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"When you're racing, it’s life. Anything that happens before or after is just
waiting." Steve McQueen as Michael Delaney in 'Le Mans’
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Abstract

SI engines have the ability to meet the strictest emission standards. However,
data for current vehicles show there is a clear need for further reductions in CO,
emissions. Future requirements for reductions in CO, emissions from ground
vehicles might be met by using the HCCI combustion concept, in which a diluted,
more or less homogenous air/fuel mixture is compressed to auto-ignition. This
leads to less CO5 emissions than normal SI combustion due to its ability to burn
dilute mixtures, which is beneficial from a thermodynamic perspective, and low
combustion temperatures have a positive impact on exhaust emissions. However,
there are challenges associated with this concept, for instance its limited operating
range and combustion control.

Residual gases can be trapped with the intention to achieve HCCI combustion
in SI engines using gasoline. This leads to a significantly improved efficiency for
the part-load region, which is essential since the standardized drive cycles involve
a considerable amount of low-load operation. The operational range of HCCI
engines using residual gas trapping is limited for a low load and speed range. In
attempts to overcome this limitation and gain control over HCCI combustion in
this region a concept combining initial flame front propagation using a stratified
charge and subsequent HCCI combustion has been developed, and explored in
studies underlying this thesis.

Both optical and conventional engine experiments have been conducted to develop
this control concept. The optical experiments have shown that charge stratifica-
tion is important in many respects, notably it induces air motions and generates
regions in which HCCI combustion is likely to occur, in addition to enriching
the region near the sparkplug (thus making flame propagation possible). These
features have been used to reduce the minimum load achievable for HCCI, with
little or no compromises in terms of efficiency or NOx emissions. This extends
the load range in which an engine can be efficiently operated, compared to SI
combustion, and hence enables COy emissions to be reduced.
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Pressure

Volume

Polytropic coefficient
Polytropic coefficient
Adiabatic polytropic coefficient
Specific heat at constant pressure
Specific heat at constant volume
Polytropic specific heat

Mass

Gas constant

Temperature

Added heat

Thermodynamic work
Compression ratio

Molecular weight

Air equivalence ratio

Stokes number

Characteristic time of the flow
Momentum response time
Dynamic viscosity

Diameter

Density

Flow field velocity

Particle velocity

Instant flow field velocity
Averaged flow field velocity
Reynolds number

Drag coefficient

Time

Root mean square fluctuation of flow velocity
Crank angle degree

X1

7/ (ks - K)

7/(kg - K)

J/(kg - K)

kg

J/(kg-K) or J/(kg - mole)
Kor°C

J

J

kg/kmole

CAD



Abbrevation

BMEP
BSFC
CA10
CA50
CA90
CAD
CAI
COq
CcO

DI
DISI
EGR
EOI
EVC
FSN
FTM
FTP75
FWHM
HC
HCCI
HCHO
HR
IMEP
ISFC
IVC
IVO
LEV
LIF

NEDC
NMOG
NOx
NVH
NVO

OH
PIV
PLIF
PM

Brake Mean Effective Pressure

Brake Specific Fuel Consumption

Crank Angle when 10% of the chemical energy have been converted
Crank Angle when 50% of the chemical energy have been converted
Crank Angle when 90% of the chemical energy have been converted
Crank Angle Degree

Controlled Auto Ignition

Carbon dioxide

Carbon monoxide

Direct Injection

Direct Injection Spark Ignition

Exhaust Gas Recirculation

End Of Injection

Exhaust Valve Closing

Filter Smoke Number

Fast Thermal Management

Federal Test Procedure - test cycle

Full Width at Half Maximum
Hydrocarbon

Homogenous Charge Compression Ignition
Formaldehyde

Heat Release

Indicated Mean Effective Pressure
Indicated Specific Fuel Consumption
Intake Valve Closure

Intake Valve Opening

Low Emission Vehicle

Laser Induced Fluorescence

Nitrogen

New European Driving Cycle
Non-Methane Organic Gases

Nitrogen Oxides

Noise Vibration Harshness

Negative Valve Overlap

Oxygen

Hydroxyl

Particle Image Velocimetry

Planar Laser Induced Fluorescence
Particulate Matter



PMEP
PRF
PZEV
RoHR
SCCI
SGDI
SI
TDC

xiii

Pumping Mean Effective Pressure
Primary Reference Fuel

Partially Zero Emission Vehicle

Rate of Heat Release

Stratified Charge Compression Ignition
Spray Guided Direct Injection

Spark Ignition

Top Dead Center
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Preface

In Homogenous Charge Compression Ignition (HCCI) fuel is combusted in a dif-
ferent manner from modes used in current passenger cars. Instead of being com-
busted by conventional flame propagation it is ignited at multiple regions simul-
taneously since the combustion is controlled by chemical kinetics. Thus, limiting
factors for conventional SI combustion, such as the lean limit for flame propaga-
tion, can be overcome since the combustion is not governed by flame propagation.
Hence, dilution with EGR and/or excess air can be used to greater degrees in
HCCI combustion than in ST combustion. For these reasons efficiencies similar
to those of Diesel engines can be achieved using HCCI combustion, but unlike
classic Diesel combustion the dilute and homogenous mixture leads to low NOx
and low soot levels. Thus, it combines the strengths of Diesel and SI combustion,
but with the downside that no direct means of controlling HCCI combustion are
currently available.

In the introductory chapter of this thesis the motivation for and objective of the
project it is based upon are briefly described. The following chapter gives the
reader background information regarding legislative limits of hazardous emissions
and COy emissions for passenger cars. To demonstrate that there is a need to
make more efficient engines, data from present vehicles are also shown, and the
drive cycles used for evaluating emissions are described. Furthermore, the piston
engine is analyzed from a simplified thermodynamic perspective, to give some
background information regarding concepts that are thermodynamically sound.

The third chapter describes HCCI combustion and reviews work carried out by
other authors regarding HCCI in general and other control methods. Since HCCI
combustion using trapped residuals by negative valve overlap aims to achieve
HCCT combustion in SI combustion engines, in accordance with the project’s
objective, this method of HCCI combustion is separately described.

The fourth chapter provides information that was not documented in the appen-
ded papers regarding the methods and equipment used to acquire the results.
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Some further analysis is also included showing that the core data have sufficient
reliability to provide valid representations and thus there is at least the potential
to obtain valid interpretations from the observations.

The fifth chapter highlights and summarizes the key results presented in the
papers, and further investigations probing the reliability and accuracy of the
conclusions drawn in the papers. Background results are also included showing
that there really is a need for increased control in the low load region for an HCCI
engine using NVO. In addition, background information is supplied regarding
results of investigations of other approaches in which dilution is used, to allow
the reader to set HCCI into perspective.

Finally, the project and the overall results obtained are briefly outlined, and
each paper is summarized in the eighth chapter. References can be found in the
bibliography and Papers I-VIII are attached at the end.

Andreas William Berntsson

Chalmers University of Technology, Goteborg
2009



Chapter 1

Introduction

1.1 Motivation

Homogenous Charge Compression Ignition (HCCI) combustion has been shown
to reduce the fuel consumption of SI engines [1; 2]. Thus, the need to reduce the
fuel consumption of SI engines to meet future legal COy limits provides ample
motivation to explore the possibility of achieving HCCI combustion in SI engines.
There are, however, several challenges associated with this concept, the main two
being the lack of control and its limited (to part loads) operational range.

1.2 Objective

The primary objective of the project this thesis is based upon was to develop
a control method that combines initial flame front propagation through a stra-
tified charge and subsequent HCCI combustion, in order to achieve control of
HCCI combustion in the lower load regions for HCCI in a passenger car SI en-
gine. The increased control should allow the minimum load possible for HCCI
combustion to be decreased, and the extension of the operational range should
allow fuel consumption to be reduced, since HCCI combustion is more efficient.
The low NOx emissions and high efficiency of HCCI combustion should only be
marginally compromised when applying this control method. Further objectives
of the project were to acquire general knowledge about HCCI combustion and (if
possible) identify, explore and develop other methods to control it.

5
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1.3 Delimitation

The proposed concept was only studied with the intention of gaining control of
steady state combustion. It might be useful to apply this concept during transient
operation too, but this possibility was beyond the scope of the project.



Chapter 2

Background

Ever since Karl Benz built his first automobile with a piston engine for propulsion,
the Motorwagen, similar concepts have been further developed and produced in
diverse shapes and sizes all over the globe. The use of automobiles has become
deeply rooted in the core of most modern cultures and is now a key element of
personal transportation. However, this mode of transportation also has some
downsides; the internal combustion engine generates emissions that can be either
hazardous or harmful to the environment. This fact only begun to be addres-
sed, or at least received attention, long after the introduction of the technology.
California has been a pioneer in emission legislation and has set restrictions on
vehicles for several decades, but other authorities have increasingly followed suit,
and some examples of emission levels can be seen in tables 2.1, 2.2 and 2.3.

2.1 Emission standards

Table 2.1: Californian emission standards for passenger cars after 100000 miles
(LEV;) and 120000 miles (LEV5) [3], all values in g per mile measured in FTP75.

Category NMOG CO NOx PM(for Diesel) HCHO

TLEV; 0.156 4.2 0.6 0.08 0.018
LEV, 0.09 42 0.3 0.08 0.018
ULEV, 0.055 21 0.3 0.04 0.011
LEVs 0.09 4.2 0.07 0.01 0.018
ULEVs, 0.055 2.1 0.07 0.01 0.011
SULEV, 0.010 1.0 0.02 0.01 0.004
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Table 2.2: European emission standards for passenger cars with petrol engines [3],
all values in g per km.

Category CO HC HC+NOx NOx PM
EURO1 272 - 0.97 - -
EURO2 2.2 - 0.5 - -
EURO3 23 02 - 0.15 -
EURO4 1.0 0.1 - 0.08 -
EURO5 1 0.1 - 0.06  0.005 (DI)
EUROG6 1 0.1 - 0.06 0.0045 (DI)

Table 2.3: European emission standards for passenger cars with Diesel engines [3],
all values in g per km.

Category CO HC HC+NOx NOx PM
EURO1 272 - 0.97 - 0.14
EURO2 1.0 - 0.7 - 0.1 (DI) 0.08 (IDI)
EURO3  0.64 - 0.56 0.5 0.05
EURO4 0.5 - 0.3 0.25 0.025
EURO5 0.5 - 0.23 0.18 0.005
EUROG6 0.5 - 0.17 0.08 0.0045

From tables 2.1, 2.2 and 2.3 it can be seen that the strict modern emission limits
are dramatically lower than the older ones. It is also worth noting that European
emission limits for Diesel and petrol engines differ, but Californian limits are
the same for both kinds of engines (except that limits are placed on particulate
matter, PM, emissions from Diesel engines). It is important to bear in mind that
when new combustion processes for passenger cars are developed it is essential
to meet the relevant emission limits, since they are legally enforced, and it will
not be possible to use new concepts that cannot meet them in passenger cars (in
the respective markets). Thus, since the aim of the work underlying this thesis
was to investigate a new concept for combustion that is intended for passenger
car use, a brief introduction to these legal emission limits is required.

2.2 CO; emission legislation

In addition to the legal limits presented in tables 2.1, 2.2 and 2.3 other undesirable
species are emitted from combustion engines and have been receiving increasing
attention, especially carbon dioxide, which is directly connected to fuel consump-
tion. The amount of carbon dioxide that an engine emits has become increasingly
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important, especially since the legally restricted hazardous emissions have rea-
ched sufficiently low levels, in absolute terms, to make the environmental effects
of carbon dioxide relatively important.

To reduce carbon dioxide levels a proposal to limit average COs emissions from
all newly registered cars in the EU to 130 g/km CO, has been made by the
Commission of the European Communities [4]. The manufacturers will all have
to meet individual targets, depending on the mass of the vehicles they produce,
and the formula for the limit value is:

COy =130 + a- (M — Mp) (2.1)

where M is the average weight of the vehicles produced by the manufacturer,
while My and a are constants (1289 kg and 0.0457, respectively).

200 -

150 |

100 |

CO3 [g/km]

so b SN S S |

0
500 1000 1500 2000 2500
Weight [kg]

Figure 2.1: CO, emission limits for cars of manufacturers selling cars in the EU
(from 2012) during NEDC operation versus vehicular weight.

If the value for the average car of a manufacturer is above this limit line (see
figure 2.1) then an excess emissions premium will be imposed. If the value exceed
the limit by more than 3 g/km then the premium is 95 € per g/km and smaller
charges between 5 € and 25 € per g/km if the value exceed the target by 1
to 3 g/km. The values show that it will be costly for the manufacturers to
produce and sell vehicles that generate high CO, emissions, and the additional
costs will ultimately paid by the customer, so it will be of great importance for
the manufacturers to address this issue. However, manufacturers selling less than
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10 000 vehicles per year can apply for individual targets, and there is also the
possibility to form a "pool" with other manufacturers to jointly meet their target.
Nevertheless, there will still be a great need to reduce CO, emissions overall.

2.3 Engines

The vast majority of passenger cars on the market at the time of writing (2009)
are powered by piston engines based on the principles defined by either Nikolaus
August Otto [5] or Rudolf Diesel [6], i.e. petrol or Diesel engines, respectively.
For petrol engines the introduction of catalysts has played a key role in enabling
tailpipe emissions to be reduced to the values shown in tables 2.1 and 2.2. The
combination of a three way catalyst and a lambda sensor allows the emission
levels to be reduced to partial zero-emission vehicle (PZEV) levels. For example,
in 2002 Volvo Cars Corporation presented a Volvo S60 capable of achieving PZEV
levels [7]. The possibility of achieving such levels (and at a reasonable price) is
the main strength of current Otto engines. On the other hand, Diesel engines
have displayed greater efficiencies, which are seen as their main strength.

2.4 Car fleets

The work this thesis is based upon focused on techniques designed to increase
the control of HCCI combustion in engines for passenger cars with the main goal
of achieving lower CO, emissions. This section provides some background infor-
mation on the passenger cars in production at the time of writing, to ascertain
if there really is a need to further improve present technology. All data in this
section are based on vehicles approved in Germany (in 2008) by the German
motor vehicle inspection agency, TUV [8], since the data were readily available
and the models approved in Germany are representative of the models approved
in Europe generally. In table 2.4 The numbers of models with various kinds of
propulsion units that the analysis in this section is based on are listed in table
2.5. As can be seen, the numbers are large - with over 8000 versions in total
and over 4500 models with specified weights. The models are divided into four
groups: cars with Diesel engines, petrol engines with port fuel injection, petrol
engines with direct injection and hybrid vehicles.
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Table 2.4: Car models approved in Germany [8|.

Cars Models with weight Models without weight
All versions 4576 8299

Diesel 1929 3334

Petrol SI 2174 4393

Petrol using DI - DISI 473 D72

Hybrid 7 -

2.4.1 Vehicle weight

Emissions from the different types of passenger cars during NEDC operation and
highway operation are shown in figure 2.2. The vehicular weights (for vehicles
with specified weights) ranged from around 800 to 2300 kg. In the figure trend
lines are plotted

= ax® +c 2.2
Y

where a, b and ¢ are fitted in the least squares sense (see equation 2.3) to the
data (zdata and ydata), hence this is a representative trend line.

500 NI ....... ....... 500 NS ....... .......
+ = Average . © — Average . .
—— Diesel —— Diesel
400 pf = —
E | *
£ 300
=8
OC\I
S 200
100
0 : : : : 0 : : :
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Weight [kg] Weight [kg]
(a) (b)

Figure 2.2: CO, emissions during NEDC (a) and highway (b) operation of vehicles
approved in Germany in 2008 versus their weight.



12 CHAPTER 2. BACKGROUND

1 1
mbin ~|F(a,b,c, xdata) — ydata|s = 5 Z (F(a,b, c, zdata;) — ydata;)*  (2.3)

In both NEDC and highway operation increases in the vehicular weight have
adverse effects on emissions, as can be seen in the figure since all the trend lines
show an increase in CO, emissions with increases in vehicular weight. The average
car weighing 1000 kg emits around 140 g CO5 per km in NEDC operation, which
is almost half that of the average car weighing 2000 kg. For highway operation
the difference between a 1000 kg vehicle and a 2000 kg vehicle in this respect is
smaller; the average larger car emits around 70 % more CO; in this case. In terms
of engine type, it can be seen that the traditional SI engines generate the highest
CO; emissions for a certain vehicular weight, while Diesel engines and hybrid
cars generate the lowest levels. The hybrid models for which data are included
in figures 2.2 (marked by stars) are listed in table 2.5. Lexus and Honda produce
cars with hybrid technology in models for which traditional types of engine are
also available, and data for the closest petrol models are also shown in the table.

