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Abstract: The use of exhaust gas recirculation (EGR) is an effective way of achieving low temperature combustion (LTC)

in diesel engines thereby enabling lower levels of the in-cylinder oxides of nitrogen (NO,) to be produced. In addition the fuel
injection strategy used and the control of boost pressure are key aspects in attaining low NOx and soot emissions simultaneously.
In the work reported in this paper, experiments were performed on an advanced testing engine platform which allows EGR, fuel
injection timing and boost pressure to be precisely controlled and the influence of each parameter on the emissions to be studied
independently. The results indicate that within the investigated LTC ranges, the ratio of EGR plays the most effective role in NO,
reduction; the injection pressure and boost have a more modest effect on NOx emissions in general. Nevertheless, the increased
injection pressure lowers the soot emission across the EGR sweep and the augmented boost reduces the soot significantly from
a high soot level. It was also observed that with the high levels of the EGR, both the carbon monoxide and unburned hydrocarbon
emissions increase. The effect is attributed to the reduced oxygen concentration and the lowered flame temperature.
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INTRODUCTION combustion and are the precursor for NOx production. In
The use of diesel low temperature combustion (LTC) is aimed general, the homogeneous charge compression ignition

at reducing the occurrence of high combustion temperatures (HCCI) is an effective approach to achieve LTC, and the use
that prevail in conventional diffusion dominated diesel of high levels of EGR is another. In an HCCI system, the
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combustion phasing is controlled mainly by the chemical
kinetics rather than the injection timing, as the fuel is injected
very early during the compression stroke in order to produce
a homogeneous cylinder charge'”. The mixture undergoes a
much longer physical and chemical preparation than that in
the conventional diesel cycles prior to combustion. The lack
of direct control on combustion phasing is one of the major
difficulties for HCCI systems. However, the combustion
phasing is closely related to the levels of the EGR.

Two primary effects brought in by EGR are the oxygen dilution
and the heat capacity increase of the cylinder charge™. When
the fresh air intake is partially replaced by an EGR stream,

the oxygen concentration of the cylinder charge reduces.
Moreover, the combustion products, including carbon dioxide
(CO,) and water (H,0), are re-circulated back to the cylinder.
These gases have heat capacity higher than normal fresh air,
resulting in decreased temperatures after compression and
during combustion. The reduced oxygen concentration and
flame temperature, therefore, suppress the in-cylinder NO,

formation.

Previous studies indicated that it was possible to achieve low
NO, and soot simultaneously when the flame temperature was
below approximate 1 650 K¥. An MK combustion mode
had been reported by Nissan to successfully attain premixed
LTC. The required mixing was obtained by the use of EGR

"l The re-circulated exhaust

and retarding the injection timing
gas reduces the in-cylinder temperatures, dilutes the cylinder
charge, and thereby prolongs the ignition delay and offers a
longer mixing duration for the injected fuel with the air™®'”.
The duration of the ignition delay can be extended by 50% with

EGR compared to that of zero EGR in presence'".

Although EGR enabled LTC allowed drastically reduced NO,
emissions to be achieved, the high levels of carbon monoxide
(CO) and unburned hydrocarbons (HC) production remained
a challenge. The homogenized fuel charge is in direct contact
with the combustion chamber surfaces and the ability to burn
such crevice or quenched fuel is further deteriorated by the
diluted cylinder charge and the lowered flame temperature.
The high CO and HC emissions contain a considerable amount
of the fuel energy, and thus the engine fuel economy is also
diminished"". Thus to augment EGR, boosted intake pressure
is commonly employed to make extra oxygen available and so
complete the combustion. In addition, the increased air to fuel

ratio helps soot reduction’**”,

Previous investigations on the load applicability of the

EGR enabled LTC are limited. When the engine load is
progressively raised, the desirable low temperature combustion
is more difficult to achieve. As the total amount of the fueling
increases, the percentages of the premixed fuel decline

within the given ignition delay period, whereas the diffusion

combustion starts to spread and the combustion characteristics
shift towards those of conventional diesel engine cycles. The
non-homogeneity attributed to the diffusion burning cause an
air to fuel ratio gradient in the cylinder charge mixture. The
local flame temperature may increase wherever a stoichiometric

air to fuel ratio exists.

