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Performance and Emissions of a 4-
Cylinder Gasoline Engine with
Controlled Auto-Ignition

Advanced combustion modes such as Controlled Aumitidn or Homogeneous Charge
Compression Ignition have been under much atterdion to their ability to reduce both
emissions and fuel consumption. Thus, this papes @t demonstrating the achievement
of Controlled Auto-Ignition combustion on a stamdiat-cylinder gasoline engine with
negative valve overlap (NVO) and analyzing its @enance and emissions. The engine
remained with substantially original componentseTdnly major modification was the
replacement of the camshafts for a new set of lkespaes. The results showed a fair
range of load and speed under CAI combustion véttuced brake specific consumption
and ultra-low levels of NOx emissions. CO was at¢shiced, while HC emissions showed
increased values. The results also point out sohtleeodrawbacks of CAlI combustion and
the technological challenges of this advanced cctit process.
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3. More auto-ignitable fuel;
4.  Recycling of burnt gases.

The past few years have shown a rising interestlternative
combustion modes such as CAI/HCCI, which are ssgoramising
technologies to reduce both fuel consumption anésams from
internal combustion engines. The last decade hasgbt intense
investigation and remarkable improvements in kndgée of such
technologies. CAI/HCCI shows a great potential owéring both
fuel consumption and emissions levels, in a sulisibnstandard
engine concept. Moreover, it may avoid the neecefqrensive and
complicated exhaust after-treatment systems (Staigl and
Roberts, 1999).

CAIl combustion is a process that combines S| aner@jine
characteristics. It relies on the compression dmafge heating to
promote auto-ignition of a premixed and often hoermEpus
combustible charge. This combustion process enathlesauto-
ignition of very lean or diluted mixtures, by cariting temperature
and composition of the charge, thus lowering cortibns
temperature and substantially reducing NOx emissidn allows
WOT operation and virtually eliminates throttlingskes, resulting
in significant improvement in the part-load fueloeomy of an
otherwise normal gasoline spark-ignited engine.

CAI combustion was first studied in the late 19B9Onishi et
al. (1979) (the ATAC paper) and Nogushi et al. @9®orking with
conventional 2-stroke gasoline engines. The fiesults with a 4-
stroke gasoline engine were achieved with intalegh heating, as
reported by Najt and Foster (1983). The effectganfing A/F ratio,
EGR levels, fuel type, and compression ratio onseions and the
attainable HCCI range were studied by Thring (1989)

Christensen, Hultgvist, and Johansson (1999) exyeried with
various fuels, different compression ratios andaket charge
temperatures. Lavy et al. (2000) presented resbibsit the first 4-
stroke engine that was able to achieve CAl ovemédd load and
speed range by means of exhaust gas trapping umspgoke
camshafts for negative valve overlapping.

Law et al. (2000) and Milovanovic et al. (2005) derstrated
the use of a fully variable valve train (FVVT) insingle cylinder
research engine for CAl combustion. The influenteabve timing
for controlling CAI combustion was studied.

The most common strategies for achieving CAI cortiboscan
be summarized as:

1. Intake charge heating;

2. Higher compression ratio;
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Exhaust gas recycling appears to be the most pahctor
obtaining CAl combustion in a gasoline engine, ey if it is
done by means of trapping exhaust residuals udiegnegative
valve overlap (NVO) approach as reported by Lavale{2000b),
Milovanovic et al. (2005b), Zhao (2007), and Li, ath and
Ladommatos (2001).

Possibly the major disadvantage of CAl combustienits
limited range of operation. Methods of increasihig tnvelope are
very necessary. At the boundaries of the CAIl racgele-by-cycle
variations can increase considerably, eventualylifey the engine
to misfire and stall. In such a situation, it hasib shown that spark
assistance could help trigger CAl combustion (Wahgl., 2006).
Also, in order to improve CAIl range, forced indoctihas been
employed. Research has been done to investigateffaets of
forced induction on a gasoline engine with residga$ trapping.
Boost was supplied from an external air compresaaubstantial
increase in the upper limit of load range couldabkieved without
auxiliary intake heating, while NOx emissions weypically low
(Yap, Megaritis and Wyszynski, 2005a,b). Severakpimethods of
forced induction have been studied and demonstsateithr results
(Christensen and Johansson, 2000; Olsson and daimar&904; and
Olsson et al., 2001, 2003).