Table 2.5: Hybrid car models and comparison.

Model Weight [kg] Power kW]
Honda Civic HYBRID 1300 70
Honda Civic (Petrol) 1190 66
Honda CIVIC IMA 1297 61
Lexus GS 450 H 2120 218
Lexus RX 400 H 2040 155
Lexus LS 600 H 2340 290
Lexus LS 460 (Petrol) 1958 280
Toyota PRIUS I 1360 03
Toyota PRIUS II 1375 o7

The hybrids perform well in comparison to versions of other types with similar
weight. However, it should be noted that including hybrid technology increases
the weight of cars, thus a direct comparison is not necessarily valid. When models
for which both hybrid and conventional petrol engines are available in the same
car body are compared (see table 2.5) then the mass addition associated with
the hybrid technology can be estimated. The Honda Civic hybrid is around
10 % (110 kg) heavier than the traditionally powered version, and the Lexus LS
is proportionally even heavier with hybrid technology. The increase in weight
inevitably reduces the performance of the hybrids, but their performance is still
competitive compared to the average.
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When petrol engines using direct injection (DISI) are considered, it can be seen
that their CO5 emissions are consistently lower than those from average port fuel
injection engines. Furthermore, it can be seen that the light DISI cars display
CO2 emissions that are similar to those of diesel engines in both NEDC and
highway operation.

When the data are compared to the proposed limit values, as defined by equa-
tion 2.1, it can be seen that generally there is a need for further improvements
for all types of propulsion units (see figure 2.2, where the dashed magenta line
indicates the limit line).

2.4.2 Engine displacement

The first impression from the data presented in the previous section regarding
vehicles on the current market is that (unsurprisingly) small, light vehicles ge-
nerate less COy emissions than larger, heavier vehicles. However, the weight of
the vehicle cannot be the only parameter responsible for the differences in this
respect between vehicles, since different sizes of vehicles may also be associated
with other characteristics, such as demands for performance and engine displa-
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Figure 2.3: CO, emissions during NEDC (a) and highway (b) operation of vehicles
approved in Germany in 2008 versus their engine displacement.
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cement. Indeed, many parameters change with differences in vehicle sizes. In
figure 2.3 CO4 emissions in NEDC and highway operation are plotted against
vehicles’ engine displacements. The apparent trend is for fuel consumption to
increase as displacement increases, for vehicles with all types of engine. Howe-
ver, there are differences in the range of displacement of the different types, and
the port fuel injection petrol engines show the greatest range (from 0.7 to 8.3
liter displacements). For a given displacement the port fuel injection SI engines
show the greatest COy emissions in NEDC operation and the Diesel and hybrid
vehicles the lowest values. This trend is also apparent in highway operation, but
with smaller differences (and for vehicles with larger engines there is almost no
difference in this parameter between the Diesel, DISI and hybrids).

2.4.3 Engine power

In figure 2.4 the CO,y emissions of vehicles with different kinds of propulsion
plant are plotted against their power. The range of power is greatest for the
ST engines, some models with petrol engines have almost twice the power of all
Diesel engines, and an obvious trend is that the greater the power the greater
the COs emissions. Between 150 and 300 kW the CO, emissions from hybrid
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Figure 2.4: CO, emissions in NEDC (a) and highway (b) operation of vehicles
approved in Germany in 2008 versus their power.



2.4. CAR FLEETS 15

and diesel engines are the lowest in NEDC operation, but under 100 kW DISI
and hybrid engines show the lowest values. For highway operation the DISI and
diesel engines show very similar trends and for low power vehicles there are only
modest differences in emissions between all the different engine types. As for the
vehicle weight, the effect of power on emissions cannot be completely separated
from other factors since it too is related to other parameters, for instance a larger
vehicle will probably have a larger engine with more power.

2.4.4 Performance

The weight to power ratio can be associated with the acceleration performance
of a vehicle. A rule of thumb (found by the author’s father) is that a vehicle
can accelerate from standstill to 100 km /h by slightly over the ratio in seconds
between its weight to power in kg per unit horsepower, thus a low weight to power
ratio leads to greater performance. The CO, emissions of vehicles with different
weight to power ratios can be seen in figure 2.5. For low performance vehicles
(> 17 kg/kW, corresponding to acceleration from 0 to 100 km/h in > 13 seconds)
the hybrids show the lowest CO, emissions and the diesel and DISI engines show
similar emission levels in both NEDC and highway operation. For medium per-

500 .. ..... ..... . All data 500 .. ..... ..... . All data
© — Average . .| — Average
—— Diesel : : - | — Diesel
400 __ 400 - ..... SRR :. —_ ]gIISI
T X . : ) Lk Hybrid :
i 300 B i 300 .. ..... ..... ..... ..... .....
0 o5 : : : : : :
S S
S 200 S 200
100 100
0 . 0
5 10 15 20 25 30 5 10 15 20 25 30
Weight /Power [kg/kW] Weight /Power [kg/kW]
(a) (b)

Figure 2.5: COy emissions for NEDC (a) and highway (b) operation of vehicles
approved in Germany in 2008 versus their weight to power ratios.
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formance vehicles (8-17 kg/kW), the DISI and diesel vehicles show more or less
identical values for highway operation and the values are lower than those of the
hybrids. For high-performance vehicles only petrol engines are available and for
those the DISI versions generate the lowest CO, emissions.

2.4.5 Weight and displacement

As mentioned above, it is difficult to separate the parameters that influence COy
emissions. Large, heavy vehicles are likely to have larger, more powerful engines
than small, light cars, all of which contribute to increases in CO, emissions. To
shed more light on parameters of current vehicles that lead to high CO, emissions,
the vehicles’ emissions are plotted against their weight to displacement ratios in
figure 2.6. A low ratio will correspond to a vehicle that has a large engine relative
to its weight and vice versa for high ratios. In NEDC operation this ratio appears
to be significant, but the difference between the different kinds of engine in this
respect are relatively small, although the Diesel and low-performance hybrids
seem to be somewhat better than the alternatives for a specific ratio. In highway
operation the differences between the different types of engine are even smaller,
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Figure 2.6: CO, emissions from vehicles in NEDC (a) and highway (b) operation
of vehicles approved in Germany in 2008 versus their power versus their weight
to displacement ratios.



2.4. CAR FLEETS 17

and little can be said about which type is most favorable, but the main trend is
that a low weight to displacement ratio results in higher CO, emissions.

2.4.6 Discussion - Car fleet

When currently produced passenger car models were studied, as in this section, no
parameter could be completely separated and evaluated since they are connected
to each other in a complex manner. The lighter vehicles are more competitive
in terms of COy, but exactly how much of the emissions are connected solely
to the vehicular weight is challenging to determine accurately. How much of
the reduction was due to lower power or smaller engine displacement has not
been precisely determined. However, from the trends the following generalized
conclusion can be drawn; a light vehicle will generate less CO, emissions than
a large car, especially if it has a small, low-powered engine, so the customer’s
choice will make a substantial difference.

In the attempt to separate the different kinds of propulsion unit it is difficult
to draw any conclusions with statistical significance. At first glance the Diesel
engines and hybrids appear to be most suitable. For a certain weight and displa-
cement they display lower levels of CO, emissions during NEDC operation. So,
if this is the main criterion for selection, then assuming that a customer wants
to buy a vehicle of a certain size and displacement (variables that are related to
the vehicle’s weight) then a vehicle with a Diesel or hybrid engine would be the
right choice. However, if the additional weight and price of hybrids are taken
into account then the conclusion might be different. If the criterion for selection
is to meet certain performance specifications in terms of acceleration, which is
associated with the weight to power ratio, then the different propulsion units are
more equal, especially for vehicles that are operated mainly on highways. Howe-
ver, obviously there are models with high-performance, large, powerful SI engines
and if a customer chooses any of these versions the average CO, emissions for the
fleet will be increased. Furthermore, SI engines have consistently shown higher
CO, emissions and thus (despite the spread in the data) they probably need to
be improved more than the other types of engines. So, there is a need for research
aiming for further improvement of SI engines.

One factor that should be kept in mind when comparing the results from hybrids
to other kinds of vehicles is the influence of start/stop technology. During stand-
still, unlike many other kinds of vehicles, the hybrids can leave the combustion
engine off. However, this difference will disappear in the near future, since many
car suppliers have announced that technology allowing the engine to be turned off
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during standstill will soon be available for most cars. This will lead to reductions
in differences between different types of engines in the future (similarly to the less
competitive results achieved by the hybrids during highway operation, in which
this start/stop technology plays no role).

2.5 Drive cycles

Vehicle owners’ drive patterns naturally vary greatly, depending on numerous va-
riables. However, in evaluations of passenger cars’ fuel consumption and emissions
two standard drive cycles are often used.

2.5.1 NEDC

For the European market the New European Driving Cycle, NEDC, is used in
assessments of the fuel consumption and emissions of light duty vehicles on a
chassis dynamometer [9]. A brief summary of the NEDC can be found in table 2.6.

Table 2.6: NEDC data.

Characteristics Value
Distance [km] 11

Duration [s] 1180
Average speed [km /h] 33.5

Vehicle start temperature [°C|] 20

The cycle consists of four repeated urban sections (ECE15) followed by an urban
section (EUDC). The torque needed (for a certain gear ratio) to perform this
cycle (and FTP75) can be seen in figure 2.7, based on geometry and weight cor-
responding to a large passenger vehicle using an engine with 3 liter displacement.
The dashed green lines corresponds to constant power, where 5, 10 and 15 kW
lines is shown. Generally, the power needed is relatively low and with the gearing
in this example the load is mainly below 4 bar BMEP. The average power for the
cycle is below 5 kW, thus for most (if not all) vehicles the powertrain is operated
at low loads during this cycle, making their part load efficiency important.
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oo

BMEP [bar]

Engine speed [rpm]

Figure 2.7: Examples of BMEP and engine speed for NEDC (black line) and
FTP75 (blue line) operation, for a vehicle with a manual gearbox and 3 liter
engine displacement. The 3 dashed lines corresponds to 5, 10 and 15 kW of
power.

2.5.2 FTPT75

For the American market a different test cycle is used: the Federal Test Procedure
75 (FTP75). The vehicle speeds during FTP75 are similar to those in the NEDC,
but with a significant difference in gradients. The average speed for the complete
cycle is around 34 km/h. Due to the greater gradients in velocity the power
required is higher, and the average power needed for the complete cycle is slightly
more than 6 kW for a vehicle that would require 5 kW during NEDC operation.
However, the power needed for FTP75 operation is still low in absolute terms,
making low load performance highly important, this can be seen in figure 2.7.

In both the FTP75 and NEDC cycles the vehicle spends considerable amounts
of time at standstill, thus there is potential for reducing fuel consumption if the
engine is stopped when the vehicle is at standstill. Technology allowing this was
introduced in 1998 by Volkswagen in their Lupo 31 [10], and many manufacturers
have announced intentions to use similar technologies in the near future.
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2.6 Thermodynamics

A simplified thermodynamic model of a reciprocating engine was constructed
with the intention to mathematically evaluate the effects of various parameters
(since the effects of many parameters cannot be separated in a real engine and,
hence, it can be difficult to ascertain if certain parameters have any effects or
not). It should be noted that the model was constructed by the simplest of
methods and does not accurately describe reality, but the intention was merely
to facilitate identification of possible reasons for any differences that may appear
in measurements.

2.6.1 Polytropic Behavior

In a four-stroke cycle engine one revolution is used for compression and expansion
and one for gas exchange. During the compression and expansion strokes the
volume inside the cylinder is enclosed and during the gas exchange strokes valves
allow the fluid to exit or enter the cylinder. During the period when the volume
inside the cylinder is enclosed, the changes in volume lead to pressure changes,
and a polytropic function is commonly used to describe the relationship between
the pressure and volume [11; 12; 13; 14].

pV" = constant (2.4)

where p is the in-cylinder pressure, V is the volume and n is the polytropic
coefficient. If the process is completely adiabatic then the polytropic coefficient
will be & [15].

k=2 (2.5)

Coy

where ¢, is the specific heat at constant volume and ¢, is the specific heat at
constant pressure for the fluid inside the cylinder under the specific conditions.
However, the polytropic coefficient is usually lower than  since the process is
not completely adiabatic. When this polytropic relationship is combined with
the assumption that the enclosed gases will behave in accordance with the ideal
gas law [16]

pV =mRT (2.6)



2.6. THERMODYNAMICS 21

where m is the in-cylinder mass of the fluid, R its gas constant and 7' the tem-
perature, then the temperature can be described as a function of the in-cylinder
pressure, as:

T

pT

= constant (2.7)

Using this expression a pressure and temperature trace can be calculated from
the volume. In order to deliver mechanical work, an internal combustion engine
must combust some fuel inside the cylinder or combustion chamber. During the
combustion chemically bound energy in the fuel is converted to heat in the fluid
in the combustion chamber. This heat influences the pressure inside the enclosed
combustion chamber and the thermodynamic work achieved can be converted to
mechanical work by using the piston motion. The addition of heat to the fluid will
be a direct consequence of the combustion if adiabatic conditions are assumed.
Here the combustion is simulated as pure addition of heat to an ideal gas as

is the amount of heat added, m is the mass of the fluid, AT the resulting tempe-
rature increase and ¢, the polytropic specific heat [15] which is defined as

R—"N

(2.9)

Cp = —Cy
n—1

To replicate the behavior of combustion this added heat will be added over a
defined period of time and with varying intensity, as indicated by the example in
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Figure 2.8: The chosen rate of heat release as a function of CAD (a) and the
equivalent conversion of the chemical energy to heat (b).
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figure 2.8, in which heat is added at the rate illustrated in figure 2.8(a), starting
from TDC for a duration of 20 CAD.
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Figure 2.9: Averaged in-cylinder pressure (dashed blue line) in a six-cylinder ST
engine during combustion throttled to 0.46 bar and the calculated polytropic
pressure (solid red line) for the same intake pressure as a function of CAD (a)
and logarithmic pressure as a function of logarithmic volume (b).

In figure 2.9 and table 2.7 results obtained from real measurements and the sim-
plified polytropic model can be seen. Even with this basic polytropic approach,
the combustion of a real cycle in an engine can be replicated with reasonable
accuracy. Even the gas exchange phase is represented reasonably well, despite
the crudity of the approach, and realistic valve events can be used. However, the
effect of the oscillating pressure during the intake stroke is lost to some extent in
this simple model and the pump losses are thus slightly over-predicted, as indi-
cated in table 2.7. This model has been used to estimate the effects of various
changes in parameters (compared to the measured cases) on the thermodynamic
work, W, which is the enclosed integral of the pressure, p, and volume, V',

W= fpdv (2.10)

i.e. the area enclosed by the pressure in figure 2.9(b).
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Table 2.7: Parameters for the measured and calculated pressure trace.

Parameter Measured Polytropic
Torque |[Nm]| 50 -
Engine speed [rpm] 1500 -
IMEP [bar] 2.52 2.52
PMEP [bar| 0.52 0.62
Intake pressure |bar| 0.46 0.46
Exhaust pressure |bar| 1.01 1.01
Start of combustion [CAD] - -20
Combustion duration [CAD] - 40
n during compression - 1.28
n during expansion - 1.25
Exhaust valve opening [CAD]| 130 130
Exhaust valve closing [CAD] 380 380
Intake valve opening [CAD] 350 360
Intake valve closing [CAD] 620 620
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Figure 2.10: Schematic diagram of logarithmic pressure as a function of logarith-
mic volume.

