Dunke
KSV 017). The injector was supplied with fuel thgbua
pre-chamber injector rail, and the rail pressures \kapt
constant at 10 bar throughout the experiments.stér of
injection was performed during the compression, wtie
pressure of the main chamber reached 2.0 bar.njdwtion
duration for the pre-chamber fuel filling was kepinstant
at 2.5 ms for this investigation. The fuel for € and MC
was supplied from high purity methane bottles (99%
CH,). The ignition was initiated by an ignition colV/\(

The RCEM bore diameter is B = 84 mm and the quar&xG 06.J.905.110.G, BEO S3) with a G-type spark plug

piston has a top hat bowl shape with diameter ofrB@
and depth of 2.2 mm. The piston stroke is adjust&bl=

(NGK R — M10) which has a 0.5 mm gap. The presstire
ignition was varied between 15 and 30 bar. A dpsion of

= 120-250 mm), and for this study was set at maximu the main parameters for the current measuremestsisn

The temperature of the cylinder head and liner setsto
383 K using different heating elements and meashye@
K-type thermocouples. Differently than in an engittee
filling process of the RCEM cylinder is occurringeliv
before the compression and thus no turbulencesexighe
main chamber at the beginning of the stroke.

in Table 2, which includes the main chamber ait/faéo,

the prechamber injection duration, the set and oreds
average pressure at ignition and the average iregugni-

tion timing referenced to the top dead centre (TPGInt.

All measurement points were repeated 12 times;ptle-

sure results reported are the averages of thepEditiens.

The pre-chamber used is a prototype, and was posi-

tioned centrally and in a plane normal to the ddinaxis,

Table 2. Operating conditions

similarly to its placement in an engine gyllndeheTpr_e- Main | PC injection| Set pessure d Meas. av. Pref-?ﬁeig;rigg
([;?;Crggeart r;?]SaZ]gr;gztzoleﬂS\eO];;/ll-lr?dg]rma)l?s ?r{laggteler:,dn\:\::heriq chamben. | duration (ms)| Ignition (bar) |at ignition (bar (ms)
swirling flow within the prechamber during compriess 2.0 25 15 14.9 -5.12
The pressure measurements inside the main chamber®? 2.5 18 18.2 —4.53
were performed using a cooled piezoelectric pressan- 2.0 25 23 231 —3.31
sor (Kistler no. 7061B, 0-250 bar), which was cedpto a ;'8 gg gg i:-g _2'1158
Kistler 5011 charge amplifier. An absolute piezathee : - . =
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Information about the combustion characteristicshef 3.1. Prechamber combustion
flame/radical jets and the flame propagation ingidemain In this study we use the jet emergence timing adier
chamber were acquired using high speed 2D OH* chemiion into the main chamber as the primary diageastithe
luminescence imaging. The spatial distribution df*O prechamber combustion. The jet exit timing is deteed
chemiluminescence was recorded with an intenstiigth when a certain level of OH* is visible in the maimamber.
speed camera at 32 kHz repetition rate (LaVisiorSKIS The level of OH* was arbitrarily chosen to avoidasere-
and image intensifier, 10/12 bits dynamic range)igmed ment noise affecting the study. Figure 2 showsj¢hexit
with a 50 mm UV lens (f/20) and a bandpass filter f timing in ms after the ignition timing, for the fiifent igni-
a wavelength of 306 nm and 12.1 nm FWHM. The aequir tion pressures and for each of the 12 repetitidnsaah

2D OH* chemiluminescence images have been analyspressure point.

using a purpose-built Matlab routine in order tcaim
information about the jet exiting time.

3. Results

The study undertaken involves the variation ofgpark
timing with respect to TDC, which was achieved layyw
ing the value of cylinder pressure when the ignit®trig-
gered. The ignition was triggered at cylinder puess from
15 to 30 bar, with steps of around 4 bar (15, 83,25, 30
bar). This variation is expected to have multigfeats on
the prechamber combustion. The variation of pressiix
rectly affects the thermodynamic conditions at tigni,
since the pressure and temperature are correlatea i
assume a near-adiabatic, closed system. The exaptta-
ture at the ignition location is very difficult tee estimated
since the heat losses, particularly within the Ipascber,
are unknown; nevertheless, the gas temperaturgectd
to be increasing with increasing pressure, regultin a
faster laminar flame speed (the increase of lamilaane
speed with temperature is higher than the corretipgn
decrease with increasing pressure). In additiothit dur-
ing the compression stroke, as the main chambesyre
increases, more of the leaner main charge is pushethe
prechamber, increasing the average air to fueb.rdtnis,
along with the degree of homogenization of the ipretber
which increases with time, is expected to havegaificant
effect on the flame speed in the prechamber. Alieear
ignition timings the fuel-air mixture near the dpéwcation
is expected to be rich, while at later spark timsiiifgis ex-
pected to be leaner. Finally, the turbulence intgnis the
prechamber, which varies significantly with timeedio the
variable turbulence production from the incomingafland
the turbulence dissipation over time, is expectedhostly
decrease with later ignition timings (i.e. with héy pres-
sures at ignition).

