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ABSTRACT

This report describes initial engineering and experimental steps to assess the
potential to improve efficiency and reduce both regulated and CO2 emissions, and
maintain acceptable noise performance by running gasoline in an advanced diesel
engine. An engineering paper study was carried out to analyse critical engine and
fuel parameters and judge what speed/load range might be feasible for a Gasoline
Compression Ignition engine concept.

Using an advanced diesel bench engine having a higher compression ratio,
optimised valve timing, and flexible fuel injection, the engine could be operated on a
European market gasoline over full to medium part loads. The combustion was
found to be highly sensitive to exhaust gas recirculation (EGR) rates, however, and
the simultaneous optimisation of all regulated emissions and combustion noise was
a considerable challenge. An advanced glow plug was tested to improve low load
performance but did not extend the engine operating range as much as expected.
From a commercial perspective, it is well understood that there are significant
challenges associated with bringing both a new engine concept and a dedicated fuel
into the market at the same time. Although compression ignition (Cl) using gasoline
was not successful in this study, the potential benefits of fuelling advanced
compression ignition engines with market gasoline merited further consideration for
the following reasons:-

First, Cl engines have a clear efficiency advantage over spark ignition (SI) engines
and extending their capability to use a broader range of fuels could be
advantageous. Second, the ability of Cl engine concepts to use an already available
market gasoline would allow these concepts to enter the fleet without fuel
constraints. Third, more gasoline consumption in passenger cars would help to
rebal ance Europeds gmsdooh irefineried angd sedute GH@
emissions from fuel supply. Fourth, a successful new CI vehicle of this type could
potentially compete in predominantly gasoline markets in other parts of the world.

Computational fluid dynamics and KIVA simulations were completed on the same
single cylinder bench engine configuration operating on market gasoline to identify
ways of improving low load performance. This modelling has shown that variable
valve timing offers considerable potential for increasing the temperature inside the
combustion chamber and reducing the ignition delay. The simulations have also
identified the preferred placement of combustion assistance, such as a glow plug or
a spark plug, to extend the operating range and performance on gasoline, especially
under the lowest load and cold engine starting conditions

el
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SUMMARY

Future vehicles will increasingly be required to improve their efficiency, reduce both
regulated and CO2 emissions, and maintain acceptable levels of driving, safety, and
noise performance. To achieve this high level of performance, they will be
configured with more advanced hardware, sensors, and control technologies that
will also enable their operation on a broader range of fuel properties. These
capabilities offer the potential to design future vehicles to operate on the most
widely available and GHG-reducing fuels.

In previous studies, fuel flexibility has been demonstrated on a compression ignition
bench engine and vehicle equipped with an advanced engine management system
including closed-loop combustion control. An unresolved question is whether
engines of this sort can operate routinely on market gasoline while achieving diesel-
like efficiency and acceptable emissions and noise levels.

This report describes initial engineering and experimental steps to assess this
potential. Using an advanced diesel bench engine having a higher compression
ratio, optimised valve timing, and flexible fuel injection, the engine could be operated
on a European market gasoline over full to medium part loads. The combustion was
found to be highly sensitive to EGR rates, however, and the simultaneous
optimisation of all regulated emissions and combustion noise was a considerable
challenge. An advanced glow plug was tested to improve low load performance but
did not extend the engine operating range as much as expected. From a
commercial perspective, it is well understood that there are significant challenges
associated with bringing both a new engine concept and a dedicated fuel into the
market at the same time. Although CI using gasoline was not successful in this
study, the potential benefits of fuelling advanced Cl engines with market gasoline
merited further consideration for the following reasons:-

First, Cl engines have a clear efficiency advantage over Sl engines and extending

their capability to use a broader range of fuels could be advantageous. Second, the

ability of Cl engine concepts to use an already available market gasoline would

allow these concepts to enter the fleet without fuel constraints. Third, more gasoline
consumption in passenger cars would help to
fuel demand on refineries and reduce GHG emissions from fuel supply. Fourth, a

successful new CI vehicle of this type could potentially compete in predominantly

gasoline markets in other parts of the world.