This experimental research, therefore, demonstrates
operation of a standard 4-cylinder gasoline engitte port fuel
injection (PFI) under CAl combustion. The results presented and
analyzed in comparison to those of the original rispgnited
operation. Engine performance and emissions wesesasd and
results were discussed.

Nomenclature

BMEP = brake mean effective pressure, bar

BSCO = brake specific carbon monoxide emission&\V/
BSFC = brake specific fuel consumption, g/kWh

BSHC = brake specific unburned hydrocarbon emissigrkWh
BSNQ = brake specific nitrous oxide emissions, g/kwWh

°CA =degrees crank angle, °
CAl = controlled auto-ignition
Cl = compression ignition
CO carbon monoxide

EVC exhaust valve closing

EVO = exhaust valve openning

FMEP = friction mean effective pressure, bar
HC  =unburned hydrocarbons
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HCCI =homogeneous charge compression ignition would result in advanced EVO, impairing the expanstroke. This
IVC  =intake valve closing means that for running with CAl, a camshaft withadler duration
IVO =intake valve openning is needed. This, in turn, will result in the sanaenchaving a smaller
NO, = nitrous oxide emissions lift in order to keep an optimum cam profile. Theare applies for
NVO = negative valve overlap the intake cam, in which only changing the timinguld not be
PMEP = pumping mean effective pressure, bar enough. Based on previous researches, a new sanwf with low
RON =research octane number lift and short durations was designed and custoiitt. bThis is
rom = revolutions per minute, engine speed, rpm shown in Fig. 1.
Sl = spark ignition IVO was chosen to open always on a symmetricaltiposi
TDC =top dead center compared to EVC, in relation to TDC, in order tmimize the back
VCT =variable cam timing flow and energy losses. The recompression strake BYC and the
WOT = wide-open throttle subsequent expansion between TDC and IVO has seateldss,
Greek Symbols creating the small pumping loop presented in Fig. 2

. L . Intake and exhaust valve timings are selected tgitmdar to
A = excess air ratio, dimensionless previous experiments, with EVC ranging from 57°GA 104°CA
Subscripts BTDC and IVO ranging from 72°CA to 124°CA ATDC.
X = relative to nitrous oxides

Experimental Procedure

ENGINE SET-UP: A 4-cylinder 1.6 litre automotivegime was POWER EXHAUST INDUCTION\f| §OMPRESSION
employed. The engine has twin independent variaghla timing | STROKE STROKE HE STROKE
sprockets (VCT). The maximum shifting range for M&T units
was 47°CA for the exhaust and 52°CA A for the ietalam. An
aftermarket engine management system was usechbbeereal time L5 +
control to all variables needed for operating thgire. The only
substantial changes on the engine were the replatenf the
original camshafts by a new set of bespoke loustifiall duration
camshafts.

The fuel used was standard unleaded gasoline oROBI
available in the UK. The engine was coupled to 8 K3 AC 0.5
dynamometer. Exhaust measurements were carriedusing a
Horiba 7100-DEGR exhaust gas analyser. Emission€aybon
Monoxide (CO), Carbon Dioxide (CO2), Oxygen (O2nburned 0
Hydrocarbons (UHC) and Oxides of Nitrogen (NOXx) evereasured.
Heat release analysis was based on in-cylinder spres
measurements using a Kistler 6121 piezoelectrimstiacer. Degrees CA
Exhaust temperatures were acquired via standard yge t EXHAUST = - = EXHAUSTADV
thermocouples placed in the exhaust ports. All oteenperature INTAKEADV ~ ===== INTAKE
measurements were also done using standard thewmpleso It Figure 1. Intake and Exhaust cam profiles for the s hort duration
should be noted that all the values for pressur#hig paper are (bespoke) camshafts.
given as gauge. Table 1 summarizes the enginefigadicins and
test conditions.