2.6.2 Polytropic isochoric behavior

Here the scenario is simplified even further merely to highlight the main parame-
ters that influence the thermodynamic work. If the compression and expansion
are assumed to be polytropic and reversible, for an ideal gas with a constant
polytropic coefficient, and the addition of heat occurs under isochoric conditions,
then an artificial cycle as illustrated in figure 2.10 can provide an adequate re-
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presentation. Here, A, B, C and D represent the conditions prior to compression,
after compression, after addition of heat and after expansion, respectively. Since
the addition and subtraction of heat occur under isochoric conditions (at constant
volume) the volume V' can be described at each point as

V.
VA = VD y VB = VC and - =Tc (2.11)
Ve

so all volumes can be described by the displacement of the "engine" and its
compression ratio, rc. The thermodynamic work, W, as defined in equation 2.10,
can be simplified as

_ paVa —peVe +pcVe — ppVb
n—1

w

(2.12)

for this isochoric situation. The conditions at point B will be inherited from the
conditions at point A since the process is polytropic. From equation 2.4 and 2.11
the conditions at point B can be determined as

pp=part  and T =Targ ™ (2.13)

Equation 2.8 describes heat addition under polytropic conditions, and for isocho-
ric heat addition the specific heat will be the specific heat under constant volume
instead, cy,. So the conditions at point C can be described by the conditions from
the previous point as

Ic

and pc = =-ps (2.14)

Tc =T,
© B+mcv TB

The conditions at point D can be described by polytropic expansion of the condi-
tions at point C to

Pp = p_;; (2.15)
re

With this expression, all points are described by the conditions from the previous
point, so if the information from equation 2.13 is used in 2.14 and then in 2.15 all
points can be described, based on the conditions at point A. If this is then used

in equation 2.12 and simplified the thermodynamic work, W, can be expressed
as

_ pAQVa(l —15™)

W
meyTa(n — 1)

(2.16)
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The mass will vary, depending on how the engine is ventilated, but if the simplest
approach is used, which assumes a volumetric efficiency of unity and ideal gas,
then the mass can be defined as in equation 2.17

paV
=22 2.17
m=or (2.17)
then equation 2.16 can be reduced to:
1 — 1—n
w o BeU—rg™") (2.18)
cy(n—1)

From equation 2.18 it can be noted, in addition to the obvious feature that the
added heat is proportional to the work, that the effect of the compression ratio
will depend on the polytropic coefficient. Since the combustion occurs under
isochoric conditions the thermodynamic work will be inversely proportional to
the specific heat for constant volume, hence reducing ¢y will lead to increased
work. Furthermore, the properties of the medium pumped also influence the
work achieved since it is proportional to the gas constant for the medium, which
depends on the molecular weight of the medium (for instance the gas constant of
a stoichiometric fuel /air mixture with iso-octane is about 5 % lower than that of
air, and the gas constant of the exhaust gas is around 1 % higher than that of
air). See the properties of the gases in table 2.8.

Table 2.8: Properties of some gases [12].

Gas Specific heat at constant pressure Molecular weight (Gas constant
Cp [1/kgK] M [kg/kmole] R [1/keK]

CgHig 1590 114 73

Ny 1047 28 297

09 913 32 260

COq 909 48 189

H,O 1000 18 462

Equations 2.19 to 2.21 express combustion of: a stoichiometric mixture of iso-
octane and air, a mixture of iso-octane and air with 50 % excess air (lean com-
bustion), and a stoichiometric mixture of iso-octane and air with 30% dilution by
exhaust gases (combustion with EGR), respectively.

CsHig + 12.5(3.77Ny + Oy) — 9H,0 4 8CO, + 47N, (2.19)

CsHig + 18.75(3.77Ny + O3) —> 9H50 4 8CO, + 71N, + 1250, (2.20)
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(2.21)

Table 2.9: Properties of the gases before (indexed A) and after combustion (in-
dexed B) for the cases in equations 2.19 to 2.21.

Case Ra Cp,A Co,A Rp Cp,B Co.B
[J/kgK] [J/kgK] [J/kgK] [J/kgK] [J/kgK] [J/kgK]

Stoichiometric (eq. 2.19) 275 1052 7T 291 1092 801
Lean (eq. 2.20) 279 1040 761 289 1065 776
EGR (eq. 2.21) 280 1061 781 291 1092 801

In table 2.9 the properties before and after combustion can be seen for the three
cases described in equations 2.19 to 2.21. After combustion the gas constants
for the mixtures are more or less identical for the three cases. However, prior to
combustion the gas constant in the stoichiometric case is lower than in both the
lean and EGR cases. In addition, the specific heat at constant volume and the
specific heat at constant pressure is lower for the lean case.

2.6.3 Discussion - Thermodynamics

From equation 2.18 it was noted that the thermodynamic work is proportional
to the gas constant. For instance, iso-octane fuel vapor has a significantly higher
molecular weight than air, so if an over-stoichiometric medium (with excess air)
was pumped then the average molecular weight would be lower than that of a
stoichiometric medium. This would lead to an increased gas constant for the
medium, thus contributing to an increase in the thermodynamic work. Hence,
techniques that allow the engine to be operated lean appear to be beneficial in this
respect. Dilution with air leads to lean operation, but dilution with exhaust gases
is another scenario that does not lead to lean operation. The gas constant for the
exhaust gases from a stoichiometric iso-octane and air mixture is also significantly
lower than that of the gases in an unburned stoichiometric iso-octane and air
mixture. By adding exhaust gases to the mixture of air and iso-octane vapor the
average molecular weight will be reduced, leading to increased thermodynamic
work, similar to dilution with air. Hence, a combustion concept that involves
dilute operation, using either air or exhaust gases, will have inherent features
that could increase the thermodynamic work. The differences in gas constant
resulting from dilution by air and exhaust gases can be seen in table 2.9. In
equation 2.18 it can also be noted that the thermodynamic work is inversely
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proportional to the specific heat at constant volume, so in addition to a high
value for the gas constant a low value of ¢, is beneficial. The stoichiometric cases
with and without EGR display similar values for ¢,, and identical values after
combustion since the constituent components and relative ratios are the same.
However, the value for ¢, both prior and after combustion is significantly lower
for the case with excess air. This indicates that there is additional potential for
increasing the thermodynamic work if excess air is introduced. However, it should
be noted that the values in table 2.9 are calculated from values under ambient
conditions. More realistically, these would change with time due to changes in
pressure and temperature, but the intention here is merely to identify ways that
could increase thermodynamic work rather than determine any absolute value.

2.7 Conclusions

For the main passenger car markets there are strict emission standards dictating
maximum levels of hazardous species that can be emitted, and there are also li-
mit values for CO, emissions. The levels set for CO, emissions for the European
market are strict, and manufacturers of vehicles emitting more than the limit
values will be penalized with emission premiums. Data from the present car fleet
indicate that some models emit CO, levels that exceed the limits, various factors
influence the CO, emissions and the customer’s choice influence them to a great
extent. Further, only a very limited proportion of models currently meet emission
limits that will be introduced in the near future, so generally a significant impro-
vement is required. SI engines appear to need the most improvement and their
continued production is motivated by their ability to meet the stringiest emission
levels, so research aiming to increase the efficiency of SI engines is required, and
this is the main objective of the project this thesis is based upon.

The emission levels and fuel consumption are measured during operation in stan-
dardized drive cycles, with low average vehicle speeds, and even for relatively
large vehicles only small amounts of power are needed to perform the cycle, es-
pecially the European cycle. Hence, part-load efficiency important for meeting
CO4 emission requirements. So, even if HCCI is limited to part load it may play
an important role, since the drive cycles mainly involve part load operation.

A thermodynamic mathematical model was created to allow mathematical eva-
luation of different parameters for an artificial engine, and it was shown that the
model could be used to replicate empirically determined pressure traces with only
minor discrepancies. An analytical expression was also derived for the thermo-
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dynamic work obtained from combustion under isochoric conditions. From this
analytical expression it was shown that it makes sense thermodynamically to use
dilution. Dilution with either EGR or air was identified as measures that could
potentially lead to increased thermodynamic work. So, from this perspective one
way to reduce the CO, emissions from passenger cars could be to apply concepts
using dilution, such as HCCI, since increasing the thermodynamic efficiency will
increase the overall efficiency of the engine.



Chapter 3

HCCI engines

3.1 Principle

In an HCCI engine a homogenous air/fuel mixture is compressed to auto-ignition.
If the conditions within the combustion chamber are homogenous in terms of pres-
sure, temperature and equivalence ratio (which is not the case in a real engine), all
the mixture within the combustion chamber will ignite at the same time, and the
combustion will be controlled by chemical kinetics [1; 17]. The temperature and
pressure of the mixture will increase during the compression stroke, giving rise to
a certain ignition delay and if this ignition delay is sufficiently short to prevent
the mixture expanding and cooling during the expansion stroke the mixture will

ignite, see figure 3.1.
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Figure 3.1: Calculated and measured ignition delays for stoichiometric n-
heptane/air mixtures.
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The temperature and mixture will not be completely homogenous within the
combustion chamber, so the combustion will start at certain spatial locations
where the conditions are most favorable for auto-ignition, for instance hot spots
near the exhaust valves or in rich regions. If the combustion occurred within
the whole combustion chamber and all the fuel combusted simultaneously the
pressure rise would be excessively steep and the peak pressure would be too high.
Fortunately, this will not occur in practice and the fuel will be combusted during
a short period of time rather than instantaneously, see figure 3.2. However, the
high rates of heat release associated with HCCI combustion can lead to problems
with higher than optimal pressures and noise.
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Figure 3.2: Tllustrative rate of heat release (RoHR) trace of an HCCI combustion
of PRF50.

3.2 Emissions

The production of nitrogen oxides, NOx, is strongly dependent on tempera-
ture [11]. If the temperature can be kept low only small amounts of NOx will
be produced. The HCCI engine normally operates with a diluted mixture, lea-
ding to more mass being introduced to the combustion chamber than in throttled
SI operation with stoichiometric mixtures, and thus temperature increases are
lower since more molecules are exposed to equal amounts of energy. In diesel
engines, which also operate under globally lean conditions, diffusion combustion
occurs around the spray i.e. the flames develop in regions with rich conditions
and consequently flame temperatures are high. In HCCI engines the reaction
zone is spatially larger than in a comparable diesel engine. These differences give
the HCCI combustion a real advantage over "traditional" combustion modes. A
disadvantage of the SI engine is that the combustion is initiated prior to TDC
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by a flame propagating during compression, leading to high temperatures that
are major contributors to NOx emissions. This tendency is not present in a
HCCI engine, since the combustion duration is short, providing scope to phase
the combustion in such a way that the main heat release occurs after TDC.
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Figure 3.3: Mole fractions of NOx and soot as functions of temperature and
equivalence ratio for a mixture of Diesel fuel (C;4Hag) and air. Courtesy of Valeri
Golovitchev [18].

Soot or particulate matter, PM, is produced in rich regions, notably in diesel
engines with diffusion combustion, see figure 3.3, however soot production can
also occur in direct injected SI engines due to inadequate mixing. If the mixture
is more or less homogenous and lean there will be virtually no soot production,
thus HCCI combustion is in many cases considered soot-free.

Unburned hydrocarbon (HC) emissions occur when some of the fuel is not combus-
ted [11]. There are various causes of this, such as rich mixtures with insufficient
oxygen for the hydrocarbon fuel to create carbon dioxide, quenching near cool
cylinder walls or crevices, oil films, liquid fuel on walls, partial burns or misfiring.
In HCCI combustion the mixture within the combustion chamber is more or less
homogenous, so the mixture reaches the cool cylinder walls as well as the crevices
between the piston top and the top of the piston rings. This, in combination with
the lean mixture, which requires more heat to combust compared to a stoichio-
metric mixture, can result in decreased combustion efficiency and some of the
fuel leaving the combustion chamber unburned. In addition, the cylinder wall
cools the mixture in a boundary layer beside it to such an extent that it fails to
ignite during the combustion cycle and thus quenches combustion. The depth of
this layer and the proportion of the mixture that is quenched both increase as
the leanness of the mixture increases.
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Figure 3.4: Mole fractions of CO as a function of temperature and equivalence
ratio for a mixture of Diesel fuel (C14Hog) and air. Courtesy of Valeri Golovit-
chev [18].

Carbon monoxide (CO) formation is normally strongly dependent on the mix-
ture’s equivalence ratio, see figure 3.4. Operation during rich conditions, for
instance during full load in SI engines, leads to large amounts of CO being ge-
nerated. A standard diesel engine operates with globally lean conditions and the
CO emissions are generally low [11]. However, in cases with lean mixture and
low temperature, such as in diesel engines operated with high amounts of exhaust
gas recirculation (EGR) or in HCCI combustion, significant amounts of CO for-
mation are formed. This is because low temperature, below 1500 K [19], leads to
the generation of too few OH radicals to oxidize all the CO to CO,.

3.3 Challenging areas

The HCCI engine differs from traditional SI and diesel engines in terms of com-
bustion control, because after the inlet valve is closed there is no direct means
to control the combustion; when the pressure and temperature reach a certain
level the combustion starts. In SI engines the spark timing provides a direct
means for controlling the combustion and in diesel engines the fuel is injected
into an environment in which the temperature and pressure exceed requirements
for combustion to start. The lack of control over HCCI combustion is recognized
as one of its three main challenges, the others being its limited operating range
and NVH (Noise Vibration and Harshness) issues.



3.4. CONTROL METHODS 33

The timing of the HCCI combustion is a crucial parameter that the engine ma-
nufacturer needs to develop means to control before HCCI engines can be com-
mercially produced. The CA50 timing can be considered an indicator of the
combustion phasing [11].

HCCI combustion has a limited operating range [2; 20]. The upper load limit
is restricted by noise emissions due to rapid increases of pressure during short
periods of time, in comparison to the time needed for pressure relaxation, leading
to ringing or knock, and by excessive rates of heat release and high peak cylinder
pressures. The lower load limit is limited by cycle-to-cycle variations, the late-
ness of combustion phasing and combustion efficiency both declining as the load
decreases, with consequent increases in HC and CO emissions since the thermal
environment is inadequate for HCCI combustion.

HCCI combustion is controlled by chemical kinetics [1; 17|, so slight changes in
temperature, pressure or mixture will all affect the combustion process. When an
engine is operated in HCCI mode and the load is varied it will need significant time
to stabilize since the cylinder wall, valves and piston must thermally equilibrate
and the gas exchange must stabilize at the changed load in order to stabilize the
HCCI combustion. There is a need to control the ignition timing for HCCI [21].
Since the HCCI process is more sensitive to the conditions within the cylinder
than either SI or traditional CI combustion. Thus, there is a clear need for a
control system that can influence the HCCI combustion over short time scales to
make HCCI combustion engines commercially viable.

3.4 Control methods

Key aims of the project this thesis is based upon were to explore and develop
means to control HCCI combustion, and in this section some potential control
methods found in the scientific literature are briefly discussed.

3.4.1 Temperature

The ignition delay is highly dependent on the mixture temperature [22], so a
straightforward way of phasing the combustion is to adjust the inlet air tempera-
ture. A further advantage of this approach is that the surrounding air is used to
cool the internal combustion engine in a road vehicle, so large amounts of thermal
energy are wasted that could be used for this purpose. However, exploiting this
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energy in practice is not straightforward since heaters with high thermal inertia
will not be able to make adjustments sufficiently quickly to compensate for rapid
changes in load. Several authors [23; 24; 25; 26; 27| have heated the incoming air
to influence the combustion, and a so-called "fast thermal management", FTM,
system has also been applied [28]. Alternatives to inlet heaters designed to in-
crease charge temperatures (and thus phase the combustion) by controlling the
coolant temperature have also been proposed [29]. This approach has the advan-
tage that it only requires minor modifications to a production engine and could be
used in combination with a control method that provides more rapid responses.
The thermal energy in the exhaust gases can also be recycled to influence the
mixture temperature, as discussed in a separate paragraph.

3.4.2 Compression

The temperature needed for autoignition decreases as the pressure increases [22],
and even though an internal combustion engine is not adiabatic the compression
stroke will of course give rise to increases in both pressure and temperature,
so varying geometric compression ratio provides a powerful way of controlling
the combustion, since both temperature and pressure are affected. The transient
responses of this control method are only limited by the mechanical response time
of the system. Other positive features of this control method include its scope
for combining HCCI combustion with SI combustion. The major drawback is
production-oriented; an ordinary engine cannot be used, since additional physical
parts must be added, which is costly. Furthermore, when the compression ratio
is increased the surface to volume ratio increases, leading to higher heat losses.
Several authors have successfully implemented geometrically variable compression
ratio systems to control HCCI combustion [30; 31; 32; 33; 34|, but no such systems
have been mass produced for commercialization.

3.4.3 Fuels

Fuel properties also play important roles in the timing of autoignition, ¢.e. the
ignition delay at a certain pressure and temperature varies dramatically between
different fuels. Thus, another approach for controlling HCCI combustion is to
vary the fuel parameters. In several studies [34; 35; 36| this has been done by
using two fuels with distinctively differing octane numbers (either iso-octane and
n-heptane or ethanol and n-heptane) and varying their proportions. This allows
mixtures to be introduced with appropriate ignition temperatures to adjust the
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phasing of the combustion and appropriate amounts of fuel to adjust the load
as desired. The approach provides a wide range of control and the engine can
be operated over a wide load range. The transient response is only restricted
by the injection systems, which have shown good transient responses in practice,
the drawback of course is the requirement for two fuel systems with variations in
consumption of the two fuels depending on the driving cycle.