To identify ways to improve the lower load performance of a GCI engine concept,
computational fluid dynamics (CFD) and KIVA simulations were completed on the
same single cylinder bench engine configuration operating on market gasoline. This
modelling has shown that variable valve timing offers considerable potential for
increasing the temperature inside the combustion chamber and reducing the ignition
delay. The simulations also identified the preferred placement of combustion
assistance, such as a glow plug, to extend the operating range and performance on
gasoline, especially under the lowest load and cold engine starting conditions. The
placement of a spark plug was also simulated requiring a wider nozzle cone angle in
combination with an optimized nozzle tip protrusion to produce the optimum spray
pathway to allow a more fuel rich mixture in the area above the spark plug. The CFD
studies, therefore, suggest that it may be possible to achieve lower loads using the
GCI concept and future work is planned to carry out engine testing to investigate
further.
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1. INTRODUCTION

As pollutant emissions from motor vehicles continue to fall to meet lower regulated

emission limits, attention is increasingly focused on vehicle efficiency and on fuel
consumption to address future concerns with energy supplies and t r ansport 6s
contribution to greenhouse gas (GHG) emissions. Engine, aftertreatment, and

vehicle technologies are evolving rapidly to respond to these challenges.

Considerable research is now concentrating on improving the combustion
performance of light-duty engines. Compared to spark ignition (Sl) engines,
compression ignition (Cl) engines are already very efficient so the challenge is to

maintain or improve Cl engine efficiency while further reducing pollutant emissions.

Engines using advanced combustion technologies are being developed that

combine improved efficiency with lower engine-out emissions, thus reducing the

demand on exhaust aftertreatment systems and potentially on vehicle costs.

Because these concepts combine features of both SI and CI combustion, the

opti mum fuel characteristics could be quite
conventional gasoline and diesel engines [1,2,3,4].

In general, these advanced combustion concepts substantially homogenize the fuel-

air mixture before combusting the fuel under Low Temperature Combustion (LTC)

conditions without spark initiation. These approaches help to simultaneously reduce

soot and NOx formation [5,6]. A literature review [7] has found that there are now a

significant number of advanced combustion variations that provide lower engine-out

emissions (especially NOx and particulate matter (PM)), lower fuel consumption
(comparable to or better than t odaignteer CI engi
a wide load range.

Light-duty diesel engines are well suited for such advanced combustion because the
higher fuel injection pressures, exhaust gas recirculation (EGR) rates, and boost
pressures that aid conventional ClI combustion also enable future variations of
advanced combustion. In addition, the duty cycle of light-duty diesel engines
emphasizes lighter loads where advanced combustion is most easily achieved.
Many of the necessary hardware enhancements exist today although they may be
expensive to implement in production engines. Nonetheless, advanced combustion
engines are rapidly moving from research into engine development and
commercialisation.

To achieve a nearly homogeneous fuel-air mixture, fuel is commonly injected very
early in the engine cycle to provide sufficient time to achieve thorough fuel-air
mixing. Although this achieves good fuel dispersion, it also makes it difficult to
control the start of the autoignition process as the engine power increases. For this
reason, most studies now favour fuel injection later in the engine cycle in order to
retain most of the benefits of good fuel dispersion and achieve better control of the
ignition process [8,9]. Using this approach, low engine-out emissions can be
achieved especially at lower engine loads. The first production engines are therefore
expected to operate in a premixed combustion mode at lower loads, reverting to
conventional diesel or gasoline operation at higher load conditions [10]. As long as
this is the case, fuels must be compatible with both engine operating modes.

Previous engine and vehicle tests in this series [11,12,13] have shown that Low
Temperature Combustion (LTC) can be achieved on a surprisingly wide range of
fuels using a CI engine designed for diesel fuel. In the same studies, however,
European market gasoline proved to be too resistant to ignition to operate
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satisfactorily using a compression ratio suitable for diesel fuel. Others have worked
with US market gasoline at lower CRs with some success [14].

From a commercial perspective, it is well understood that there are significant
challenges associated with bringing both a new engine concept and a dedicated fuel
into the market at the same time. So, although CI using gasoline was not successful
in our previous study, the potential benefits of fuelling advanced CI engines with
market gasoline merited further consideration for the following reasons:-

First, Cl engines have a clear efficiency advantage over Sl engines and extending

their capability to use a broader range of fuels could be advantageous. Second, the

ability of Cl engine concepts to use an already available market gasoline would

allow these concepts to enter the fleet without fuel constraints. Third, more gasoline
consumption in passenger cars would help to re
fuel demand on refineries and reduce GHG emissions from fuel supply. Fourth, a

successful new CI vehicle of this type could potentially compete in predominantly

gasoline markets in other parts of the world.