Higher levels of EGR are generally employed to further
prolong the ignition delay and suppress the combustion
temperatures and hence obtain better mixing and the NO,
reduction. Additionally increased boost is employed to
compensate for the diluted and depleted oxygen in the cylinder
charge. However, with this strategy the peak cylinder pressure
becomes a concern. The compression pressure (before the
combustion occurs) can reach 16 MPa due to the high boost
and compression ratio, such as a 300 kPa absolute boost with
an 18.2 compression ratio. The combustion peak pressure

can be expected to be even higher. The majority of modern
production engines are designed to withstand peak cylinder
pressures of up to 18~20 MPa. Therefore, when the engine
loads increase under LTC cycles, the accompanying higher
peak cylinder pressure are close to the engine % strength
limits and could be exceeded causing structural damage and

even failure.

To investigate these challenges of LTC diesel operation, a
series of experiments have been conducted using an advanced
engine testing platform developed at the University of Windsor.
This platform has been designed and instrumented so that
precise control of the boost pressure, degree of EGR and fuel
injection parameters can be readily achieved. In this way it
has been possible to study the independent influence of each
parameter on the diesel engine emissions, including NO,, soot,
CO and THC. The experiments reported in this paper were
performed at engine loads of up to 0.8 MPa IMEP (indicated
mean effective pressure).

EXPERIMENT SETUP

A modern common rail diesel engine (Ford Puma) and a single
cylinder test engine are integrated to the testing systems in

the dynamometer cells of the Clean Diesel Research Centre at
University of Windsor (UW). The specifications of each engine
are listed in Table 1 and Table 2.

Table 1 Ford Test Engine Specifications
Engine Type 4 Cylinder, 4 Stroke Ford DuraTord “Puma””
Displacement 1998 cm’

Bore x Stroke 86 mm X 86 mm

Connecting Rod 144

Compression Ratio 182 1

Combustion System Direct Injection
18.0 MPa

Common-rail (up to pg,; = 160 MPa)

Maximum Cylinder Pressure

Injection System
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Table 2 Single Cylinder Test Engine Specifications

Engine Type Single Cylinder, 4 Stroke

Displacement 0.767 cm3

Bore x Stroke 96 mm X 106 mm
Compression Ratio 163 1
Combustion System Direct Injection
Maximum Cylinder Pressure 20.0 MPa

Injection System Common-rail (up to pg,; = 180 MPa)

Only one engine runs for each experiment on this testing
platform, and the other engine is decoupled from the system.
The Ford Puma has been modified to operate on &“1 + 37~
configuration. With this arrangement a separated single
cylinder is instrumented for the LTC research, and the
remaining 3 cylinders are operated in conventional diesel
cycle modes. This enables overall engine performance to be
stabilized, for instance, the speed. A simplified schematic of
the system setup is shown in Figure 1. In the figure, the Ford
Puma is in use while the single cylinder research engine is
decoupled. Both natural aspirated and boosted intake are
available in this setup. The dry and clean compressed air

is introduced to simulate the intake boost, and the pressure
level is rigorously and precisely controlled. The exhaust
backpressure management is achieved by a pressure regulator