3.4.4 Homogeneity /Stratification

The homogeneity of the mixtures has been found to have modest effects on the
combustion process [37], although the cited study only examined the effects of
small changes in heterogeneity. However, if the charge is stratified (in terms of
mixture), which can be regarded as inhomogeneity on a large scale, the variation
between different regions will give rise to variations in ignition delays depending
on the equivalence ratio, pressure and temperature. At the lower load limit
the HCCI combustion could be stabilized by using charge stratification [38] and
at the higher load limit the stratification was limited by the high-pressure rise
rate. Varying the heterogeneity have also been shown to affect the combustion
duration [39]. [40] used stratification to stage the combustion in such way that the
rate of heat release was smoothed, thereby allowing the load to be increased. It
was found that single-stage ignition fuels showed less sensitivity to local variations
in equivalence ratios.

3.4.5 Fuel Additives/Reaction Suppressors

Fuel additives provide additional scope to influence the ignition delay of primary
reference fuels [41]. For instance, adding 2-ethyl-hexyl-nitrate or di-tertiary-
butyl-peroxide can increase the first stage combustion heat release, and hence
reduce the ignition delay. The same tendency is observed if the molar ratio of
n-heptane is increased, but the effects are larger for the additives due to their
lower activation energy. Additives can also be added for various purpose, e.g.
to increase mass, decrease temperature or increase ignition delay. For example,
injecting water in HCCI combustion retards ignition timing [42]. However, in
the cited study this also increased the amount of HC and CO emissions, which
even in normal HCCI operation can be problematic, so the scope for phasing the
combustion by adding water is limited in practice.
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3.4.6 Valve Timing

The valve timing can influence the charge temperature and mixture composition
by changing the effective compression or trapping residuals. By varying the intake
valve closure (IVC) the effective compression can be controlled and by closing
the exhaust valve before the intake valve opens a negative valve overlap (NVO)
is introduced that can influence the amount of trapped residuals. NVO have
been used to capture sufficient residual mass from the preceding cycle to reach
auto-ignition [43].

3.4.7 Spark assistance

If the HCCI engine is equipped with a spark plug then it can be used to influence
the combustion by combining initial flame propagation caused by spark discharge
and subsequent HCCI combustion within the same cycle. In this manner the
thermal environment at the end of compression can be influenced by the initial
flame propagation, providing increased control of the HCCI combustion since it
is influenced by the thermal environment. A drawback is that conventional SI
combustion has shown lower thermodynamic efficiencies than HCCI combustion,
but if the intention is to increase control of the HCCI combustion then this
idea could still be useful. This concept has been used to promote the transition
between HCCI and SI combustion [28; 44|. It has also been used to expand the
HCCI operational range [45; 46].

3.4.8 Spark assistance with charge stratification

The proposed concept explored in the work underlying this thesis involves the use
of spark assistance in combination with charge stratification. The thermodynamic
and chemical state within the cylinder will depend on the way HCCI combustion
is achieved, but generally all HCCI concepts involve dilution (with air, EGR
or both), which makes flame propagation challenging. Hence the role of the
stratification is to supply a region in which the situation for flame propagation
is less challenging, thereby enhancing the effect of the initial flame propagation
and increasing the degree of control that can be achieved.

In this project this concept has been investigated during steady state operation.
As previously mentioned, conventional SI combustion has shown lower thermo-
dynamic efficiencies than HCCI combustion. However, extending the HCCI ope-
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rational range by combining conventional SI combustion and subsequent HCCI
combustion within the same cycle may at least deliver significantly higher effi-
ciency than pure SI combustion due to the higher efficiency of HCCI. Thus, it may
be effective, in efficiency and emission terms, to use SI combustion in combina-
tion with HCCI combustion during steady state operation within the boundaries
of the HCCI mode. Furthermore if a greater operational range is achieved less
mode changes would be needed during normal operation, which is desirable.

3.5 HCCI using NVO

HCCI combustion can be achieved in many ways. For instance, laboratory fuels
can be used to achieve HCCI combustion at certain loads with more or less any
engine configurations. However, that will not necessarily provide a solution that
leads to fuel consumption reductions for any vehicle fleet in the near future. To
take HCCI technology closer to mass production it is important to develop a
solution that offers similar power output to current powertrains, but with re-
duced fuel consumption. Furthermore, few changes should need to be made to
current hardware, because if substantial additional equipment is needed to adopt
a solution then the probability of its introduction will be greatly reduced.

3.5.1 Principle

A method to trap residual gases in order to achieve HCCI combustion was des-
cribed in [47], involving closing the exhaust valve before TDC and thus trapping
residuals. This method has been shown experimentally [48] to allow HCCI com-
bustion in SI engine geometry using commercially available fuels in conjunction
with simulations [49]. Using this approach HCCI combustion could be achieved
for part load and for higher loads the engine could be operated as a conventional
SI engine, thus similar power output to that of a conventional powertrain could
potentially be achieved, while the SI engine’s poor part-load efficiency could be
increased by HCCI operation in those regions.

3.5.2 NVO

Various car manufacturers use dual valv lift or, like BMW, variable valve lift
systems [50]. If such technologies are used on both intake and exhaust camshafts
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then a so-called negative valve overlap, NVO, can be implemented. Schematic
examples of in-cylinder pressure traces obtained in motored conditions with low
lift, short duration camshafts and high lift, long duration camshafts can be seen
in figure 3.5. The short duration camshafts allow the exhaust valve to be closed
before TDC and the intake valve to open after TDC, leading to a negative valve
overlap, in contrast to conventional valve timing, where the intake valve opens
before the exhaust valve closes, and hence there is a positive valve overlap (solid
line versus the dashed line in figure 3.5).
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Figure 3.5: In-cylinder pressure traces during motored conditions with two dif-
ferent valve timings (top), and the lift profiles for the two valve timings (bottom).
Reprinted with permission from SAE Paper No. 2007-24-0012 (©) 2007 SAE In-

ternational.

3.5.3 Control

During combustion the reduced camshaft duration leads to a reduced mass flow
and since the exhaust valve closes prior to TDC residuals will be trapped, in ac-
cordance with the basic concept, allowing the temperature within the combustion
chamber to be increased to such an extent that gasoline can be auto ignited, but
only within a modest load region for a given setting. To increase this region,
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control of the combustion must be achieved, and to do this means to influence
the thermal and/or chemical environment within the combustion chamber.

Valve timing

If the engine is equipped with a valve train that allows the phasing of the cam-
shafts to be adjusted then a direct means of controlling the combustion is available
since the amount of residuals can be influenced [48] (in addition to changing the
mass flow). Unfortunately, however, a single camshaft usually sets the intake
timing for the valves of all cylinders (or half the cylinders in v-engines) and ano-
ther sets the exhaust timing of all of the cylinders. Thus, it will probably not be
possible to control the amount of trapped residuals individually for each cylinder
(which would be highly desirable since both the thermal and geometric states will
differ between individual cylinders, so cylinder individual control systems would
be ideal). Furthermore, it can be assumed that the valve timing mechanism will
not display sufficiently fast responses to handle real drive cycle transients, at least
for hydraulic camshaft phasing systems.

Injection strategy

During the period when the exhaust and intake valves are closed prior to TDC,
there is a pressure increase during the traditional gas exchange phase (see fi-
gure 3.5). A method of influencing the combustion by using this pressure increase
was pioneered and described in [51; 43|, in which direct injection of fuel during
this period was used to influence the combustion. In these studies the increased
amount of control over combustion was experimentally verified. The reason for
this increased control is discussed in both the cited studies, [51] highlights the
effect of the fuel reformation induced by injecting the fuel during this pressure
rise in the NVO. In [43] simulations were carried out using detailed chemistry in
two sequences, one in which only fuel components, Ny, Oy, H,O, CO,, CO and H,
formed during the NVO were used as input for the calculation during the main
combustion and one in which all components with concentrations exceeding 10°®
in mole fraction formed during the NVO were used as input for the calculation
during the main combustion. In this way, using detailed chemistry calculations,
the effects of the radicals formed during the NVO could be estimated. With this
approach it was found that radical formation played a significant role in the effects
observed when fuel was injected during the NVO. The simulations also showed
that exothermic reactions occurred during the NVO due to this fuel injection
during the NVO, which also influenced the main combustion, however this was
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not experimentally validated in the cited studies. It was also concluded that exo-
thermic reactions occurred [51], and the conclusion was experimentally validated
to some extent by optical analyses, in which signs of light were observed during
the NVO using high speed video. However, very little background information
regarding the optical setup is documented, for instance the spectrum studied is
not mentioned so little is known about the light seen. The role of chain branching
on ignition and the ignition sequence in HCCI engines was found to be dominated
by the decomposition of HyOy through kinetic analysis [52|. Ignition occurs when
the decomposition temperature for HyO, is reached, at approximately 1000 K.
The relative importance of the exothermic reactions and the reformation of the
fuel or radical formation in [51; 43| can be debated. Did the effect caused by the
injection in the NVO mainly result from the decomposition temperature being
reached at an earlier point due to the exothermic reactions? Or was it mainly
due to greater amounts of radicals, for instance HyO5 at the point of ignition?
Further indications of exothermic reactions were found experimentally by the au-
thor in [53], manifested by chemiluminescence of the OH radical and by both LIF
of OH and pressure trace analysis [54]. In the studies described in Paper VI [55]
pressure trace analyses showed that observed changes in combustion phasing cau-
sed by varying amounts of fuel injected during the NVO were mainly due to the
exothermic reactions during the NVO dictating the temperature during the com-
pression stroke, and thus controlling the combustion phasing.

Hence, fuel injection during the NVO, pilot injection, provides a means to increase
control over the combustion. More importantly the combustion can be influenced
in shorter time scales and in individual cylinders. By combined use of a pilot
injection and variable valve timing control of combustion can be achieved over a
significant load and speed range, by crude adjustments via settings of the valve
timing and fine tuning via appropriate pilot injections.

3.5.4 Hardware requirements

The hardware requirements of a system that can effectively reduce emissions
to meet legal standards will dictate if it will be commercially applied or not;
solutions that use cheap, known technology and only require a small additional
volume will have a higher probability of commercialization. The space taken up
by any proposed technological system should also be considered, since packaging
of all components is becoming increasingly challenging (no empirical evidence to
support this statement will be presented, but skeptics can open the bonnet of a
ten year old car and compare what they see to the innards of a new car then
guess how tight the packing will be ten years from now).
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To implement the use of NVO to achieve HCCI combustion, systems allowing
dual valve lift profiles (or variable lift) are needed, which are already available
(often currently applied to just one camshaft, but it is assumed that only small
modifications would be needed to allow both intake and exhaust profiles to be
adjustable). The same applies to the requirement for variable valve timing, many
manufacturers already use variable valve timing (in phasing) on either intake or
exhaust camshafts (or both). Hence, only a small step, mechanically, is needed
to introduce this technology. In order to control the combustion via the pilot in-
jection, a slightly greater step is required. The fuel needs to be directly injected,
however it is assumed that direct injection systems will not be unusual features
of engines in the near future. Indeed, direct injection systems have been available
for many years, ever since Jonas Hesselman demonstrated the Hesselman engine
using direct injection and spark ignition in 1925 [56|. Direct injection was only
introduced in mass produced engines, by Mitsubishi, in 1996 [57]. However,
compared to other solutions to achieve HCCI combustion this method is seen
as the one needing the least modification (if commercially available fuels are to
be used) and thus the most promising, especially since it can be combined with
conventional SI engine functionality, thereby providing an acceptable power to
weight ratio for the powertrain. Various cars or engine manufacturers have stu-
died HCCI using this concept. GM have studied HCCI or controlled auto ignition
(CAI) using short duration camshafts to achieve a NVO and injecting fuel during
the NVO [58] and have presented demonstration vehicles using this technology.
Bosch have also studied similar concepts involving use of direct injection and short
duration valve events to achieve the NVO [59; 60] with estimated reductions in
fuel consumption of 15 % for NEDC operation of a middle-class vehicle with a
2.0 1 engine [59]. Mahle powertrain have presented a solution, also with negative
valve overlap, that is claimed to be focused on production feasibility and cost ef-
fectiveness [61]. VW have also used NVO to achieve HCCI combustion, however
only using shorter duration on one camshaft rather than both of the measures
described above, and have successfully applied the approach in a demonstration
vehicle [62; 63; 64].

3.5.5 Operational window

To achieve HCCI by trapping residuals, low lift and short duration camshafts are
used, which leads to less air being pumped than when high lift and long duration
camshafts are used. So, if the air pumped by the engine is the only oxidizer then
less fuel can be combusted when these valve events are used due to the reduced
volumetric efficiency. Thus, HCCI with NVO can only be achieved over smaller
speed and load ranges than SI combustion without NVO. This can be seen as the
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concept’s strength and weakness, since full load ST operation shows high efficiency
and there is not necessarily a need to improve this value, rather the need is to
achieve similar absolute values in efficiency over a greater speed and load range.
This is where this limited range of HCCI operation is suitable, due to the reduced
mass flow imposed by the NVO, HCCI operation with NVO will only be possible
over low load/low speed regions, but fortunately this is where the SI engine needs
the greatest improvement.

3.5.6 Spark assistance with charge stratification for HCCI
with NVO

Since this concept of achieving HCCI with NVO is intended for use in SI engines,
in which a spark plug is present, spark-assistance can be used to increase control.
Furthermore, if pilot injections are used then the engine must also use DI tech-
nology, therefore the additional hardware demands for applying spark-assistance
with charge stratification will be minimal; the only additional requirement for
the injector being that it should be capable of creating a stratified charge. From
figure 5.18 it can be seen that HCCI combustion near the higher load limit only
displays marginally better efficiency than SI combustion, but for the lower loads
HCCT combustion shows significantly higher efficiency, so for this region a com-
bination of ST and HCCI combustion would probably lead to greater efficiency
than SI combustion. In other words, the minor additional requirements for the
hardware can be justified if they extend the operational window of HCCI, espe-
cially for lower loads since the low load limit is normally above idle load for HCCI
using NVO [20].

The thermodynamic and chemical states for low HCCI loads with NVO are not
ideal for flame propagation, as shown by the global stoichiometric ratios in fi-
gure 5.20, which indicate that conditions are significantly lean in these cases.
There is also dilution with trapped residuals beside excess air, see figure 5.19.
So, achieving flame propagation under these conditions can be challenging. Fur-
thermore it has been shown in experiments conducted by the author with several
colleagues (Paper VIII [65]) and in [66] that the charge motion is very weak (du-
ring the compression) when NVO is used, which also increases the challenge of
achieving flame propagation. So, the degree of influence of spark-assistance alone
depends on the setup; in [67; 68; 69] no effect on combustion was seen when
spark-assistance was used and in [20; 70| some effect was observed on HCCI with
NVO. So, for HCCI with NVO it can be crucial to make it less challenging for
the flame to propagate and here the combination of spark-assistance and charge
stratification is promising. In initial tests documented in Papers I [71] and 1T [72]
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conventional valve timings were used and charge heating was used to achieve
HCCI combustion. In the studies described in Paper IV, the method was imple-
mented in an engine using NVO to achieve HCCI combustion and it was found
that the lowest possible load without misfire could be reduced significantly by
using spark-assistance in combination with charge stratification.
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Chapter 4

Experimental methods

The experimental apparatus and methods used for each published study are des-
cribed in detail in each paper, but this chapter summarizes and adds some addi-
tional information regarding the methods used.

4.1 Single cylinder engine

The main published experiments were carried out using a single-cylinder AVL
research engine. Its displaced volume corresponds to that of a contemporary
passenger car engine. In all experiments prototype cylinder heads were used with
geometry similar to that of SI engines. The engine parameters can be seen in
table 4.1.

Table 4.1: Engine parameters.

Bore 83 mm
Stroke 90 mm
Swept Volume 487 cm 3

Compression ratio 8-12.3:1
Conrod length 139.5 mm

This engine can be arranged as an optical engine with an extended piston housing
a mirror that provides, in conjunction with a quartz window in the piston crown,
optical access to most of the combustion chamber from below (see figure 4.1).
The pent roof side walls consist of quartz windows, which provide optical access
to the clearance volume in the combustion chamber. Since some metallic material

45
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has been replaced by quartz glass there are naturally some consequences. The
optical engine is restricted to low engine speeds since the elongated piston leads
to great friction, especially at higher engine speeds. Furthermore, quartz glass
is much less durable than, for instance, aluminum and even small temperature
gradients or rough handling can cause it to fail. This limits the peak pressure
that such engines can tolerate, compared to engines built purely of conventional
material. Furthermore, cylinder heads were used that did not have cooling and
thus intermittent operation was needed. This leads to variations in the thermal
state, which can make precise measurements challenging. For this reason, in
Studies IV-VIII [53; 54; 55; 73; 65| a reference combustion specific for each study
was used until a certain cylinder head temperature was reached, then the settings
selected for the respective study were applied, to standardize the initial thermal
conditions for all measurements in the measurement campaign. For this project,
which mainly focused on enhancing control of HCCI near the lower limits of HCCI
operation, the shortcomings of the optical engines were not major constraints due
to the low loads (at which the rate of temperature increase is small) and relatively
low peak pressures associated with low-load HCCI.