Because of these potential benefits, it was decided to investigate more completely

the O6gasoline compr es s conaept, spgaificatlyitoodetérmifteGC 1 ) engir
over what range of conditions an engine could operate successfully in Cl mode on a

European market gasoline. In addition to an engineering paper study and a bench

engine study on the GCI concept [15], computational fluid dynamics (CFD) in-flow

and combustion simulations were also carried out [16].
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2.1

2.2.

ENGINEERING PAPER STUDY

ANALYSIS OF CRITICAL PARAMETERS

An engineering paper study was first completed to analyse critical engine and fuel
parameters and judge what speed/load range might be feasible for a GCI engine
concept. The following sections summarise the key learnings from this engineering
study. Following this analysis, bench engine results are then presented describing
how these learnings were applied to a practical test of the GCI engine concept on a
single cylinder Cl engine.

For this engineering study and for the bench engine work that follows, it was
assumed that the GCI engine concept would be fuelled with a typical European
market gasoline. A single batch of European reference fuel containing 5% vi/v
ethanol (E5) was purchased for the bench engine study and the target and
measured properties are shown in Appendix 1. This gasoline (CEC RF-02-08) was
used in Europe to complete type approval emissions testing on Euro 4 gasoline
passenger vehicles and is still the major gasoline in the market today. The gasoline
was treated before use with a commercially available ester-type lubricity additive.

BASIC ENGINE REQUIREMENTS

Beginning with the fuel injection requirements, current gasoline fuel injection
systems operate at pressures around 200 bar and would need considerable
modification to produce the pressures required for ClI combustion. Even with the
increased volatility of gasoline compared to diesel, it is expected that fuel injection
pressures up to 1000 bar will be needed. Fuel injection equipment for diesel fuel
applications is therefore still the best choice, using optimised injectors and perhaps
with larger nozzle holes. The injector design may also need to be adapted especially
to provide consistent fuel injection at the anticipated lower injection pressures. The
lower injection pressures should beneficially reduce pump power demand. For
example, reducing the rail pressure from 1460 to 900 bar was calculated to reduce
power demand by about 100W.

The lubricity of market gasoline is not adequate to protect today's fuel injection
components, so either the engine components must become more robust or the
routine use of fuel lubricity additives will be needed. Because of gasoline's higher
volatility, a GCI vehicle would also need to be equipped with an evaporative
emissions control system.

Smoke and NOx emissions can be expected to be lower on a GCI engine compared
to a comparable engine using diesel fuel. From earlier tests using a diesel engine
[11,12], engine-out NOx emissions could be maintained at or below the levels
needed to meet Euro 6 emissions limits for passenger cars on all but the lowest CN
fuels. Although lower engine-out NOx emissions could allow some simplification of
the aftertreatment system, retaining a DeNOx catalyst could enable easier control of
engine transients and allow better engine efficiency calibration. A future GCI vehicle
would need an efficient oxidation catalyst, because emissions of HC and CO are
usually higher under LTC conditions compared to normal diesel combustion. A
gasoline particulate filter (GPF) would also be needed although lower engine-out
PM emissions would lengthen the GPF regeneration interval, saving as much as
1.5% in fuel consumption compared to a DPF-equipped diesel vehicle.
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Engine efficiency should be the same as for a diesel Cl engine, as long as the

combustion phasing is maintained at the optimum point. Previous engine studies

[12,13] have demonstrated that this is feasible on a wide range of fuels using

closed-loop combustion control (CLCC). Even with a single gasoline fuel, CLCC

would probably be needed to accommodate the high sensitivity of ignition delay to

the fuel ds autoigniti otheemlgda maedtse rpirsotdasccst i aan well |
and ambient conditions.

It is well-known that gasoline is naturally resistant to autoignition, so the engine will
need to provide suitable fuel/air mixing and temperature conditions if stable
combustion is to be achieved. Two stage boosting will be needed to give high
charge pressures and keep cylinder temperatures high. High EGR levels will also be
required to reduce combustion temperatures and NOx emissions. Variable Valve
Timing (VVT) is expected to be needed to provide internal EGR, supplemented by
sufficient external EGR.