In the present investigation three diagnosticsuaesl to
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Fig. 2. Time of burning jet emergence into the melimmber for all 12
repetitions per operating point, plotted versys P

The average trend indicates the combustion in tee p
chamber to be faster with increasing pressurerdtiog up
to Ry = 26 bar. This is expected to be the result of the
combination of increasing reactivity due to thergeatem-
perature and in particular better mixing of prechanfuel
with incoming main chamber charge later in the &ycl
A further increase in pressure at ignition tg, B 30 bar
results in a longer time for the jets to emergespde the
expected increasing temperature of the charge. CEmsbe
explained by two possible effects: on the one hdhd,
reactivity of the mixture near the spark locatiord aluring
the flame propagation might reduced due to ovemifepof
the mixture from the incoming main chamber chawyje.
ternatively, or in addition, the turbulence intéepstaused
by the high-velocity incoming flow from the prechiaen
nozzles during the compression stroke has dissiEadaif-
icantly at this point, leading to reduced turbuldiaime
speed and thus delayed jet exit.

What can also be observed from Figure 2 is thatyhe
clic variation also decreases when approachin@the 26

investigate the prechamber and main chamber cofohustpar point. The cyclic variation is expected to arnisainly

with different ignition timings. For the prechambeom-
bustion, the jet emergence timing after ignitioroirthe
main chamber as the primary diagnostic. The editi@ng
after ignition indicates faster combustion in thegham-

during the early flame development, since the fulhy
turbulence-driven flame propagation is expectedbaore-
peatable due to the turbulence being generateldebgiston
stroke. Thus, the cyclic variation is expected ¢acbnnect-

ber. For the main chamber combustion we use th& maig to small changes in local reactivity around $ipark

chamber optical images which give an indicatiofjebfaind
flame reactivity, as well as the calculated maimrcher
heat release rate (HRR). The prechamber and mamlmér

plug; this is supported by the observation thathfghest
cyclic variation is at the extreme pointsz,P 15 bar and
Pgn = 30 bar. In the former the mixture near the sprug

combustion are presented separately in the subsectisyich, while in the latter the mixture is leanuréher analy-

which follow. The results section closes with acdission
of the findings and an attempt to connect thesalteso
engine operation.

sis of these effects will require the contributioh CFD
calculations for these cases, in order to obtaatiapand
temporal information concerning the thermochemaai-
ditions in the prechamber.
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3.2. Main chamber combustion

that the case ofiR = 15 bar shows the highest OH* signal

Figure 3 shows the time-resolved OH* chemiluminesrom the early jets (time instant 1.6ms after igmj. This

cence images for representative cycles with £ 15, 23
and 30 bar. The representative cycles were chasba the
single realisations of the experiment which hayessure
trace closest to the average pressure trace dRalepeti-
tions at these conditions. What is interesting liseove is

11.440ms after ignition

£5.600ms after ignition

Pign = 15 bar

£1.240ms after ignition £:1.320ms after ignition

£:4.000ms after ignition £ 5.600ms after ignition

Pign =2 3 bar

£1.320ms after ignition

Pign = 30 bar

is understood to be due to reactions which occutherjet
surface, from the mixing of the rich jets with thgrround-
ing lean mixture. The intensity then is signifidgnte-
duced, before a premixed flame is formed. At tragpof
main chamber flame propagation higher OH* intensity