[}

Lift (mm)

360 540 , 720 (TDC) 180 360

P-V diagram - 1500 rpm

Table 1. Original engine specifications. 70
Engine Type Inline 4-cylinder 60 4
Bore (mm) 79
50 |

Stroke (mm) 81.4 =

- S 401
Displacement (ci) 1596 =

5 20| Recompression
Fuel Supply Port Injection 2 Loop
Compression Ratio 11:1 20 |
Fuel Gasoline 95 RON 10 |
0 : : ‘ ‘ ‘ ‘ ‘ ‘
THE CAl OPERATION: To retain the necessary exhaust 0 50 100 150 200 250 300 350 400 450
residuals to allow CAl operation, the negative eabverlap strategy Volume(cm3)

was used, which can be achieved by early exhaasti@ and late
inlet opening. However, in the case of conventioradbe train with
normal camshafts, simply changing the timing wouldt be
sufficient. The change in EVC would also affect EM&arly EVC

Figure 2. Experimental P-V diagram at 1500 rpm.
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During the experiments the engine was kept at Wad'the air
flow was varied by changing the valve timing. Thegiee was
started in SI mode and 50% throttle and left torvaip. When the
coolant temperature reached °60the valve timing could be
changed and the throttle fully opened to allow @#l operation,
which would become more stable as the temperatménzied to
rise. The engine was kept, therefore, aroundC9@oolant
temperature to ensure maximum stability for the lehaperational
range. When running on CAIl the spark could be troff.
However, it was left always on to avoid prematurisfiming when
the engine was running at highly diluted conditiotiserefore
increasing, slightly, the CAl range.

Results and Discussions

The engine was fuelled with standard unleaded gasalf
95 RON. The results presented in this section wieken mostly
at L = 1.00. Load was varied mainly through valve tigin
change. For example, increasing NVO with advanceq Eraps
more exhaust residuals and hence reduces the votdinfiresh
air/fuel mixture inducted in the following cycle.t Ahe bottom
end only, load was also varied by leaning out ttetune, which
showed to enable a further reduction in load. Wienminimum
load for stable operation at= 1.00 was achieved, was then
progressively increased up to the lean limit. Hoe speeds of
3000 and 3500 rpm, stable operation could only beieved
with mixtures leaner thaih = 1.05 andh = 1.10, respectively.
Load was varied and lambda progressively increasatll
misfire took place. Figure 3 shows the CAl openasilorange.

The higher load range was limited by knock at speeg to
2000 rpm. For higher speeds, knock was not obseavet load
limitation was caused only by the gas exchangeatéshuimposed
by the short duration/low lift camshafts. For treene reason, for
speeds higher than 3500 rpm the engine could ruewee stable
operation anymore, when friction was also a lingtfactor.

At every speed, there was a lower load limit (IGMBSIEP). In
this situation, a high amount of exhaust residuwals trapped in the
cylinder and the exhaust temperature was alreadylo® as shown
in Fig. 4. Further increased residuals caused engiisfire, i.e. the
mixture failed to auto-ignite. Even though therkpaas always on, in
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Figure 4. CAl exhaust temperature (= °C).
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Figures 6 to 8 present NOx, CO and HC emissionth@fCAl

this situation, the mixture could not ignite. Sirthe trapped gases are combustion range. Emissions of NOx are extremelw |
the main source of heat for auto-ignition, if txd&ust temperature at compared to spark-ignited combustion as to be shiater. As

this point could be higher, a lower load limit ablle achieved.
As Fig. 5 shows, fuel consumption tends to be nsammsitive
to load than speed, with BSFC reducing as loadeames, for a

fixed speed.
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Figure 3. CAI combustion operational range.
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speed goes up and load goes down, NOx emissionsugter
reduced. Conversely, for a fixed speed, NOx emissimcrease
with load due to the lower amount of residualsh& tondition and
to the higher combustion temperatures.
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2 20
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1.0 0.08 05
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O.% '
00 1000 1500 2000 2500 3000 3500 4000
Engine speed (rpm)
Figure 6. CAl brake specific NOx emissions (g/kwWh).
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Figure 7. CAI brake specific CO emissions (g/kWh).
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Figure 8. CAI brake specific HC emissions (g/kWh).
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According to Fig. 7, levels of CO emissions areyvkeigh at
1000 rpm, possibly due to the low speed of thekimtaharge
which adversely affects in-cylinder motion, impagithe mixing
process. This could possibly lead to the formatéra localized
fuel-rich zone in the cylinder and, therefore, twreased CO
production. As the speed goes up, CO emissionsdfaltically
and increase again around 2500 rpm, when the erappeation

becomes less stable Jat= 1. Above this speed, the engine could

not run anymore with. < 1.05, a fact which explains the very low
values of CO at the higher speeds. At the top spé&500 rpm,
CO emissions increase once again, especially atldieload
region. This is expected since the engine was a@mhing the
misfire limit. At any given speed it was observedatt CO
decreases with increased load.