2.3. IGNITION AND COMBUSTION CHALLENGES

The major challenge for GCl is g a s o | very éo@w €etane Number (CN) which is
usually estimated to be no higher than about CN15. The ignition process was
therefore studied in some detail using a simplified model for ignition delay based on
temperature in the intake manifold, the cylinder pressure at the beginning of the
main fuel injection and the Oz concentration in the charge gases. A very low CN
implies much longer ignition delays. In an engine, this means that a low CN fuel
must be injected earlier in the compression stroke when temperatures and
pressures are lower than during typical diesel fuel injection. These conditions make
achieving ignition even more difficult. Ignition is also retarded at lower temperatures
and at the lower O2 concentrations resulting from the high levels of EGR required to
reduce NOx emissions.

The simplified ignition delay model was initially developed for diesel fuel combustion
in a warmed-up engine [12], but was modified by a factor (Figure 1) to account for
the increased ignition delay seen at lower engine temperatures and with different
CN fuels. For example, the ignition delay is expected to lengthen by a factor of three
as the engine coolant temperature decreases from 100°C to 0°C, and by at least a
factor of two for market gasoline (about CN15) compared to diesel fuel.

Figure 1 Modification of the ignition delay model for different cetane
numbers and combustion temperatures

Factor / -
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This simple model excludes many complexities of the ignition process, but
nevertheless describes well the earlier engine test results on a demonstrator engine
(both test bench and vehicle) using a range of fuels (Figure 2) [12,13].

Figure 2 Predicted ignition delay versus CN at 1500 rpm/6.8 bar IMEP
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Engine parameters were based on a demonstrator vehicle e qui pped with FE
High Efficiency Combustion System (HECS [9]). This engine has a 1.6-litre 4-
cylinder engine with a specific power of 80kW/litre, a 2-stage boosting system, hot
and cold EGR, an exhaust cam phaser and CLCC. In a previous study [13], using a
compression ratio of 15.5:1, this vehicle was able to achieve around 130g/km CO:

emissions at a 1700 kg curb weight while achieving Euro 6 NOx levels without
aftertreatment.

Calculations based on European diesel fuel and a baseline CR 15.5 showed that
ignition delays would be below 1.5 ms at an engine coolant temperature of 90°C,
even down to the lowest engine speeds and loads (Figure 3).

Figure 3 Calculated ignition delays for European diesel fuel at various
engine speeds and loads, CR 15.5, and a 90°C engine coolant
temperature
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2.4,

For a coolant temperature of 20°C, representing starting under mild ambient
conditions, ignition delays were longer, ranging from around 1.5 ms at higher engine
speeds, to just over 3 ms at the lowest speeds and loads. For the evaluation of
gasoline ignition, a target of no more than 3 ms ignition delay was set. A crosscheck
with engine data showed that calculated cylinder pressures gave similar results to
measured pressures, so calculated pressures were used in the remainder of the
study.

With the baseline CR 15.5, calculations for European gasoline at a 90°C engine
coolant temperature showed that ignition delays would be more than 3 ms for a
large part of the operating range, generally below 2000 rpm and 8 bar BMEP.
Increasing the CR reduced ignition delays, until at CR 18, ignition delays less than
3 ms were predicted over the entire operating range. Increasing the CR to 19:1 and
20:1 gave further improvements in the calculated ignition delay.

At a coolant temperature of 20°C, however, calculated ignition delays were more
than 3 ms over a large part of the speed/load range (Figure 4). This was the case at
CR 18 and increasing further to CR 20 did not help significantly.

Figure 4 Calculated ignition delays for European gasoline at various
engine speeds and loads, CR 18, and a 20°C engine coolant
temperature
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It was clear, therefore, that some form of combustion assistance (e.g. glow plug or
spark plug) would be needed to support combustion under cold engine conditions
and perhaps also at light loads even with a warmed-up engine. Other options to
more rapidly warm-up the engine might also be beneficial, such as by-passing the
intercooler and EGR cooler.

ADVANTAGES AND DISADVANTAGES OF A GCI CONCEPT

The efficiency of a GCI vehicle is expected to be about the same as for a diesel
engine. The additional energy consumption needed to support sustained glow plug
operation would be approximately offset by savings from lower fuel injection
pressures and longer DPF regeneration intervals. Importantly, replacing
conventional gasoline vehicles by GCI vehicles would reduce the overall fleet fuel
consumption and CO:2 emissions. Additionally, a successful commercial
development of GCI vehicles could open the way for more efficient vehicles in
markets where diesel fuel is not widely available for passenger car applications.