Figure 4.1: The optically accessible combustion chamber. The diameter of the
optically covered zone was 76 mm. Reprinted with permission from SAE Paper
No. 2007-24-0012 © 2007 SAE International.
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4.2 Optical setup

4.2.1 Chemiluminescence measurements

Optical measurements have been key elements of the experiments for this project
and all studies, except Study II [72], involved optical measurements in some form.
It was essential to initially validate the proposed idea of combining initial flame
propagation and HCCI combustion within the same cycle (i.e. that it worked
as intended). A pressure transducer can naturally measure the pressure within
the combustion chamber, but it will only provide a mass-averaged representation
of the reactions occurring within the combustion chamber. The threshold for
reaction detection can make it difficult to detect such small and slow additions
of heat caused by the initial flame propagation. However, with optical access the
threshold for detecting reactions can be reduced significantly, especially for flame
propagation. Since the propagating flame leaves a region with higher temperature
and thus lower density behind it, the geometrical area covered by the flame will
be great even when small portions of the fuel are combusted by flame propagation
due to the difference in density between the unburned and burnt regions (compare
the mass fraction burnt and the area covered by the reaction zone in figure 4.3).
In order to study the flame front a filter was used to isolate the emitted light from
the OH radicals, since they are associated with the reaction zone. A schematic
diagram of the setup is presented in figure 4.2.

H + OH = H,0 + hv (4.1)

Camera

Figure 4.2: Schematic setup for chemiluminescence measurements.
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The reaction gives intensity peaks for the emitted light at wavelengths between
306 and 309 nm [74|. The chemiluminescence from the OH radicals was isolated
by using a Melles Griot 03FIV119 narrowband filter with a center wavelength of
310 nm and a full width at half maximum (FWHM) of 14 nm. This procedure
was used for the chemiluminescence measurements of OH presented in Papers |
and IV [71; 53]

For the study of the effect of charge stratification without spark-assistance des-
cribed in Paper III [75], the focus was slightly different compared to when initial
flame propagation was investigated. In this case light from all chemiluminescent
reactions covered by a high speed camera and its traditional lens wavelength
span was measured, to allow the camera to acquire as much light as possible,
thereby permitting use of a high frame rate and the capture of many images of
the combustion process in single cycles.

The optical setup for chemiluminescence measurements requires only minimal
equipment and less optical access compared to, for instance, laser-induced fluo-
rescence (LIF), where optical access is needed for both excitation and emission
rather than just for the emission, as in chemiluminescence measurements. Some
weaknesses are lower signal intensity, which often requires compensation by in-
creasing exposure times. In addition, reactions other than the reaction of interest
may generate chemiluminescence with similar wavelengths, making the separation
problematic. It can be difficult to precisely determine what is measured and if no
filters are used then disturbances from, for instance, IR thermal radiation from
water vapor may be captured during the later part of the combustion. Another
disadvantage is naturally the obvious one, that not all reactions generate chemi-
luminescent light. Despite these disadvantages good representations of the flame
front can be obtained using chemiluminescence imaging, as shown in figure 4.3
where LIF of OH is compared to chemiluminescence of CO, and the resemblance
between the two (within the measured laser plane) can be clearly seen.

4.2.2 LIF measurements

LIF measurements were acquired in Studies IV-VIII [53; 54; 55; 73; 65]. LIF mea-
surements require more complex setups than chemiluminescence measurements,
as illustrated by the schematic setup in figure 4.4. For LIF optical access is nee-
ded for both emission and excitation light, provided by the laser plane in this
case. LIF affords the possibility of measuring various parameters that cannot be
assessed by chemiluminescence measurements and can detect flame radicals at
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Figure 4.3: Mass fraction burned and timing of measurements for OH and the
chemiluminescence of COy (top). LIF image of OH (left) and a video image of
the chemiluminescence of CO, (right) obtained simultaneously in the same cycle.

very small levels [76]. Another advantageous feature (for PLIF, for instance) is
that information is acquired about events in a single plane, unlike chemilumines-
cence measurements which provide line of sight representations of the ongoing
reactions. Furthermore, exposure times can be reduced to mere fractions of those
required for chemiluminescence measurements since the emission decays rapidly
after the end of the inducing laser pulse and there is thus no need to prolong
the exposure time any further after the emission has decayed. This can in many
practical cases make the influence of chemiluminescence negligible.

The proposed concept explored in the project involved, as mentioned above,
the use of charge stratification through which an initial flame should propa-
gate. To validate that a stratified charge was created and that the flame pro-
pagated through it, the initial use of LIF involved the fuel tracer 3-pentanone,
together with measurements of HCHO (which represents the low temperature
reactions [77]), as described in Paper IV [53]. The reason for using fuel tracer
and PRF fuel instead of conventional gasoline, which can give strong LIF signals
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Camera

Figure 4.4: Schematic setup for LIF measurements. Reprinted with permission
from SAE Paper No. 2007-24-0012 (©) 2007 SAE International.

with excitation in the UV band was that the species that leads to the fluorescent
signal is not known [78]. Both of these species can be conveniently measured
using a Nd:YAG laser since the fuel tracer can be excited using the fourth har-
monic light and HCHO by the third harmonic (see the excitation spectrum to
the left in figure 4.5), since they have a wide excitation spectrum. For the studies
described in Papers V-VIII [54; 55; 73; 65|, LIF of OH was measured. The requi-
rements for excitation of such a small molecule differ from those of, HCHO for
instance, for LIF of OH a specific excitation wavelength is required (compare the
excitation spectra in figure 4.5). For this reason a tune-able excitation source is
needed, which significantly increases the complexity of the required setup. For all
LIF measurements of OH a Dye laser pumped by a Nd:YAG laser was used and
the Q1(6) transition in the A(r=1) - X(v=0) band at a wavelength of 283 nm
was used for excitation (the reason for this choice and the adopted procedure is
described further in the papers). Since a precise wavelength is required thorough
calibration of the wavelength is needed; this was done by using a reference burner
and a photomultiplier.

The only quantitative LIF measurements that were published were measurements
of local air equivalence ratio in Paper IV [53|, and more attention is here directed
towards these measurements for evaluation of the effect of local temperature. The
temperature distribution within the combustion chamber is unknown, which can
lead to the local air equivalence ratio being slightly incorrectly calculated since the
local temperature can differ between the measured cases and the reference cases.
The effect of temperature on the LIF of 3-pentanone was investigated in [80]
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Figure 4.5: Excitation spectrum of formaldehyde (left) from a cuvette at atmos-
pheric pressure and 90°C and simulated absorption spectrum of OH (right) using
LIFBASE [79] (Reprinted with permission from SAE Paper No. 2008-01-0037 ©)
2008 SAE International.).

and it was found that the absorption spectrum is red-shifted as temperature
increases. For the excitation wavelength used here this will mean that the actual
air equivalence ratio will be lower for regions with lower temperatures. So, if
there are greater amounts of evaporation in the richer regions in figure 5.4, then
these regions may have lower temperatures than the same geometrical regions in
the reference images with homogenous mixtures. Hence the air equivalence ratio
may be over-estimated. Four LIF images of combustion events observed with
different air equivalence ratios are shown, and it can be seen that there is a strong
connection between the fuel concentration and signal. This can be seen both
directly from the images and by analyzing the signal strength along a line through
the images. In figure 4.6(c) it can be seen that the signal is related to the amount
of excess air. This strong correlation suggests that the discrepancy between the
calculated air equivalence ratio and actual air equivalence ratio will be low, but
it will still depend on the absolute level of the temperature difference. It was
found in [80] that a temperature increase of 150 K (from 383 to 533 K) led to a
relative fluorescence intensity difference of around 17 % at 20 bar. Estimating the
degree to which the evaporation caused by the stratification injection decreases
the temperature of the stratified region is problematic, but if 100 K is used as an
example and similar trends are valid, as found in [80], then the air equivalence
ratio would be over-estimated by around 0.02 for these measurements. This
measurement accuracy was acceptable, since the main aim was to validate that
a stratified charge was created and to obtain a rough estimate of the local air
equivalence ratio.
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Figure 4.6: Average LIF images of 3-pentanone for four different air equivalence
ratios at -40 CAD (a), its signal strength along a line (b) and average signal
strength for the different air equivalence ratios.

4.2.3 Simultaneous multi-species LIF, PIV and Video mea-
surements

For the last measurement campaign in this project several different measurement
techniques were used simultaneously, as described in detail in Paper VIII [65]. A
schematic diagram of the setup can be seen in figure 4.7 and the laser beams’ paths
to the engine can be seen in figure 4.8. This procedure was chosen since there are
disadvantages of performing each measurement separately and then comparing
averaged values obtained using the different techniques. If it is possible to mea-
sure many parameters simultaneously then the drawbacks of averaging can be
reduced and the confounding effects of variations in combustion can be reduced
since all simultaneously measured parameters correspond to the same cycle. Basi-
cally, if it was possible it would be highly advantageous. With the setup used LIF
of OH, LIF of HCHO, PIV, high speed video and pressure measurements could be
acquired simultaneously, and they were complemented by separate simultaneous
measurements of LIF of OH, LIF of 3-pentanone and pressure. All of these tech-
niques were used since all of the measured parameters were thought to influence
events when initial flame propagation through a stratified charge was combined
with subsequent HCCI combustion, as more fully reported and discussed in Paper
VIII [65].
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Figure 4.8: The paths for the laser beams to the engine.

4.2.4 PIV measurements

Particle Image Velocimetry (PIV) can be used to calculate velocity fields over
a measured plane and the basic principle of PIV measurements is simple; the
displacement of a particle over a known period of time correlates to its velocity.
As many optical methods PIV is non-perturbing [76] and no probe disturbs the
flow. For these measurements two laser pulses, with a known period of time
between them, provided by a dual cavity Nd:YAG laser, were used to illuminate
seeded particles. The displacement of the particles was measured using a camera
capable of taking two images with small time separation between them, which
allows two images (one for each laser pulse) of the illuminated particles to be
taken. In figure 4.9 illustrative images of illuminated particles obtained with
different seeding densities can be seen.

To calculate the displacement of the particles the information from the image is
divided into smaller regions, so-called interrogation areas [81|. The size needed
for each interrogation area depends on the seeding density, examples of seeding
density can be seen in figure 4.9, since it is essential to have information from
particles inside this area, preferably from large numbers of particles. To illustrate
how this displacement is calculated by the PIV system a case with very low see-
ding density is chosen due to the simplicity of illustrating similarities in intensity
between the two images, as shown in figure 4.10.
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Figure 4.9: Images of illuminated particles with seeding densities ranging from
very low (a), moderate (b) to high (c).
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For this example (figure 4.9) two distinguished intensity peaks (i.e. particles,
marked A and B) with similar shapes rise above the surrounding noise. The
displacement in this interrogation area can be calculated from the difference in
position of these peaks between the two images [81]. When this displacement in
pixels is calculated an average velocity for this interrogation area can be found
by relating the displacement in pixels to a geometrical distance, which is then
divided by the time between the two images, giving the velocity.
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Figure 4.10: Image intensity over an example interrogation area with low seeding
density for illustrative purposes, for two images separated in time.
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In figure 4.11 an additional example is shown of the intensity over an interroga-
tion area, but with the difference compared to the examples in figure 4.10 that a
realistic seeding density is shown. Multiple particles within the interrogation area
allow more robust measurements, since the average displacement for the interro-
gation area provides a more accurate assessment if it is based on the displacement
of several particles. There will also be particles that only appear in one of the
images because of their speed perpendicular to the measured plane.
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Figure 4.11: Image intensity over an example interrogation area with realistic
seeding density.

Seeded particles

In Study VIII [65] PIV measurements of seeded particles were performed in order
to calculate the flow field. Since the PIV measurements calculate the velocity
of the seeded particles they must have fluid dynamic properties that allow them
to follow the flow and hence represent the velocity of the flow. In Paper VIII
the Stokes number is used to evaluate whether the particles follow the flow or
not. This will be slightly more thoroughly described here since the measurement
accuracy is strongly connected to the extent to which the particles follow the
flow, hence it is essential to estimate how well they reflect it. The Stokes value
is defined as [82]:

Sty = ¥ (4.2)
TF

where
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T is the distance between the piston and the cylinder head and U is the velocity
of the flow. D is the seeded particle’s diameter, p, its density, ;o the dynamic
viscosity of the gas and p¢ is the density of the gas. So, if the response of the
particles to the flow near TDC is of interest then 7" will be the height of the
clearance volume and the structural integrity of the seeded particles is sufficient
to maintain its diameter. Thus, if the parameters listed in the table 4.2 are valid
then the Stokes number will be far less than unity for velocities (U) occurring
near TDC, as noted in the paper.

Table 4.2: Properties of seeded particles at -30 CAD and near TDC.
T 21 mm 15 mm
D 18-28 pm 18-28 pm
pp  60+5 kg/m3 6045 kg/m3
e 3.7x107° Pas 4.15x107° Pa s
pc 5.7 kg/m? 9 kg/m?

To more precisely estimate how well the seeded particles follow the flow the
equation of motion for a spherical particle in a gas [82] is applied:

dv 1 _, wD?

where m is the mass of the particle, v is its velocity and Cp is the drag coefficient.
The relative Reynolds, Re,, number can be defined as:

DU —
Re, — PePIU =] (4.6)
2]
The mass of the particle can be defined as:
nD3
n=""0, (4.7)

Equation 4.5 can then be simplified to:
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dv QCDReT,uC

ios Uy (4.8)

and even further with the momentum response time to:

@ B LCDRe,n
dt N 24 TV

(U —v) (4.9)

For low relative Reynolds numbers the factor % is close to unity, for moderate
relative Reynolds numbers this representation will under-predict the drag coeffi-
cient. In this context, this means that such a representation will indicate that the
particles have slower responses to the flow than they really would in high relative
Reynolds number cases. But in such cases equation 4.9 can be analytically solved
to:

t

v=u(l—e ) (4.10)

This means that if the particles are suddenly exposed to a change in the surroun-
ding air flow they will adopt 90 % of that speed within 0.5 CAD at conditions
near TDC. This is promising, but only valid for low relative Reynolds numbers
whereas if Lapple’s expression for Cp [83]

24
Cp =

- (14 0.125Re™) (4.11)
which is valid for Reynolds numbers below 1000, is used in equation 4.5 and then
numerically solved some additional results can be achieved, as shown in figure 4.12
where the reaction time for the particles to adapt to the flow can be seen. In
this example data for two gas velocities are shown, with conditions at both the
point of injection and at TDC. The particles can be stated to be correctly chosen
since they rapidly adapt to any changes (at least changes under the measured
operational conditions) in the gas flow. This is of great importance since the
flow field calculations are based on the movement of the seeded particles, and if
they had not followed the flow properly none of the calculated data would have
correctly represented the gas flow. Thus, the assumption underlying the PIV
measurements, that the particles follow the flow, appears to be valid in this case.
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Figure 4.12: Particle velocity as a function of time (CAD) for conditions at -30
CAD and TDC with two sudden changes in velocity of the flow fields (3 and 10
m/s). The two lines for each flow field velocity and set of conditions correspond
to changes in velocity described by the lightest, smallest(p,=55 kg/m? and D=18
pm) and the heaviest, largest particles (p,=65 kg/m® and D=28 um).

4.3 Post-processing

4.3.1 Pressure trace analysis
Rate of heat release and combustion phasing

The cylinder pressure trace measurements were post-processed, in all cases, using
MatLab. Pressure traces were recorded by a Kistler 6061B or 6053C piezo elec-
tric pressure transducer, with a sampling rate between 1 and 10 samples per
CAD using an AVL Indimaster. The data were converted to ASCII-format and

imported to MatLab.

The rate of heat release was calculated by assuming that the combustion process
is close to an adiabatic isentropic process.

pV7 = const (4.12)

and
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y=-=2 (4.13)

Cy

Then the heat release can be written [11]

4Q _ Lpd_v i L (4.14)
g ~v—1"df ~y—1 db

if the convective heat transfer and the crevice volume are small. CA50, the rate
of heat release and the amount of heat released were all based on this equation
with the assumption that v remained constant. However, as described in earlier
chapter, in many cases the behavior could not be assumed to be close to adiabatic
and isentropic, hence a more representative representation was to assume that
the process was polytropic. In such cases v was replaced with the polytropic
coefficient, n in equation 4.14.