Bypass Compressed Air

Ambient Air

EGR Valve
T

that restrains the exhaust out flow rate and builds up the
backpressure. The intake and exhaust flow systems are
independent of each other. An air mass flow meter is installed
upstream of the intake surge tank, and the cooled EGR flow

is directed to the downstream of the tank. The engine coolant
is normally used to cool the EGR, and an additional cooling
loop for alternative fluids, for instance, the city water, is also
available for more effective cooling. The EGR flow rate is
managed by a combination of the EGR valve and the exhaust
backpressure. The EGR valve position is commanded through
CAN bus communication with a LabVIEW ™ interface, and
the pressure difference between the exhaust and intake can

be fine tuned to precisely control the EGR ratio. The pressure
of the research cylinder is acquired through the pressure
transducers and a Kistler ™ 5010B charge amplifier is shared
by both the engines. Encoders with 0.1 degree crank angle (CA)
resolution are utilized to accurately obtain the engine position
and provide the sampling clock for the pressure recording. The
pressure of each data point is an average of 200 continuously
recorded cycles, subsequently calculating the heat release rate
(HRR), the crank angle of 50% of the total fuel burned (CA50),
and the accumulated heat release.
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Figure 1

Schematic of Test Setup at University of Windsor
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Other advanced facilities are employed to guarantee the
controllability and repeatability of the test parameters. The
temperatures of the engine coolant and oil are precisely
controlled through the coolant and lubricant conditioning
units. Additional heating on the intake surge tank can be used
to further control the intake temperature. A DC dynamometer
is coupled to the single cylinder research engine to measure
the engine power/torque output and stabilize the engine speed,
while an eddy current dynamometer is connected to the Ford
Puma. The UW operating system also allows direct regulation
of the volume control valve (VCV) and the pressure control
valve (PCV) on the high pressure fuel pump, rather than solely
relying on the engine control unit (ECU) [24]. The EFS ™
IPoD Piezo injector drivers are instrumented to energize the
injectors. The injection pressure and scheduling are precisely
controlled via a set of embedded real-time (RT) controllers
and the field programmable gate array (FPGA) devices, and
the control interface consists of two personal computers

(PC) running the in-house written LabVIEW programs.
Therefore, the UW custom-built system controls the injection
independently, and allows the geometry resolved injection
timing but the time resolved duration. Other LabVIEW
programs have also been developed by the authors “research
teams to acquire, synchronize and record the data, to calculate
the engine IMEP and HRR on the fly, and to control the various
actuators, such as the EGR valve.

The soot is measured by an AVL 415S smoke meter. The intake
and exhaust gaseous emissions, including NO,, THC, CO, CO,,
and O,, are measured using a dual-bank analyzer system.

RESULTS AND DISCUSSION

Previously reported work in the authors *Clean Diesel
Research Centre has described in detail the typical techniques
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which have been used to achieve EGR enabled diesel LTC
(Figure 2) ™. To aid understanding of the new work reported
here a brief summary of these techniques is now provided.

In operation, the EGR is progressively increased and the
conventional high temperature combustion (HTC) is observed
until the soot emission rises to its peak value at particular

EGR ratio. The combustion emissions are characterized by the
classical NO,-soot trade-off. The ternf “Slope 17 7s referred

to this conventional trade-off in HTC, and is defined here as
the ascending curve of the soot emission with the increasing
EGR. When increased EGR levels continue to be applied, the
levels of soot and NO, production decrease simultaneously. In
particular, the soot emission rapidly reduces to an ultra-low
level while the CO and THC rise sharply within a fairly narrow
window of the EGR. In this manner EGR enabled diesel LTC is
achieved albeit over a narrow operating range. The ternt “Slope
277s therefore defined by this segment of the emission curves,

and it represents the combustion in LTC cycles.

Using the technique described a low load (IMEP = 280 kPa)
LTC was achieved and a typical result set is illustrated as
Figure 2. It should be noted that relatively old technologies
were used in these experiments, such as the fixed start of
injection (SOI, Start Of Injection), the low injection pressure
(~20.0 MPa), and the non-boosted intake. It was determined
that superior test results could be obtained, if a better control
system could be developed which could, for instance, allow
the flexible injection timing control to maintain CA50 (Crank
Angle of 50% Heat Released).