@@@ @@W@ report no. 13/14

The cost of a GCI engine should be similar to a modern diesel engine, with
potentially lower cost for the fuel injection and aftertreatment hardware if high
vehicle sales are achieved. Compared to a conventional gasoline engine, GCI
engines would produce high torque, similar to a diesel engine, but would require
more development time to achieve good noise and smoothness.

The fuel consumption benefits for consumers are more complex. Because of its
lower density, gasoline has a higher volumetric fuel consumption than diesel at the
same engine efficiency. Comparing typical conventional gasoline and diesel
vehicles at 1500 kg curb weight, we can estimate the following figures (Table 1).

Table 1 Fuel consumption comparisons for different engine types
Engine Type MJ/100km gCO2/km Litres/100km
Gasoline NA 267 196 8.29

Gasoline DI-TC 225 165 6.99
Diesel CI 210 154 5.85
Gasoline ClI 210 154 6.52

NA = naturally aspirated
DI = direct injection

TC = turbocharged

Cl = compression ignition

Volumetric fuel consumption for the GCI engine would be higher than for a diesel ClI
engine, but would be about 7% lower compared to a Gasoline DI-TC engine. CO:2
emissions (on a gCO2/km basis) would be at about the same low level as a diesel ClI
enginel. Clearly, customer choice can be influenced by fuel prices. Unlike today,
when gasoline is taxed higher in many European countries compared to diesel fuel,
harmonisation of fuel taxes to an energy content basis would be expected to level
the playing field somewhat.

1 gCO:2 emissions per MJ of fuel differ by only 0.26% for average European gasoline and diesel

fuels [22]
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3. BENCH ENGINE SPECIFICATIONS

A previous study [11] investigated how engine hardware capabilities could reduce
engine-out emissions while maintaining acceptable engine efficiency and noise
levels. In this study, four diesel and kerosene fuels were tested with engine
calibrations optimized for each fuel. In a companion study [12], a more diverse set of
fuels was tested on one of the two engine configurations optimized in the first study.

In these studies, it was assumed that future production engines will use a diesel
oxidation catalyst (DOC) to mitigate HC/CO emissions and a diesel particulate filter
(DPF) to mitigate PM emissions. To control NOx emissions, an active DeNOXx
system, such as selective catalytic reduction (SCR) or NOx storage catalysts, will
preferably be avoided for passenger cars due to their complexity and additional
cost. To achieve such a simplification, however, sufficiently high levels of EGR must
be used to achieve very low engine-out NOx emissions. The diesel bench engine
was optimized based on these considerations.

The success criteria for the bench engine optimization included the following factors:
low engine-out NOx; PM, HC, and CO emissions as low as possible and suitable for
further reduction by DOC and DPF aftertreatment systems; acceptable engine
noise; and fuel efficiency at least as good as the base engine configuration (CR 15
and HFR 310 injectors) when operating on diesel fuel. The specifications for this
bench engine are shown in Table 2.

Table 2 Specifications for the compression ignition bench engine
Units Engine
Benchmark [-] Euro 6
Displacement [cm?3] 390
Stroke [mm] 88.3
Bore diameter [mm] 75
Compression ratio [-] 17:1/19:1
Valves per cylinder [-] 4
Maximum peak pressure [bar] 220
Fuel injection system Bosch Piezo
specifications [ Common Rail System
Maximum injection pressure [bar] 2000
Hydraulic Flow Rate (HFR) [cm3/30s] 310/520
Nozzle hole diameter [um] 109/141
Number of spray holes [-] 8
Spray Cone Angle [°] 153
Charging [-] Max. 3.8 bar absolute

The bench engine included hardware enhancements that will enable Euro 6
emissions limits and beyond to be achieved. A comparatively small cylinder swept
volume of 390 cc was used, so this concept is consistent with engine downsizing.
This swept volume would allow the construction of a 1.6L 4-cylinder engine while
mai ntaining the power of todaydés 2.0L engines.