Filtering

In any experiments noise and other disturbances are always present in addition to
measurement errors. These noises can sometimes significantly affect the measure-
ments, so to limit their effects all measured pressure traces were filtered. For this
purpose the remezord function in MatLab was used, which applies the algorithm
suggested in [84]. This function can be used for highpass, lowpass or bandpass
filters and setting the input parameters provides the possibility to control the
passband frequency (the frequency at which the filter starts to interact), the
stopband frequency and the tolerable ripple for the passband and stopband. Fi-
gure 4.13 illustrates the effects of applying filters with various parameters. In
all examples the same stopband filter frequency (3000 Hz) has been applied, the
two black lines originate from application of the same passband frequency, but
with different stopband ripple. The difference between the solid black and grey
line is in the passband frequencies and the dashed grey line arises from a higher
passband ripple compared to the other cases. From these examples it can be seen
that these parameters provide sufficient control of the filters, however use of filters
with small differences between passband and stopband frequencies combined with
minor ripple, which were consistently used, demands significant post-processing
time, but for the presented studies this time was not limiting.
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Figure 4.13: Examples of effects of filter parameters for the filters used.

An example of a pressure trace and its associated information can be seen in
figure 4.14. For this example the engine was run at 1200 rpm and the pressure
was sampled every 0.1 CAD, thus the sampling rate was 72 kHz. In figure 4.14(a)
20 sampled pressure traces are plotted (however, the individual traces strongly
coincide with each other, making it impossible to see each trace). The pressure
trace will contain information below 36 kHz, since information can only be ac-
quired at half the sampling rate, this is called the Nyquist frequency [85], or less.
Preferably a low pass hardware filter should be applied for the analog signal below
this Nyquist frequency before sampling, this can often be done using the charge
amplifier for the pressure transducer. In figure 4.14(b) the discrete Fourier trans-
form of the pressure traces can be seen as the intensity of the signal at different
frequencies and, as expected, the main information is obtained at low frequencies
compared to the Nyquist frequency (the engine was rotating at 20 Hz).

In figure 4.14(c) the effect of low pass filtering with four filtering frequencies (1,
3, 8 and 15 kHz) can be seen, the top line corresponds to the signal obtained
with the lowest filtering frequency and the one at the bottom to the highest. For
representation, the pressure traces with the different filtering frequencies were
separated in an absolute scale (filtering with a low frequency will naturally not
elevate the pressure). In this example it can be seen that the disturbances caused
by the EVC (at around 270 CAD) was effectively removed when the low pass filter
with a filtering frequency of 1 kHz was used. However, it is clearly important
to only eliminate noise and not the signal of interest. In figure 4.14(d) the same
filter frequencies were used but in a highpass sense. It can be seen that with the
lowest filter frequency (at the top) most of the disturbance at EVC is captured by
the highpass filter, but some of the information regarding the combustion is also
captured (e.g. the signal that arises at TDC). Hence, care must be taken to filter
the signals correctly so the correct information is retained. One way of doing this
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Figure 4.14: Twenty pressure traces sampled at each 0.1 CAD for an example
with HCCI combustion using NVO (a), the amplitude of different frequencies for
the pressure traces (b), effects of lowpass (c¢) and highpass (d) filtering of the
pressure traces using 1, 3, 8 15 kHz filters.
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is to use different filter frequencies for different regions in the pressure trace, in
this example the region around EVC could be filtered using a low pass filter at
a lower frequency compared to the region with combustion. This approach was
mainly applied to data acquired from the prototype 6-cylinder Volvo engine. The
disturbances caused by the valves can also be used to estimate the valve timing,
since the valves induce high frequency noise in the cylinder head, which can be
separated using a highpass filter as shown in figure 4.14(d) where the timing of
the intake and exhaust opening and closing is marked. All frequency analysis and
filtering was done using MatLab.

4.3.2 Image analysis

During the optical measurements several different cameras were used to gather
the information. All post-processing of the images was performed in MatLab
beside the PIV measurements in [65] where FlowManager (Dantec) was used
to calculate the flow fields from the images. All LIF images were captured
using image-intensified LaVision Dynamight cameras (see the blue cameras in
figure 4.15), providing 1024x1024 resolution, equipped with LaVision DaVis 6.2
software. These images were then imported into MatLab for post-processing.
Image intensification leads to different amounts of noise due to the high intensifi-
cation of the weak signals, and thus post-processing of the images was essential.

d .;._.- .*.-*---a%

[

Figure 4.15: Cameras used for optical measurements.
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This filtering process was thoroughly studied in order to verify that the filter
worked properly and thus reduced the extremely high gradients in the images
while maintaining the proper signals. The noise or sharp gradients in intensity
caused by the image intensification was studied in images on- and off-resonance
as well as in regions in the combustion chamber and regions outside the optically
accessible region to obtain knowledge about these disturbances. In figure 4.16
two unfiltered, intensified LIF images of HCHO and OH can be seen (with typi-
cally grainy appearance). The intensity along a line in the image can be seen and
along this line the noise can be estimated, outside the laser plane (i.e. outside
the measured region) between 0 and 100 and above 400 pixel numbers (locations)
the noise outside can be estimated. From these regions the background noise can
be estimated.
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Figure 4.16: Examples of unfiltered LIF images of HCHO (left) and OH (right)
and corresponding signals along a line in the image (bottom).

In figure 4.17 identical information to that shown in figure 4.16 is presented,
following filtration in MatLab using a 2-dimensional median filter (medfilt2 [86])
to limit the noise that arose from the intensification. Naturally, great care must
be taken since proper signals can be influenced by filtering (more information
about the procedure can be found in the Appendix to Paper VI [55]). Since noise
is completely stochastic, averaging leads to reductions in background noise, but
if time-resolved information is required this method can be practically unfeasible.
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Figure 4.17: Examples of filtered LIF images of HCHO (left) and OH (right) and
corresponding signals along a line in the image (bottom).

Direct imaging was also performed in the studies, and for this a monochrome
Vision Research Phantom V 7.1 high speed video camera (see the green/gray
camera in figure 4.15) was used to capture the propagation of the reaction zones
with multiple images within the same cycle. When background light was required
a Dedacool 250 W floodlight was used to illuminate the combustion chambers.
The post-processing of the direct images was limited to filtering and flame pro-
pagation speed calculations. An AVL Visioscope was also used to capture direct
images of the combustion in color, but no images captured by this camera have
been published.



Chapter 5

Results

In this chapter some of the results documented in the papers and some additional
results are presented and interpreted in the context of the project objectives.
Results that highlight the challenges for the different regions in the operational
range of HCCI are also presented to provide background information (as are
results related to other, rival concepts besides HCCI in which dilution of the
combustion mixture is applied).

5.1 Initial control studies

The initial published study was an essential first step in validating the feasibility of
the concept of combining initial lame propagation through a stratified charge and
subsequent HCCI combustion. From the presented results, the main conclusion
relevant to the objective was that it is possible to combine flame propagation and
HCCI combustion in one cycle, i.e. the concept appears to be feasible [71]. The
results acquired by chemiluminescence imaging indicated that there is initially a
propagation region and pressure trace analysis showed that the rapid heat release
typical of HCCI combustion occurs in the later part of the combustion. For
the following study it was essential to evaluate the levels of emissions generated
when the concept was applied, especially the NOx levels [72]. A hypothesis
examined in the project was that NOy levels similar to those generated in HCCI
combustion could only be achieved using this combined combustion concept if
hydrogen was used as the stratification fuel (since the wide flammability limits of
the hydrogen would allow the flame to propagate through a very dilute mixture,
thereby reducing the flame temperature and thus restricting the NOx levels). The

67
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results showed that there is potential to add this control method to a HCCI system
without any major increases in NOx if the parameters are chosen wisely. More
importantly, they showed that the initial hypothesis was incorrect; NOx levels
similar to those of HCCI combustion could be achieved when using the proposed
concept even without hydrogen. In terms of making this control method usable
in a real vehicle, this is beneficial since the hardware requirement is reduced if
only one fuel is to be used. Furthermore, the amount of hydrogen needed for the
stratified charge would have been high, which would have made it challenging to
achieve such levels with, for instance, onboard reforming. Only one fuel was used
in all subsequent studies for this reason.

5.1.1 The role of charge stratification

In the third published study the concept of using initial flame propagation was
set aside, since interesting effects caused by the charge stratification alone were
found for some operational settings during some experiments, which were further
investigated and documented in Paper III [75]. Since the concept involves the use
of charge stratification, it was essential to evaluate the effect of the charge strati-
fication alone. To allow a lower HCCI load, in accordance with the key objective,
the control method should allow the combustion to be phased earlier since a re-
duction in load will retard the phasing. However, by using charge stratification
alone the rate of heat release and pressure rise rates could be reduced (hence the
maximum load for HCCI combustion could be increased). So by this point in the
project, control methods potentially allowing both an increase of the maximum
and reduction of the minimum HCCI load had been identified. Extending the
HCCT operational range would allow use of the more thermodynamically sound
HCCI combustion (relative to SI combustion) in a vehicle to a greater extent
and thus enable reductions in fuel consumption, which was the main goal of the
project.

In the studies I to III, [71; 72; 75|, conventional SI valve lift profiles, intake air
heaters and PRF and hydrogen fuels were also used to induce HCCI combustion.
These are not the most likely methods of achieving HCCI combustion in passenger
cars; a more likely concept for commercialization is to use NVO. So, even if
methods for both high and low loads had been identified at this point, they were
not necessarily directly compatible with the more production-feasible solution
of achieving HCCI with NVO. Therefore, further studies were all conducted in
engines using NVO.
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5.2 Control of HCCI using NVO

5.2.1 HCCI using NVO and an SI Stratified Charge

In HCCI using conventional SI valve lift profiles and intake air heating (as descri-
bed in Papers I to III) substantially lower levels of trapped residuals are applied
than in HCCI using NVO (as described in Papers IV-VIII), thus, the conditions
in which flame propagation must occur are completely different.
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Figure 5.1: Averaged rates of heat release when spark ignition was (solid line)
and was not (dashed line) used. Reprinted with permission from SAE Paper No.
2007-24-0012 (© 2007 SAE International.

The results presented in Paper IV [53] are important in many senses. The use
of NVO allows HCCI combustion to be achieved in real SI engine geometry with
commercially available gasoline (see the previous chapter for further information).
So, the concept is compatible with a production-feasible solution to achieve HCCI,
and although PRF was used to allow optical measurements to be performed it is
likely that the control concept can be used with HCCI achieved by applying NVO
since realistic (for NVO concepts) valve profiles and compression ratios were used.
In Study TV [53] a 2" factorial design scheme was used to evaluate four variables
in two different states, and averaged rates of heat release for the different cases
are shown in figure 5.1. The solid traces correspond to cases in which sparks
were used and the dashed traces to cases in which no spark was used. There is a
clear initial gentle rate of heat release, indicating the presence of a propagating



70 CHAPTER 5. RESULTS

flame, in cases in which a spark is used (solid traces) and the subsequent more
rapid heat release corresponds to HCCI combustion. This concept was then
used to reduce the minimum load and three cases were thoroughly studied, see
figure 5.2. The full implications of this reduction in load for the operation of a
real engine will depend on many parameters, but the key finding is that for a
certain configuration the indicated load could be decreased by almost half and
the results obtained from (for instance) tests with the 6-cylinder engine indicate
that there is a clear need for additional control at lower load, and this possibility
of reducing the minimum load will be very welcome. Other important findings
relevant to achieving the main objective were the possibility of achieving NOx
and indicated fuel consumption levels similar to those of HCCI combustion, even
when the concept was used to significantly reduce the minimum HCCI load.

10 3.2 70—
Lal HCCT operating range 60
= [Tl 28 _ 50
=, = ‘A-G - = <Qﬂ
3 I TTeel m o 40
g 1.2 = ©
< O
2 5 E 30
10 Bo = 2y
: 2 2
= 10
0.8} Co 1.6 0
900 1200 1500 -30
Engine speed [rpm]

a

Figure 5.2: Loads and rates of heat release for the three operating conditions used
in the optical studies described in Paper IV. Reprinted with permission from SAE
Paper No. 2007-24-0012 (© 2007 SAE International.

Furthermore, the fundamental aspects of the concept were validated in this study,
i.e. that a stratified charge was created, see figure 5.3 and 5.4, and that the flame
propagated through it. The local air equivalence ratio was also measured and
found to be slightly lean. So these results fully validated the basic idea of the
control method.
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Figure 5.3: Averaged images (from 10 separate cycles) (and corresponding ti-
mings) for case B (Paper IV) of LIF from the fuel tracer 3-pentanone. Reprinted
with permission from SAE Paper No. 2007-24-0012 (©) 2007 SAE International.
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Figure 5.4: Average LIF image of the fuel tracer 3-pentanone at -40 CAD and its
signal strength. Reprinted with permission from SAE Paper No. 2007-24-0012
© 2007 SAE International.

There were also other findings that were not directly related to the main objective
but shed light on fundamental aspects of existing control methods. Chemilumi-
nescence images were captured in order to locate the propagating flame during
the compression, but they also indicated that high temperature reactions occur-
red during the NVO, these reactions were further investigated to experimentally
examine the underlying reason for the control that can be achieved by using pi-
lot injections in combination with NVO. The signs of chemiluminescence during
the NVO can be seen in figure 5.5, with weak signals at 350 CAD, and slightly
stronger signals at TDC during the NVO.

In addition to the high temperature reactions associated with chemiluminescence
of OH, low temperature reactions manifested by signals of formaldehyde were
also noted (see figure 5.6 where LIF from formaldehyde is shown). Formaldehyde
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Figure 5.5: Average images (from 10 separate cycles), and corresponding timings,
for case B (Paper IV) of the chemiluminescence of OH. Reprinted with permission
from SAE Paper No. 2007-24-0012 (©) 2007 SAE International.

signals were observed during both the NVO and the main combustion, as ex-
pected since LIF of formaldehyde during the NVO was detected in [87|, and the
generation of formaldehyde during the main combustion process has been well do-
cumented by various authors, for instance [88] for SI combustion and in [89; 90] for
HCCI combustion. The initial propagating flame is manifested by an expanding
region of OH chemiluminescence signals in the later part of the compression (see
figure 5.5). This flame can also be seen in the formaldehyde signals (figure 5.6),
since the flame leaves a region with low intensity, in which the reactions have
passed beyond the low temperature stage. So, at this point the fundamental idea
of the proposed concept had been validated; initial flame propagation through a
stratified charge can be combined with subsequent HCCI, and the concept can
reduce the minimum achievable HCCI load.

5.2.2 Reactions during the NVO

In the following experiments, reported in Papers V and VI [54; 55|, fundamental
aspects of the control that can be obtained by using pilot injections were tho-
roughly studied. These studies were not directly connected to the main proposed
concept, but the discoveries made concerning combustion during the NVO repor-
ted in Paper IV [53| could not be ignored since fundamental understanding is
essential for further progress. For this reason alone these detailed studies would
have been warranted, but in addition the use of pilot injections is a key element of
obtaining (and controlling) HCCI using NVO. The reactions during the NVO were
analyzed both by conventional pressure trace analysis and optical measurements.
In figure 5.7 the reactions detected by analysis of pressure traces obtained from
both the optical and multicylinder engines can be seen. Heat-generating reactions
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Figure 5.6: Average images (from 10 separate cycles), and corresponding timings,
for case B (Paper IV) of LIF from formaldehyde. Reprinted with permission from
SAE Paper No. 2007-24-0012 (©) 2007 SAE International.

were detected using the pressure transducers for both engines, and the quantity
of heat generated using each tested pilot to main injection ratio was analyzed
to evaluate how much this variable influenced the temperature prior to the main
combustion. Other findings that are important in terms of the credibility of all
results obtained from the optical engine, are the small discrepancies between the
results from the multi-cylinder HCCI engine using gasoline and the optical engine
using elevated intake air temperatures and PRF. Hence (provided the settings are
carefully chosen) the results obtained from the optical engine can replicate the
results in a multi-cylinder engine using gasoline even for a delicate combustion
mode, such as HCCI, and for reactions during the NVO (as illustrated by the
rates of heat release during the NVO in the two engines shown in figures 5.7(c)
and 5.7(d)).
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Figure 5.7: Rate of heat release and accumulated heat release during the NVO
obtained with various pilot to main injection ratios in tests with the 6-cylinder
HCCI engine with 160 CAD NVO (a) and (b), with 180 CAD NVO in the 6-
cylinder HCCI engine (c) and the optical engine (d). Reprinted with permission
from SAE Paper No. 2007-01-0037 ©) 2008 SAE International.