Regarding unburned hydrocarbons, Fig. 8 shows that
emissions decrease with increased load, for anyengispeed.
Keeping load constant and increasing speed algs bhelreduce HC
emissions, suggesting that for these two conditioosbustion
tends to be more complete. This is expected sinte increased
load and speed the in-cylinder temperatures arénehigthus
reducing flame quenching at the cylinder walls eravices.

Figures 9 to 12 show a comparison between the kspkeific
results of CAIl combustion operation in this engiaed Sl
combustion operation of the standard productiomlgas engine.

In Fig. 9, it can be seen that BSFC is reduced tiverwhole
CAl operation and tends to improve with increasgeeesl and
reduced load. The improvements in BSFC are mainlky t the
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almost absence of pumping losses at part load.efdrer, as the
load approaches the lower limit, the S| engine toasperate with
more throttling, impairing BSFC in comparison t@ t8AIl engine.
Moreover, the fact that CAl combustion is very fastth nearly
constant volume heat addition, also leads to impments in fuel
consumption due to a more efficient thermodynamate
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Figure 9. Change in BSFC (%) with CAl combustion.
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Figure 10. Change in BSNOx (%) with CAl combustion.
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Figure 11. Change in BSCO (%) with CAl combustion.
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Figure 10 shows the advantages of CAl combustioN@x
reduction. Over the whole speed range, NOx emissiaere
dramatically reduced up to 99%. This is due todharacteristic low
CAl combustion temperature.

Figure 11 demonstrates that, apart from the 1000 mggion,
CO is greatly reduced over the remaining CAIl rarighas a little
increase at 2500 rpm, when the engine starts fedsetolerant to
A =1 and then falls again thereafter.

Unlike the other pollutants, HC emissions, howewge much
higher with CAI than with SI combustion, as canseen in Fig. 12.
The reason for that is the low combustion tempeeatichieved with
CAl which leads to flame quenching at the wallsvétheless, HC
emissions are far to be the worst concern sincg ¢he easily be
treated by a conventional and low cost 3-way ctitabonverter.

5.0
4.5
4.0
PR 35 400
g 3.0 600 ‘
a 25 800 400
520 A
15 1200 =000
1.0 58, 200
0.5
O'%00 1000 1500 2000 2500 3000 3500 4000
Engine speed (rpm)
Figure 12. Change in BSHC (%) with CAl combustion.
Conclusion

CAIl combustion has been achieved on a conventidrstioke,
4-cylinder gasoline engine with substantially amai components,
having only the camshafts replaced for units sietdbr NVO. A
reasonable range of load and speed could be achié¥en
operating under CAI combustion, significant BSFQI amissions
reduction could be achieved. This was especiallgoitant in the
case of NOx emissions which were showed up to 3®a6ation.

The following conclusions could be drawn:

Engine torque output (load) can be controlled gy dmount of
residuals trapped in the cylinder using variablé&/e/aiming and
NVO. The higher the residual fraction, the lowertlige torque
output.

Load has a determinant effect on CAI combustion.high
loads, CAI combustion starts earlier and complefester;
combustion temperature, exhaust temperature, pesssyre and
maximum pressure rise are at their maximum. Spésnl lzas a
noticeable effect for it tends to reduce emisseomd increase BSFC,
mainly due to friction. At high speeds, heat losgl #MEP are
lower. FMEP, however, increases and offsets thedges of the
others, impairing BSFC.

For the majority of the CAIl range, NOx emissionsrevaltra-
low, mainly due to the low in-cylinder temperatuised by the
high residuals rate.

The pumping losses caused by the recompressiondaepto
NVO strategy are negligible.

To improve the CAl load range whilst still keepihg high dilution
rate, forced induction could be a good alternativee it would enable a
bigger inducted charge despite of the low lift caafis.
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CAl load and speed range could be further extertyedsing a
more variable valve train.

CAIl combustion is almost self-controlled. Variatsorand
instabilities on in-cylinder conditions can affethe results,
making combustion control one of the challenges @Al
combustion. New systems with direct cylinder pressieedback
seem to be the way forward.
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