The compression ratio in this study was varied from 17:1 to 19:1 by adjusting the
vol ume otype pistom bowl. The maximum cylinder peak pressure of this
engine is 220 bar, and the cylinder head concept was optimized to achieve a better
intake and exhaust flow performance for reducing gas exchange losses and
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improved swirl levels and swirl homogeneity for optimized mixture preparation. To
optimize the flow characteristics, one intake port was designed as a filling port, the
second one as a classic tangential port. Creating the charge movement was
supported by seat swirl chamfers on both intake valves. The layout of the
combustion chamber geometry showed a conventional recess shape, which was
further optimized together with the nozzle geometry (8-hole) in order to achieve the
best possible air utilization. The recessed valves made it possible to eliminate valve
pockets in the piston and thus further improve the flow quality near the recess. At
the same time, the fuel injection equipment was capable of a maximum rail pressure
of 2000 bar. Due to this high pressure, a nozzle with smaller diameter nozzle holes
was used to improve mixture preparation.

Earlier studies [11,12] had shown that near optimum engine operation could be
achieved on a wide range of fuels by keeping the combustion timing constant at a
few degrees crank angle (°CA) after top dead centre (ATDC). For this reason, the
engine simulated CLCC by keeping the centre of combustion (CA50) constant when
operating the engine with different fuels. This was achieved by continuously
adjusting the beginning of injection (BOI) using an in-cylinder pressure sensor. This
approach successfully maintained the CA50 within a very narrow range, even with
major changes in fuel properties and EGR. For improving combustion of the low CN
fuel in particular at lower engine loads, the intake air temperature was increased to
simulate an EGR-cooler bypass. Additionally, heating of the intake air by heat
exchanging with the engine coolant was used for low load operation.

Most part load tests were conducted at an engine speed of 1500 rpm and 6.8 bar
IMEP. Intake and exhaust back pressure were adjusted according to typical values
for modern passenger car diesel engines, but injection related parameters such as
rail pressure and fuel injection phasing were adjusted for gasoline.

Full load capability was investigated at two engine speeds, using the standard diesel
calibration. The maximum IMEP was limited by either soot or exhaust gas
temperature. The maximum cylinder pressure was also set to 160 to190 bar
(Table 3) in order to limit the mechanical stress. The full load calibration and limits
for both tested engines speeds are given below.
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4.1.

BENCH ENGINE RESULTS

The engineering paper study showed that the principal challenge of achieving GCl is
to obtain reliable ignition with an acceptably short ignition delay, given the very low
CN of gasoline. A higher compression ratio is needed to keep cylinder pressures
and temperatures high, and some assistance for ignition will be needed in the form
of glow plugs or another heat source.

To test the learnings from the paper study, a bench engine study was carried out to
provide a proof of the GCI engine concept and determine what hardware measures
are most effective for extending the range of acceptable operation. The engine and
methodology for the investigation were described earlier and the key results from
the tests are presented in the next section.

COMPRESSION RATIO AND FUEL INJECTORS

Two compression ratios (CR 17 and CR 19) were evaluated with two injectors
having different nozzle hole sizes and hydraulic flow rates? (HFR 310 with a
0.109mm nozzle diameter and HFR 520 with 0.141mm nozzle diameter).

With CR 17 and HFR 310 nozzles, full load power at 2000 rpm matched that when
operating on diesel fuel. At 4000 rpm, full load power was limited by smoke resulting
in lower exhaust temperatures in these initial tests that were performed without pilot
fuel injection (Figure 5).

Figure 5 Full load IMEP achievable with acceptable smoke and exhaust
temperature
24
22 1
3
ie)
o 20
=
18
16
2000 4000
Engine Speed / rpm
Full load
Bl Diese reference CR = 15, HFR 310
[ ] Gasoline CR=17,HFR 310
BX Gasoline CR =19, HFR 310

At full load, performance was better with CR 19 than with CR 17, giving shorter
ignition delays (Figure 6).

2

Hydraulic Flow Rate (HFR) is reported as the amount of fuel (in cm?) injected in 30 seconds at 100 bar
injection pressure

11
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4.2.

12

Figure 6 Ignition delays at full load
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Contrary to the expectations from the paper study, the lower HFR 310 nozzles (with
smaller nozzle holes) were found to perform better than the HFR 520 nozzles. Using
the HFR 520 nozzles at CR 17, the maximum cylinder pressure varied dramatically
at 2000 rpm so that full load could not be achieved.

At high load, better combustion stability was obtained with the HFR 310 nozzles. At
medium to low load and high speed, the HFR 310 nozzles produced lower HC and
CO emissions as well as lower combustion sound levels (CSL) compared to the
HFR 520 nozzle.