As previously mentioned, pilot injections can be used to control the combustion.
In these experiments the relative proportion of the pilot injection was incremen-
tally increased from 25 % to 40 %, which advanced combustion phasing by around
5 CAD, see figure 5.8(a). The influence of the heat-generating reactions measured
during the NVO on charge temperature can be seen in figure 5.8(b).The difference
in temperature at 10 CAD before TDC is 45 K, based on polytropic calculations
from the pressure traces. Gas-phase temperature was studied during HCCI com-
bustion by using Coherent Anti-Stokes Raman Spectroscopy (CARS) [91], to
analyze HCCI combustion with similar amounts of EGR, but at slightly higher
loads. It was found in the cited study that a difference in temperature at TDC
of 7 K would change the combustion phasing (CA50) by around 1 CAD. Similar
ratios of changes in the CA50 timing to changes in temperature were found in
this study and the temperature at the start of combustion (SOC) was similar for
the two cases. Thus, it was concluded that the difference in heat generated by
the two different pilot to main injection ratios was the major contributor to the
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difference in combustion phasing between the two cases.

These results validate the conclusion drawn in [51; 43] that exothermic reactions
do occur and provide indications of their impact on combustion phasing. However,
the role of the radicals formed during the NVO should not be neglected. The
results indicate that the observed changes in phasing were largely due to the
increased rates of exothermic reactions during the NVO associated with higher
relative amounts of pilot injections, but increases in levels of radicals may play a
major role in promoting HCCI combustion.
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Figure 5.8: IMEP, air equivalence ratio and combustion phasing observed in tests
with 160 CAD NVO and different pilot to main injection ratios (a). Standard
deviations are indicated by dots. Pressure traces and calculated mass-averaged
temperatures in tests with 25% and 40% pilot injections, with 160 CAD NVO
(b). Dashed lines correspond to 40% pilot and solid lines to 25%. Reprinted with
permission from SAE Paper No. 2008-01-0037 @© 2008 SAE International.

Evidence of low temperature reactions during the NVO was found and signs
of high temperature reactions were also seen in the studies described in Paper
IV [53|. However the high temperature reactions were detected by observing the
chemiluminescence of OH, which can be misleading since emissions from species
generated in reactions other than the target species may influence the measu-
rements, see earlier chapter. For this reason LIF of OH was measured since it
can isolate OH signals from those of species generated in other reactions that
emit chemiluminescent light in the measured wavelength band. LIF signals of
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OH were observed during the NVO, see figure 5.9. Further, the signal arose
at identical timing to the heat-generating reactions detected by pressure trace
analysis (compare the LIF signals in figure 5.9 and the rate of heat release in
figure 5.7(d)). However, OH was present within the combustion chamber for a
short period after the peak of rate of heat release. These results validated the
previous indication of high temperature reactions reported in Paper IV [53] and
provided further fundamental understanding of the control that can be obtained
using pilot injections.
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Figure 5.9: Averaged LIF images from OH in tests with different pilot to main
injection ratios and different timings. Reprinted with permission from SAE Paper
No. 2008-01-0037 © 2008 SAE International.

5.2.3 Simultaneous measurements

The last measurement campaign was intended to investigate all the main para-
meters that are influenced by combining initial flame front propagation through
a stratified charge with subsequent HCCI combustion (mostly simultaneously to
limit any misinterpretation that could arise, for instance, from averaging). The
results, reported in Paper VIII [65], are important since they summarize many
aspects of the concept.

The main results yet again showed (as in Paper IV [53]) that the minimum load
for HCCI could be reduced with modest, or no, compromises in terms of HC, CO
or NOx emissions or indicated fuel consumption, which was the main objective for
the proposed concept (see table 5.1, where data obtained at three different settings
are presented). In figure 5.10 the average pressure traces and corresponding mass
fractions burned (MFB) derived for the three studied cases can be seen.

The three cases were investigated using both averaged and simultaneously obtai-
ned data. In figure 5.11 the averaged LIF of the fuel tracer 3-pentanone observed
in the three studied cases can be seen, where cases B and C include use of the
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Table 5.1: Operational settings and results for tested cases in paper VIII [65].

Case A Case B
Indicated load 1.3 kW 1.0 kW
IMEP 2 bar 1.65 bar
ISFC 282 g/kWh 270 g/kWh 268 g/kWh
A 1.21 1.27
HC (C3) 1725450 ppm 25254250 ppm  2275+170 ppm
NOx 16+£2 ppm 10£2 ppm 2242 ppm
cO 0.5-0.6%o1ume 0.5-0.6%orume 0.5-0.6%orume
Pilot injection duration 1.6 CAD 1.1 CAD
Main injection duration 1.0 CAD 1.1 CAD
Stratification injection duration No stratification 0.8 CAD
Spark timing No spark -26 CAD
EOI main -310 CAD -310 CAD
EOI pilot 310 CAD 310 CAD
EOT stratification No stratification -30 CAD
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Figure 5.10: Averaged pressure traces, with injection timings (bottom) and ave-

raged mass fractions burned for the three cases reported in Paper VIII.
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Figure 5.11: Averaged LIF images of the fuel tracer 3-pentanone for the three
studied cases (A, upper row; B, middle row; and C, lower row). The columns,
from left to right, show images recorded at 30, 20, 10 and 0 CAD before TDC,
respectively. X corresponds to the sparkplug position.

proposed concept with charge stratification and spark-assistance, neither of which
was used in case A. The stratified regions can be seen as local regions with strong
signals from the fuel tracer, and the initial flame propagation can be seen as small
regions with LIF signals from OH in the vicinity of the spark plug at around -10
CAD, see figure 5.12. At around 10 CAD after TDC OH signals can be seen in
most of the measured region (although in case B the OH signals have not peaked
at 10 CAD, due to the late combustion phasing), and the intensity for case A
reaches such levels that a significant amount of absorption can be seen in reduced
signal strengths as the laser sheet passes through the engine.

Figure 5.12: Averaged LIF of OH images for the three studied cases (A, upper
row; B, middle row; and C, lower row). The columns, from left to right, show
images recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X

corresponds to the sparkplug position.
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Averaged images from formaldehyde LIF can be seen in figure 5.13. The intensity
of the formaldehyde signal is initially weak, at -20 CAD, and increases thereafter.
For the cases with charge stratification, strong intensity was seen for an extended
period, especially in the rich regions just prior to TDC. Clearly, therefore, the
spark-initiated flame induced a temperature increase that contributed to fuel
decomposition and HCHO formation in the richer regions. At -10 CAD, and
especially at TDC, evidence of the flame was manifested in a reduced HCHO
signal in regions where OH was present, although the complete separation cannot
be seen in averaged images.

Figure 5.13: Averaged LIF of formaldehyde for the three studied cases (A, upper
row; B, middle row; and C, lower row). The columns, from left to right, show
images recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X
corresponds to the sparkplug position.

In the averaged LIF images the propagating flame can be seen as regions with low
signals for formaldehyde or the fuel tracer and with strong regions for OH, but the
images are diffuse since there are cycle to cycle variations in the flame. Hence, the
averaged images have less sharp edges than the separate images. Furthermore,
the transition from initial lame propagation to HCCI combustion occurs at dif-
ferent timings due to the variations, which can lead to unrepresentative results
if averaging is used. In figure 5.14 a single shot of formaldehyde LIF is combi-
ned with iso-lines representing the chemiluminescence of CO, obtained using a
high speed video camera just prior to, during and after the single shot was taken.
From this it can be seen that the delicate transition and propagation of the HCCI
combustion occur in regions that display high levels of formaldehyde just prior to
the transition or propagation. These regions were found to be due to the charge
stratification. So the stratified charge not only resulted in flame propagation but
also supplied regions that were more prone to HCCI combustion.
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Figure 5.14: LIF of formaldehyde images at TDC and iso luminosity lines (from
high speed video images acquired prior to, during and after TDC) obtained in the
same cycle for cases B and C at TDC. X corresponds to the sparkplug position.

Turbulence

The influence of turbulence was not addressed in the studies described in Paper
VIII [65], but will be discussed here. In the paper it is shown that the proposed
concept influences many parameters, unsurprisingly since the intention is to use
charge stratification to promote flame propagation through a globally lean charge,
and this was the fundamental reason for using charge stratification throughout
the project. However, the charge stratification also has other effects, notably
it induces air motions in the otherwise quiescent environment and when initial
flame propagation is achieved the flame also contributes to air motions.
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Figure 5.15: Mass fraction burned and timing of measurements (top) in case B
(Paper VIII). The timings of the video images correspond to those of the iso
lines acquired from video images. Averaged LIF of the fuel tracer, cycle-resolved
flow field and iso lines from the high speed video images obtained in the same
cycle for case B near TDC (middle). X corresponds to the sparkplug position.
A vertical reference arrow corresponding to 3 m/s is shown to the right of the
flow field. The iso lines (white, green, dashed red, cyan and magenta) represent
threshold values from the video images prior to, during and after TDC (-4 to 4
CAD). Video images from -8 to 10 CAD (bottom).
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Turbulence within the combustion chamber promotes flame propagation [11] and,
since greater air motions are associated with greater turbulence increasing the air
motion can be an effective way of promoting flame propagation. In Study VIII it
was found that the flame propagated with great speed, relative to the air motion,
towards the rich regions during the initial stages of flame propagation, and this
was explained as being due to the stratified region increasing the flame speed.Let
us compare the flame propagation in regions 1 and 2 in figure 5.15. In region 1
the flame propagation speed is high relative to some fixed geometrical point and
it propagates towards the leaner regions in the same direction as the flow. In
contrast, in region 2 the flame propagation speed is lower relative to some geome-
trical point and it propagates towards the richer region in the opposite direction
to the flow. However, if the flame propagation speed is calculated relative to the
air flow, then for this case (which represents the early stage of flame propagation),
the flame propagation speed is considerably higher for the propagation towards
the richer region.

The role of turbulence in the cases examined in the paper has not been determined
and to accurately measure the turbulence in a single cycle is at least challenging.
With the results from the measurements the only possible way to estimate the
impact of turbulence is to evaluate how the different cycles behave compared to
the average. In [11] the root mean square fluctuation is defined as:

URMS = NLZ(U_UV (51)

where N, is the number of measured cycles, u is the velocity for an individual
cycle and U is the average velocity for all measured cycles. However, this will not
represent the true turbulence for a specific cycle of interest since it will include
the natural variance of the flow field within the combustion chamber, and will
be an average value for several cycles, while the video image, pressure trace and
flow field shown in figure 5.15 were all measured in the same cycle.

As concluded in the paper, the proposed concept leads to greater air motions
within the combustion chamber, induced by both the stratification injection and
the expanding gas behind the flame, as can be seen in figure 5.16(a), in which
air motions are significantly weaker for the case of HCCI combustion without
any stratification or spark assistance (top) than for the cases in which the pro-
posed concept is applied (middle and bottom). As mentioned earlier, stronger
air motions are generally associated with higher turbulence. This can be seen in
figure 5.16(b), where the Urpss value is shown for the same geometrical regions
as in figure 5.16(a). It should be noted that the highest values are observed at
the boundaries of the measured plane, but this is mainly due to higher measure-
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Figure 5.16: Averaged flow fields (from data acquired during 30 individual cycles)
(left) and iso lines for Ugpss (right) for the cases addressed in Paper VIII: HCCI
without spark assistance or charge stratification (top), HCCI with spark assis-
tance and a minor stratification injection (middle) and with a greater stratifica-
tion injection (bottom).
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ment errors near the boundaries. It was found in Study VIII [65] that the flame
propagated with great speed relative to the flow towards the richer regions during
the initial stage of the flame propagation. However, this may be a fundamental
misinterpretation, since the richer regions may merely be more turbulent and it
may be the greater turbulence that increases the flame speed. This possibility

will be further investigated here by using the Ug,ss value as a representation of
the turbulence.
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Figure 5.17: Averaged LIF of the fuel tracer, cycle-resolved flow field and iso lines
from the high speed video images obtained in the same cycle for case B near TDC.
A vertical reference arrow corresponding to 3 m/s is shown to the right of the
flow field. The iso lines (white, green, dashed red, cyan and magenta) represent
threshold values from the video images prior to, during and after TDC (-4 to 4

CAD). Turbulence intensity is represented by iso lines of Ugyss for values > 0.8
m/s.

In figure 5.17 the intensity of Ugps, as shown in figure 5.16, is added to the
information presented in figure 5.15 to determine if it is the turbulence that
increases the flame speed towards the richer region. As previously mentioned,
the greater cyclic variation or turbulence near the boundaries is likely due to
measurement errors. It should also be noted that the seeded particles do not
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respond immediately, as seen in figure 4.12, hence they do not provide complete
information about the turbulence spectra. There are regions that display slightly
higher levels of Ugysg, in figure 5.17, indicated by filled iso lines that highlight
regions with Ugys values > 0.8 m/s. However, those regions are not geometrically
located in the same region that showed high flame propagation speeds, so the
conclusion in Paper VIII [65] that the flame speed is increased due to the fuel
equivalence ratio in the studied region is likely valid. However, the turbulence will
clearly play a general role in increasing the flame speed, and the turbulence was
significantly higher in cases in which the proposed concept was applied than in the
case where it was not used (figure 5.16). Nevertheless, the levels are in the same
order of magnitude for the regions where the flame propagates, thus turbulence
does not dictate the direction of propagation for the flame, but merely makes
the conditions more fluid dynamically more suitable for flame propagation in any
direction.

5.3 Operational window for HCCI with NVO

The results presented in this section provide background information for HCCI
using NVO, to give the reader the necessary information to put the published
results into context. A similar engine to that used in Studies V and VI [54; 55]
(but with different valve lift profiles) was used to acquire the results presented in
this section, and basic parameters for the engine are listed in table 5.2.

Table 5.2: Engine parameters for the prototype 6 cylinder Volvo engine used for
the operational window evaluation.

Parameter Value Unit/Parameter Name/Value
Bore [mm]| 84  Injectors Bosch HDEV 1.2
Stroke [mm] 96  Displacement [cm?] 3192
Compression ratio [au] 11.5  Fuel RF-02-03

Water and oil temperature [C°] 90

5.3.1 Fuel consumption for HCCI with NVO

Naturally a new concept for future vehicles is only promising if it offers a signi-
ficant improvement in efficiency compared to its costs. For this reason the same
engine was operated in both HCCI and conventional SI modes to investigate the
improvement in fuel consumption the former could offer. For this study high lift
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profiles were used for both intake and exhaust in SI mode and low lift for both
intake and exhaust in HCCI mode. This approach could give slightly misleading
indications at very low loads since an SI engine would not need to switch cam
profiles in this comparison, in which only high lift was used, thus the results for
the SI could have been slightly better if the engine did not have the capacity to
switch profiles, which is associated with minor additional friction. Hence, the
improvement at very low loads offered by HCCI will be slightly over-estimated
here.
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Figure 5.18: Reductions in fuel consumption by the prototype 6-cylinder Volvo
engine offered by HCCI operation, compared to SI operation, at various loads
and speeds, in percent BSFC.

In figure 5.18 the observed improvements in BSFC can be seen, and generally
it can be stated that HCCI reduces consumption across its complete operational
range. The degree of its impact varies from marginal to significant improvement,
and the levels presented are similar to or slightly better than those presented
in [61; 20]. So from this perspective, achieving HCCI by using NVO appears
promising.

5.3.2 Dilution for HCCI with NVO

Measuring the exact amount of trapped residuals is challenging, but the timing of
exhaust valve closure, the in-cylinder and exhaust back pressure and the exhaust
gas temperature can be used to estimate the in-cylinder trapped mass, which in
turn can be related to the mass flow of incoming air and fuel.
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Figure 5.19: Estimated amounts of residuals (in %mass) trapped in-cylinder during
operation of the prototype 6 cylinder Volvo engine at various loads and speeds.

The estimated amounts of trapped residuals can be seen in figure 5.19. Gene-
rally it can be stated that the absolute values are high, but for the higher loads
lower amounts of residuals are needed to establish HCCI combustion. The hi-
gher loads lead to higher cylinder wall temperatures, higher exhaust and residual
temperatures and the richer mixtures lead to shorter ignition delays and hence
the observed trend. For the lower loads greater amounts are needed since the
lower loads have opposite effects to those of the higher loads. However, with the
possibility of changing the valve timing, and thus the residual amounts, a major
step has been taken towards increasing the operational range for HCCI. In earlier
chapter it was shown that it also makes sense thermodynamically to use dilution
with air, and this also applies to HCCI with NVO, as can be seen in figure 5.20.
For this engine the air equivalence ratio varies between unity and 1.6.