1:2.320ms after ignition

1:2.000ms after ignition 1:2.320ms after ignition

£10.000ms after ignition £14.000ms after ignition

£10.000ms after ignition 1:12.400ms after ignition

Fig. 3. OH* chemiluminescence images, showing tieetpamber jets and the combustion evolution imthén chamber in cases when ignition occurred
at 15 bar (first two lines), 23 bar (middle twods) and 30 bar (last two lines)
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observed in the cases with later ignition. Thiddates that 3.3. Discussion
the ignition and subsequent combustion in the roham- In all, the variation of ignition timing (pressuag igni-
ber is slower for the early ignition case, possitilye to the tion) showed to significantly affect the prechamlem-
reduced reactivity of the main chamber mixtureeatexit bustion and subsequent main chamber HRR. Earlyiagni
(the pressure and as a consequence the chargeratumpe resulted in slower prechamber combustion and therem
is lower) and the reduced turbulence intensity aeduby gence of possibly rich jets early in the cycle, ebhthen
the weaker jet. lead to a delayed and slower main chamber comipudtie
The observations presented above are supporteteby to the reduced main chamber reactivity at that tiared
HRR traces of the representative cycles for theesdmee possibly low turbulence generation from the jetgiPes-
measurement points, shown in Fig. 4. In the figheeHRRs sively later ignition seemed to produce more stabledi-
are plotted against time with the reference attimmi(left tions for prechamber ignition and faster prechanduen-
plot), as well as with time = 0 ms at TDC (rightt)l These bustion, up to the point where the trend was reders
plots allow the comparison of the HRRs in cyclectias well possibly due to over-leaning of the prechamber gdhar
as with respect to ignition timing. The main chamBH&R through mixing with the incoming main chamber clearg
induced by the jets in the earlier ignited casg 15 bar) and reduced turbulence intensity in the prechanivever-
shows a slower increase and a significantly redyseak. theless the slightly delayed jet emergence timiogtfie
What is also noticeable is the delay in the esthbilent of case with late ignition did not seem to affect thain
the premixed flame after the jet exit, which isigadive of chamber HRR appreciably.
the lower reactivity of the main chamber mixturettas jet In terms of the relevance to engine operationeénss
exit timing. In addition, the possibly lower Thedweases clear that the ignition timing in scavenged precham
with later ignition show very similar HRRs, despéesmall engines will need to be coupled to the prechamijection
delay of the jet exit in the= 30 bar case. amount. For early timings, smaller amounts willchée be
The automotive industry has been intensively modeinjected, while in later timings larger amounts appropri-
nized in recent years in the aspect of exhauststonis ate; this is in order to ensure high-reactivity taie near
reduction. Modern passenger vehicles must compth withe spark plug at ignition, in order to achieveeapble
emission norms in real driving conditions and edish combustion in the prechamber and low cyclic vaoiatin
environmental conditions relative to the pre-erigtdyna- the main chamber. In addition, high early flamectieity
mometer tests (variable ambient temperature, pressucoupled to high turbulence levels should be soigletder
congestion, driving style etc.) [16]. RDE road $eshould to enhance the main chamber combustion rate arsl thu
therefore take into account all possible road sitna while  engine cycle efficiency.
maintaining a set specific driving style, so the bbtained
emission results are indicative of the vehicle téchl cha-
racteristics [2]. Thus, there is a number of candg that

4. Conclusions
In this study the combustion in the prechamber and
must be met in order to perform these test [3]. main chamber for a scavenged prechamber system was

Vehicle manufacturers continuously introduce moderl'i‘_\’es'“gat.ed ?XP?”me_”t?‘”y.at engine relevant 'Im
drive systems in order to meet the stringent ewmrssi With varying ignition timing in a Rapid Compressiix-

norms. Despite the increase in the electric vehintarket PaNSIon chhlne_(RCEM). The RCEM aIIow; S'”g'?‘ pa-
share, the internal combustion engine continuesetdhe rameter variation in addmon to optical access e main
main propulsion mechanism used in vehicle drivaesgs chamber for optical diagnostics of the prec.hamge:r gnd .
(Fig. 1). Their presence will be noticeable in kitids of subsequent flame development. The optical inforonati

. - - . N . .
hybrid drives [4, 11]. was obtained using OH* chemiluminescence measuttsmen
200 T 200 —
/.‘/{' ™ PIGN=15bar r,/“"'\ PIGN=15bar
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Fig. 4. Heat release rate for the representatickesyof the B, variation plotted against time after ignition ¢)edind time after TDC (right)
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in order to gain useful insights on the jets exgtthe pre- delayed and slower main chamber combustion. Preigees
chamber and combustion propagation in the main beam ly later ignition seemed to produce more stableditamns
Besides the optical data, pressure measuremenésreer for prechamber ignition and faster prechamber catido,
orded during all the experiments, which allowed ittenti- up to the point where the trend was reversed. fiehisrsal
fication of cycle-to-cycle variability and the calation of in trend was attributed to over-leaning of the pesguber
heat release rate in the main chamber. charge through mixing with the incoming main chambe

In the present investigation the fuel concentraiti@ide charge and reduced turbulence intensity in thehamaber
the main chamberif,») and in the prechamber (i.e. thewith increasingly late ignition timings.

prechamber injection duration) were kept constarile The results indicate that adapted prechamber ioject
the pressure at which the ignition was triggered waried, strategies should be followed when varying sparintj in
resulting in an effective change in ignition timing prechamber engines; early ignition should be calplih

The variation of ignition timing (pressure at igait) low injection amounts, whereas late ignition shoibel
showed to significantly affect the prechamber costibn coupled with higher injection amounts. This is etpd to
and subsequent main chamber HRR. Early ignitionltexs lead to faster main chamber combustion and redoyeld-
in slower prechamber combustion and the emergefice to-cycle variation.
possibly rich jets early in the cycle, which thersult in a
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