At 1500 rpm and 6.8 bar IMEP, ignition could not be achieved at CR 17 using the
standard intake air pressure. To achieve ignition, the intake pressure had to be
increased from 1.50 bar to 1.65 bar with the HFR 310 injectors and to 2.00 bar with
the HFR 520 injectors in order to achieve stable combustion.

The higher CR 19 and HFR 310 injectors were therefore chosen for further work.

FULL LOAD OPERATION AT CR 19

Although the CR 19 engine could achieve full load using a single fuel injection, the
level of pre-mixed combustion was such that the rate of pressure rise and noise
were high. Reducing the fuel rail pressure from 1800 bar to 1000 bar produced a
significant noise reduction of around 4 dB. However, because the duration of fuel
injection increased, the fuel injection was still occurring after combustion had
started, leading to an unacceptable increase in smoke emissions (Filter Smoke
Number (FSN) about 4.3).

By introducing a small pilot injection, it was found that noise levels were reduced by
9 dB from 94 dB without pilot injection, giving levels close to those when operating
on diesel fuel, and with a more modest increase in soot emissions. Further
increasing the amount of pilot fuel injection increased noise again (Figure 7). The
best offset for the pilot injection was found to be 5.5 to 7.0 degrees before the main
fuel injection.
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Figure 7 With pilot injection, the noise at full load using gasoline was
similar to that measured using European diesel fuel
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Using the pilot injection, reducing fuel injection pressure from 1800 bar to 1400 bar
did not reduce noise and smoke emissions increased. For this reason, it was
concluded that pilot injection at higher fuel injection pressure was the most effective
strategy. With this approach, engine operation was found to be within the
boundaries of 850°C maximum exhaust temperature and 160 bar peak cylinder
pressure, while matching the power achieved by the diesel engine (Figure 8).

Figure 8 Pilot injection and a high injection pressure gave the best
performance at 2000 rpm and full load
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PART LOAD OPERATION AND FUEL INJECTION STRATEGY

At 1500 rpm and without pilot injection, stable operation could not be achieved
below 7 bar IMEP even without EGR, but combustion improved with pilot injection.
To achieve the best combustion performance, the injection parameters had to be

13
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further adapted for gasoline, with the injection pressure reduced from 900 bar to
around 400 bar. The proportion of fuel injected in the pilot was slightly higher, but
because of the lower injection pressure, the injection duration was 450 us for
gasoline, compared with 140 ps for diesel fuel. The pilot offset was also slightly
adjusted but the air intake temperature and pressure remained the same. At 6.8 bar
IMEP, a rail pressure of 333 bar and EGR of 40%, NOx emissions of 2g/kWh were
achieved.

Figure 9 Effect of EGR on NOx and HC emissions at 1500 rpm and
6.8 bar IMEP showing the sudden transition to unstable
combustion
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As EGR increased, NOx emissions were reduced (Figure 9). The ignition delay
increased from 15°CA without EGR to over 30°CA at the highest EGR rates with the
combustion duration stable around 25°CA. However, the combustion was very
sensitive to slight increases in EGR beyond this point and the transition to poor
combustion was dramatic. With a small increase in EGR above 38%, the
combustion duration rose to 40°CA and IMEP fell by nearly two bars with very high
HC emissions. Similar behaviour was seen at lower loads.

IMPROVING PART LOAD PERFORMANCE

The results reported above show that the limits of combustion with gasoline are
reached suddenly and dramatically. For this reason, three different strategies were
evaluated to enhance combustion at low NOx levels: increased air intake
temperature, internal EGR using VVT, and improved fuel injection strategies.



@@@ @@W@ report no. 13/14

Continuing the tests at 1500 rpm and 6.8 bar IMEP, the temperature downstream of
the intercooler was increased from 30°C to 75°C. This higher temperature would be
realistic in a situation where the EGR cooler is by-passed or the intake air is heated
by the engine coolant water. In addition, with the cam phasing adjusted to provide
more internal EGR, the configuration chosen (marked 'Var D' in Figure 10) moved
the exhaust valve opening earlier by 24°CA and intake valve opening later by
24°CA.

With no external EGR, NOx emissions were 9.0g/kWh, slightly lower than for the
diesel engine without internal EGR, and the cylinder pressure trace was similar for
the two fuels. When external EGR was used with gasoline, NOx emissions could be
brought down to 1g/kwWh, but the ignition delay increased significantly with a
consequent increase in noise. In comparison, the baseline diesel engine was able to
operate with external EGR at a similar NOx level with no significant change in
ignition delay or increase in noise.