Thus, the experimental platform has been further improved to
enable investigations of the feasibility of EGR enabled diesel
LTC cycles at load levels up to 800 kPa IMEP, and at the same
time study the influence of the boost and injection during these

cycles on the engine combustion and emission performances.
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Figure 3 Soot and NO, Emissions of EGR Sweep

EGR ENABLED DIESEL LTC AT EXPANDED LOADS

In this new work the same experiment procedures as those
previously described and manifest from the data given as
Figure 2 were repeated on the Ford Puma, but the level of
particular experimental parameters was increased. Higher
levels of the intake and injection pressure were applied,
respectively 175 kPa absolute and 150 MPa. The CA50 was
kept at 6 degrees after top dead center (TDC) by adjusting the
SOI, although the injection duration was not changed. The
common engine operating conditions for Figure 3 to 11 are
listed in Table 3.

Table 3 Common Engine Operating Conditions for Figure 3 to
Figure 11

Engine Speed 1 500 r/min

DPinj 150 MPa for Figure 3 to Figure 8
CAS0 —6° BTDC except Figures 7 & 10 @ —5°~—6° BTDC
IMEP 800 kPa

The soot and NO, emissions obtained as illustrated on Figure 3
show that the results are consistence with previously published
data [24-28

EGR gradually rises, while the soot experiences the slope 1

1. The NO, emission declines monotonically as the

and then slope 2. The engine runs in LTC cycles stably, and
the load is raised to 800 kPa IMEP (Indicated Mean Effective
Pressure) with the improved operating control.

The LTC emission trade-off can be observed, namely* “NO,

& soot versus CO & THC?? It can be seen that the results are
different from the conventional trade-off as the CO and THC
increase rapidly after the engine enters LTC cycle mode (Figure
4), whereas the NO, and soot simultaneously decrease (Figure
3). When the EGR is increased, the CO begins to increase
significantly and earlier than the THC levels, and before the

engine reaches the LTC regime. This effect is considered to

the result of incomplete oxidization caused by the reduced
oxygen concentration. The rapid rise of the THC emission level
is indicative of the low combustion temperatures which do not
enable the fuel to be burned thoroughly. The result is that the
combustion efficiency of the engine is diminished.

BOOST & INJECTION PRESSURE EFFECT ON LTC
ENABLING

Three sets of results for these effects are presented in Figure 5
which represents the NO, emission levels for varying degrees
under boost and injection pressure. The results indicate that
the injection pressure level has noticeable influence at the
higher levels of the NO, where the degree of EGR is very low.
Notwithstanding the injection pressure effect, it is clear that
NOx reduction is more dependent on the EGR rather than the

boost and injection pressure.

The effects of the boost and injection pressure on the other
three important emissions (soot, CO and THC) were studied
individually. In Figure 6, the soot emission results for the diesel
LTC cycles achieved by progressively increasing EGR for

two levels of the boost pressure, 145 and 175 kPa absolute are
shown. The results show that the augmented boost did not help
significantly when the soot emissions were low, regardless of
whether the engine was running under the HTC or LTC cycle
mode. However, the peak value of the soot emission did decline
in the higher boost case, even at a higher EGR ratio and lower
intake oxygen concentration. A considerable improvement was

observed during the transition from the HTC to LTC regimes.

Figure 7 shows the pressure and HRR traces for the tested
points of the peak soot emissions. The patterns of the pressure
and HRR are similar for these two points; nonetheless, the
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The EGR sweeping experiments were performed at three levels
of the injection pressure, 60, 90, and 150 MPa. In terms of the
soot emission, a significant improvement was found when the

magnitude of the in-cylinder pressure was amplified by

the higher boost, which resulted in a higher density of the
cylinder charge and provided an extra amount of oxygen even
at the lower oxygen concentration. This additional oxygen

is considered to promote a leaner mixture and assist the soot

higher injection pressure was applied. The empirical results
shown in Figure 9 demonstrate that the LTC mode cycles were
achieved with 150 MPa injection pressure when other engine
conditions were kept the same. Conversely, the high soot
emissions, in the cases of the lower injection pressure, preclude

the use of increased degrees of EGR necessary to achieve the

oxidization process.