Figure 10 With internal EGR and single pilot injection, gasoline gave a
similar pressure trace to diesel, but was less tolerant of
additional external EGR. Results are shown at 1500 rpm and
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To address these limitations, a revised injection strategy was used to phase the
introduction of the fuel into the cylinder. Early attempts with a split main injection

15
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were not encouraging, but additional tests using a triple injection had more success
consisting of two large and early pilot injections before a main injection close to
TDC. This injection strategy is similar to that reported in [20,24].

Using this multiple injection strategy, NOx emissions were reduced to 1.0 g/kWh
while keeping noise, efficiency, combustion stability and CO emissions close to the
diesel reference level and with an acceptable increase in HC and soot emissions.
The cylinder pressure trace was similar to that for the diesel engine, with higher
peak pressure reflecting the higher CR 19 (Figure 11).

Figure 11 With triple fuel injection and internal and external EGR, gasoline
gave a smooth combustion at 1.0g/kWh NOXx. Results are shown
at 1500 rpm and 6.8 bar IMEP

—— Diesel Reference
Var. D, cylinder pressure trace
——— Var. D, injector current probe
120 DOl = 300 pis, DOlgy; = 300 pis, DOy, = 540 ps
r45
100

_ 35 <
g L 3
= &0 2
o
: % \ res £

@
8§ s0 IS |
1< ris s
5 A L] 3
) it it 2
= L ]
5 P "2
Tl e Vo ~c] £

i ) i}
20 i k, v b5
4
0 -15
-40 -30 -20 -10 0 10 20 30 40

Crank angle / °CA

In earlier studies with the baseline diesel engine [12], it was possible to further
reduce NOx emissions below 1.0 g/kWh by increasing EGR. However, with
gasoline, further increases in EGR (around 40%) led to unstable combustion and a
rapid loss in efficiency (Figure 12). Higher HC emissions were also observed.
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Figure 12 NOx emissions were limited to 1.0 g/kWh. Increasing EGR
beyond this level resulted in unstable combustion
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COMBUSTION ASSISTANCE WITH A GLOW PLUG

As predicted by the engineering paper study, it proved difficult to sustain reliable
combustion on the gasoline at lower loads. Light load operation could be achieved,
but NOx levels were higher than desired. The combustion was also unstable and
would not tolerate additional EGR. For this reason, the engine was fitted with a
state-of-the-art glow plug which was capable of a sustained glow temperature of
around 1200°C. For these tests, the engine coolant temperature was also reduced
to 48°C to simulate the engine warm-up period.

The orientation of the glow plug to the injector spray is known to be critical (Figure
13). The position was adjusted by changing the orientation with respect to one
individual injector spray by 1 degree increments, while monitoring engine
performance. A position close to the spray centre line giving the lowest CO/HC
emissions and combustion duration was chosen. Additional simulation work is
described in Section 5 that was completed after the experimental study to
investigate the potential to improve the positioning of ignition assistance.

Figure 13 Orientation of the glow plug with respect to the fuel injector spray

Intake Valves

17
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With the glow plug installed, low load operation was possible at normal boost
pressure levels, even at this cooler engine temperature condition. Under hot engine
conditions, however, the glow plug did not help to reduce the NOx emissions. At
400 bar injection pressure, combustion quality was poor with a higher EGR rate.
Reducing the injection pressure further to 260 bar improved the combustion, but the
increased heat release led to higher NOx emissions even though the EGR level was
already quite high (Figure 14).

Figure 14 Operation at very low NOXx levels was not improved by the use of
a glow plug. Results are shown at 1500 rpm and 6.8bar IMEP
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COMBUSTION STABILITY

Combustion with gasoline fuel was very sensitive to EGR, and the transition from
stable to unstable combustion was very rapid [23]. In some cases, even where a
stable combustion cycle was observed, it could be followed by combustion failure in
the following cycles. As noted above, increasing the air intake pressure at low load
improved combustion, but variability remained at an unacceptably high level in some
cases, as shown in Figure 15.

Figure 15 Increasing boost pressure improved combustion at low loads, but
combustion variability remained high. Results are shown at
1500 rpm and 3.4 bar IMEP

The stability or repeatability of combustion is therefore an important metric that has
been used to evaluate performance throughout this study.






















































































http://www.concawe.org/