The elevated intake pressure was also beneficial for the CO and
THC emissions profiles. As shown on Figure 8, the CO and
THC increased as the degree of EGR was gradually increased.
However the level of further EGR was restricted to prevent the
engine efficiency from being unacceptably reduced due to the
energy penalty drained by the CO and THC. It was abundantly
clear from the data obtained that the high levels of the CO and
THC emissions were shifted towards the direction of the higher
EGR ratio. Therefore, there is no doubt that increasing the level
of the intake pressure boost can extend the EGR application

LTC mode operation. There is a strong likelihood if higher
degrees of EGR were used that the engine could have been
damaged by the excessive smoke prior to the establishment of
LTC mode combustion. Therefore, the augmented injection
pressure facilitates EGR enabled diesel LTC on account of its
reducing soot emissions and extending EGR application limits.
The lowered soot emission peak, in particular, makes the LTC

limits for diesel LTC mode operations. operation feasible.
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A clearer appreciation of the effects of high injection pressures
on the engine operation can be gained by considering the
measured pressure and heat release rate (HRR) traces given as
Figure 10 obtained with approximately 40% of EGR.

It can be seen that a larger proportion of premixed burning

was present when the higher injection pressure was employed.
This effect is considered to be the result of the enhanced spray
penetration and atomization, since a much larger contact area
would have become available between the fuel and the cylinder
charge; thus offering a better environment for the premixing.
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I pmj/MPa
061 o 60
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Furthermore, it is generally believed that the soot formation
mainly occurs during diffusion burning. Consequently, it
could be argued that the higher injection pressure reduces the
soot emission, because it causes part of the total fuel charge to
undergo premixed burning rather than the diffusion.

In addition, the elevated injection pressure was found to reduce
the CO and THC emissions (Figure 11). The effect was similar
to that of the higher boost pressure. The improved combustion
efficiency gained from the decreased CO and THC emissions
also contributes to the recovery of the engine thermal efficiency.

High soot peaks prevent
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Hiheng
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with heavier EGR
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Figure 9 Soot Emissions at Different Injection Pressure Levels
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Figure 10 Pressure and HRR Traces at Different Injection Pressure Levels

CONCLUSIONS

Extensive bench mark engine tests for evaluating the effects
of boost and injection pressure under the EGR enabled diesel
LTC cycles have been carried out. The main findings of this

experimental program can be summarized as follows:

1) An engine load of 800 kPa IMEP was achieved for an
EGR enabled diesel LTC, with the precise control of the boost

and injection pressure.

2) EGR was the most effective technique for lowering
the cylinder temperature, and in turn, reducing NO, emissions,
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Figure 11 CO and THC Emissions at Different Levels of Injection Pressure

because of the mixture dilution effect and higher heat capacity.

3) Boost and injection pressure were less effective on
NO, emission reduction, and had little measureable effect at
low levels of EGR.

4) Increases in either of the two parameters, boost and
injector pressure, was found to improve the soot, CO and
THC emissions and hence allowed the limits of the EGR
enabled LTC mode cycles operation of the diesel engine to be

extended.
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NOMENCLATURE
BTDC Before Top Dead Centre
CAS0 Crank Angle of 50% Heat Released
DI Direct Injection
EGR Exhaust Gas Recirculation
HCCI Homogeneous Charge Compression Ignition
HTC High Temperature Combustion
HRR Heat Release Rate
IMEP Indicated Mean Effective Pressure
LTC Low Temperature Combustion
PM Particulate Matter
SOI Start Of Injection
TDC Top Dead Centre
Pinj Pressure of Injection
Pint Pressure of Intake
Thean Mean Cylinder Temperature