5.3.3 High load region

Beside the reduced mass flow, which clearly reduces the maximum HCCI load
with NVO compared to the SI load without NVO, several other factors limit
the maximum HCCI load. The rapid heat release, leading to short combustion
duration, which is beneficial in terms of thermodynamic work, will also lead
to too rapid combustion at a certain load point. This, in combination with
the intensity of the combustion becoming more intense at higher loads, leads to
various problems. If the peak pressure becomes too high in comparison to the
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Figure 5.20: Stoichiometric ratio [A] during operation of the prototype 6 cylinder
Volvo engine at various loads and speeds.

structural integrity of the engine then it could cause mechanical failure. However,
this is not the main issue (for naturally aspirated engines) since the amount of
oxygen available for combustion with NVO valve events limits this maximum peak
pressure somewhat, hence the peak pressure achieved during HCCI combustion
will often be lower than the pressure achieved at full load for SI operation. A
factor of greater importance is the rate of increase of pressure with time (or
increase of pressure per crank angle); at higher HCCT loads the rate of the pressure
rise due to the rapid combustion will cause noise, and it is assumed that this will
be limiting before excessive pressures are reached in absolute terms (especially
since the SI engine’s slow combustion and reduced intake pressure at low loads
leads to very low pressure rise rates, i.e. there will be a great difference in
mechanical noise between HCCI at its highest load and SI combustion at similar
load, which is an important issue for customers).

The pressure gradients obtained at different speeds and loads can be seen in
figure 5.21 (averaged values for all six cylinders in terms of increases in the abso-
lute pressure over one CAD). The absolute value of the pressure gradient depends
strongly on how it is calculated, the values here are average values of the maxi-
mum pressure gradient observed in each of 100 recorded cycles, which are then
averaged for all cylinders. Inevitably, in some individual cycles the values in some
specific cylinders will be much higher than the engine average, but the average
provides good indications of general trends in pressure rise rates. The maximum
limit for HCCT is represented as a grey area (it is not a clear, absolute limit since
it will be heavily dependent on NVH requirements for the specific vehicle). It can
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Figure 5.21: Averaged pressure gradient, 2. 76 |bar/CAD]J during operation of the
prototype 6 cylinder Volvo engine at various loads and speeds.

be seen that the pressure rise rate depends on both speed and load. Further, it
is especially sensitive when the maximum limit is reached. Near the limit a small
load reduction leads to a greatly reduced pressure rise gradient. This sloping gra-
dient has been noted by various authors, and is assumed to be due to limitations
in aspiration at high engine speeds [20].

As described in previous chapter, HCCI operation leads to low levels of NOyx
emissions and the levels for the prototype 6-cylinder Volvo engine can be seen
in figure 5.22, where the molar ratio of NOyx is presented. There are regions
with ultra-low engine-out NOx emissions, but there are also regions with NOx
levels that cannot be tolerated for extended periods of time if stringent emission
limits are to be met. Alternatively, the maximum limit for HCCI could be set
for a specific NOx level. In figure 5.23 identical information to that shown in
figure 5.22 is displayed, but in brake specific values. It is obvious that the NOx
levels may influence the maximum load for HCCI since the levels rise rapidly
when approaching the grey area. Naturally, the engine-out levels that can be
tolerated will also depend on the exhaust after-treatments that are applied, i.e.
whether a lean NOx after-treatment system is used or not.

To summarize information acquired regarding the high load region it can be stated
that the high load limit will be governed by various parameters, the absolute
maximum being limited by aspiration (A approaching unity). More likely, in
practice the limit will be set by NVH or emission levels. There are various ways
of influencing conditions near the high load limit. In Study III [75] the effect of
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Figure 5.22: Engine-out NOx [ppm| emissions from the prototype 6-cylinder
Volvo engine at various loads and speeds.

charge stratification on high load conditions was investigated (although not on
HCCI achieved with NVO) and the trends observed could facilitate attempts to
extend the high load limit by, for instance, reducing the maximum rates of heat
release. This concept with charge stratification was further investigated on HCCI

using NVO in Study VII [73].
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Figure 5.23: Engine-out Brake Specific NOx |g/kWh|emissions from the prototype
6-cylinder Volvo engine at various loads and speeds.
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5.3.4 Low load region

The valve lift and duration of the low lift camshafts dictates the maximum air
flow through the engine during HCCI operation and this maximum air flow will
influence the maximum limit for HCCI to a certain degree. It will also influence
conditions in the low load (or low mass flow) region. As shown in figure 5.19 there
is a need to increase the residual amount for the lower loads, and depending on
the configuration for the low lift camshafts (lift, duration and phasing capability)
there will be a maximum amount of trapped residuals and thermal heat, hence
a certain load below which HCCI combustion cannot be achieved solely by using
pilot injections and NVO. At this point marked changes in behavior will be seen,
misfires marking the absolute lowest point achievable (which is assumed to be
unacceptable for vehicle application). Before misfires occur, effects on unburned
hydrocarbons will be seen and the reduced load will also reduce the exhaust
gas temperature to a point which does not allow the catalyst to function. So,
the low load limit will also not be a definitive point; the catalyst function is
essential for meeting the legislated emission limits, and thus both the exhaust
gas temperature and levels of unburned hydrocarbons will be important factors.
These trends, which make it challenging to achieve HCCI combustion down to
idle and still achieve a sufficient maximum load have also been reported in [20; 92]
for instance.
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Figure 5.24: Hydrocarbon emissions in ppm (C3 calibrated) from the prototype
6-cylinder Volvo engine at various loads and speeds.
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Generally, it can be stated that low levels of unburned hydrocarbon can be achie-
ved when using HCCI with NVO, as seen in figure 5.24. Where the hot residuals
caused by the NVO ensure a high combustion efficiency [77]. As mentioned ear-
lier, however, the amount of hydrocarbon emissions can be problematic, especially
near the lower load limits (the grey area). The absolute levels of hydrocarbon
emissions are acceptable, or even low, compared to those generated by SI com-
bustion, but the efficiency of the catalyst will determine if they are sufficiently
low. Figure 5.25 shows the exhaust gas temperature, which is correlated with
the mass flow, 7.e. higher mass flows lead to higher temperatures and the mass
flows are lower at lower loads since more trapped residuals are required to achieve
combustion (see figure 5.19). So, for the lower loads the exhaust gas temperature
reaches levels which could reduce catalyst function and thus even if the hydrocar-
bon emissions are low from an absolute perspective they may still be sufficiently
high to set the minimum limit for HCCI.
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Figure 5.25: Exhaust gas temperature in °C during operation of the prototype
6-cylinder Volvo engine at various loads and speeds.

Carbon monoxide emissions may also potentially lead to problems near the lower
limit for HCCI. However, when using NVO to achieve HCCI the levels of carbon
monoxide may be low (see figure 5.26) compared to the levels during SI operation.

As mentioned earlier, the exhaust gas temperature is important for catalyst func-
tion and in figure 5.27 the conversion efficiency for hydrocarbon emissions of a
conventional three-way catalyst originally intended for SI operation during HCCI
operation can be seen. The conversion efficiency is defined as

HCbefore catalyst [ppm] )

— -100 5.2
HC after catalyst [ppm] ( )

Conversion efficiency [%] = (1
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Figure 5.26: Carbon monoxide emissions, in %youme, from the prototype 6-
cylinder Volvo engine at various loads and speeds.

A trend line, y, fitted by least squares regression to the data,

y=1—e* (5.3)

shows that the exhaust gas temperature is important for the conversion efficiency.
Below 300°C the efficiency is significantly lower than unity (and thus the values
achieved for temperatures above 400°C for instance). It should be noted that
the absolute levels achieved after the catalyst are marginally higher than, or
in some cases identical to, the accuracy of the measurement equipment. So, the
conversion efficiency values near unity (98-100 %) could be viewed as more or less
identical, but for this analysis the goal was to determine the effective temperature
range of the catalyst, rather than to precisely determine the conversion efficiency
for the best cases. With this in mind it is believed that the observed trend is
representative.

5.4 Other dilute concepts

This chapter briefly discusses various dilute concepts, to give background infor-
mation on other techniques, beside HCCI, in which dilution is applied.
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Figure 5.27: Conversion efficiency of a three-way catalyst for hydrocarbon emis-
sions from the prototype 6-cylinder Volvo engine at various loads and speeds.

5.4.1 Stoichiometric SI with EGR

Dilution with exhaust gases has been investigated by various authors and applied
in commercially available vehicles for many years. The effects of EGR was stu-
died on both stoichiometric and lean SI operation and it was found that it was
potentially capable of reducing fuel consumption in addition to reducing NOx
emissions [93]. In the investigation of the fundamentals of the piston engine pre-
sented in Chapter 2, the potential ability of EGR to increase thermodynamic
work was identified. The gas constant was found to be influenced by EGR in
a way that is beneficial for the thermodynamic work. However, an assumption
underlying these conclusions was that the combustion per se was unaffected. To
more realistically assess the effects of EGR on SI combustion, results from two dif-
ferent operational settings are presented in figures 5.29 and 5.30. In the presented
results the EGR level is defined as

COs,
P 2inake () (5.4)

EGR [%)] = =5
2

exhaust
where the CO,, , .~ was measured close to the intake valve as shown in the sche-
matic figure of the setup 5.28. The recycled exhausts gases were directed to the
intake plenum to allow ample mixing, and both the EGR-valve and EGR-cooler
were originally intended for use in multi-cylinder diesel engines. The parameters
for the engine parameters are listed in table 5.3.
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Figure 5.28: Schematic layout of the experimental setup used to evaluate the
effects of EGR on SI combustion.

Table 5.3: Parameters of the single-cylinder engine used to evaluate the effects of
EGR on stoichiometric SI combustion.

Parameter Value Unit Name

Bore [mm)| 84  Injector Bosch HDEV 5.1
Stroke [mm|] 90  Ignition coil max70mJ@15.6V
Compression ratio |au] 10.5 EGR cooler D5

Water and oil temperature [°C] 90  Spark plug SIP

Fuel pressure [bar] 105  Fuel RF-02-03
IVO 0mm [CAD BTDC] 25  Pressure sensor  Kistler 6061B
EVC 0mm |[CAD ATDC] 23

As seen in [93], and described in chapter 2, the fuel consumption can be improved
by dilution with EGR, as indicated by the reduction in BSFC when the EGR is
increased (see figure 5.29(a)). The effect on the pumping losses associated with
the increase in plenum pressure can also be seen. The thermodynamic work,
or IMEP, is positively influenced by EGR, and the improvement exceeds the
reduction in pumping work. Thus, the results indicate that parameters in addition
to pumping losses are influenced by dilution; the positive effect of dilution (as
discussed in chapter 2) and the increased mass reduce the peak temperature,
which in turn also reduce heat losses.
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Figure 5.29: Effects of external EGR on stoichiometric SI combustion in terms
of Brake Specific Fuel Consumption (a), Indicated Mean Effective Pressure (b),
intake plenum pressure (c¢) and Pumping Mean Effective Pressure (d).

The laminar flame speed of premixed air and fuel mixtures depends on the flame
temperature [22; 94| which in turn will be affected when the EGR level is chan-
ged [95; 94]. So EGR will reduce the laminar flame speed negatively [96], and thus
reduce the rate of combustion. This will be a negative consequence of EGR since
prolongation of heat addition results in reduced thermodynamic work [11]. The
prolonged combustion duration (defined, for convenience as the period between
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the points, in CAD, where 10 % and 90 % of the mass of the fuel has been conver-
ted) can be seen in figure 5.30(a). The operational case with the initially rapid
combustion (1000 rpm, 6 bar BMEP) was influenced to a greater extent in terms
of prolonged combustion duration than other cases. This led to the combustion
duration becoming sufficiently long to reverse the positive trends of the reduction
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Figure 5.30: The effect of external EGR on stoichiometric SI combustion for
combustion duration (CA10-CA90) (a), standard deviation of Indicated Mean
Effective Pressure (b), hydrocarbon emission (c¢) and nitrogen oxides emissions
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in BSFC and increase in IMEP. For the other operational settings, EGR. levels
> 20 % led to misfires. EGR also leads to combustion instability, as can be seen
in the standard deviations of the thermodynamic work parameter IMEP, which
can be associated with drivability issues when it is related to absolute values of
IMEP [11]. Other aspects of concern include reduced combustion efficiencies, as
indicated by increases in hydrocarbon emissions, and a drastic effect on nitrogen
oxide emissions can also be seen in figure 5.30(d). To summarize the effects of
EGR on stoichiometric SI combustion, it can be stated that the amount of EGR
that can be applied is limited due to its negative effect on the combustion quality
and the strength of the technique is associated with its ability to maintain proper
three-way catalyst function.

5.4.2 Lean SI

As discussed in earlier chapter, dilution can also be achieved using excess air,
i.e. by operating the engine in globally lean conditions. The studies in [97]
investigated the effect of homogenous globally lean SI combustion in comparison
to conventional SI combustion at several low load points, and for some points
found benefits in fuel consumption. The same engine as described in table 5.2
was used by the author to investigate the potential benefits of homogenous lean
SI combustion in comparison to conventional stoichiometric SI combustion.

Interpolated contours of BSFC for the prototype six-cylinder engine can be seen in
figure 5.31, where the black solid line corresponds to the maximum ISO-calibrated
load [98]. The contours show the traditional behavior of an SI engine, displaying
greatest efficiency slightly below the maximum line and at medium engine speeds.
However, it should be noted that the engine is a prototype engine with functio-
nality to operate in several combustion modes (and hence slightly higher friction,
and perhaps slightly lower BSFC than would be observed for a series-production
engine). However, since the focus is on evaluating different combustion modes
in the same engine the comparison is assumed to provide useful indications of
relative performance.

BSFC contours for lean SI operation can be seen in figure 5.32. The engine was
mainly operated at an air equivalence ratio (A) of 1.3, and for higher loads (which
did not allow operation at A 1.3) a ratio of 1.1 was used. The two dashed lines
correspond to the maximum load with A\ of 1.3 and 1.1, ¢.e. for contours below
the lowest dashed line the engine was operated at A 1.3 and for contours between
the dashed lines at A 1.1. It can be seen that the absolute levels are reduced by
lean operation throughout the operating domain beneath the dashed lines. To
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Figure 5.31: Brake Specific Fuel Consumption contours for a six-cylinder ST (re-
ference) engine operated at various loads and speeds.
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Figure 5.32: Brake Specific Fuel Consumption contours for a six cylinder SI engine
operated in lean conditions.

obtain a more representative view of the difference the contours are compared to
one another using the SI cases as references

_ BSFCg,,
BSFCyq

Improvement [%] = (1 )-100 (5.5)

stoichiometric
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Figure 5.33: Lean versus stoichiometric operation improvement contours, as de-
fined in equation 5.5, at various loads and speeds.

As mentioned earlier the lean operation leads to improvements, as indicated in
figure 5.33 where the two modes are compared in terms of BSFC. So the potential
benefits of lean operation on thermodynamic work described in chapter 2 appear
to be plausible.

However, as for EGR, the dilution prolongs the combustion duration and for
low load operation, where SI combustion in stoichiometric conditions already
leads to excessively long combustion durations, the potential of adding excess air
is inevitably reduced. Otherwise, the technique leads to significant improvement
over a great operational area, but the real drawback of the technique is associated
with the emissions (see figure 5.34).

Conventional stoichiometric SI operation leads to a significant amount of engine-
out NOx emissions, but the stoichiometric operation allows a three way catalyst
to work flawlessly and ultra low NOx emissions are possible, but only in stoi-
chiometric conditions, not in lean conditions. The results seen in this study
are consistent with those obtained in [97], in a comparison of lean SI and stoi-
chiometric operation in terms of catalyst function; with lean operation the NOx
conversion efficiency of a three-way catalyst approaches zero. So, to summarize
findings regarding lean SI operation, there is a significant fuel consumption im-
provement potential (which only requires minor modification of the hardware) if
the NOx emissions can be handled.
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Figure 5.34: NOx concentration contours for lean SI operation.
5.4.3 SGDI

In the previous section dilution with excess air was used and the air/fuel mixture
was homogenously distributed. However, the air:fuel ratio (A) will affect the la-
minar flame speed [22], since the flame will propagate more slowly if it propagates
through a lean mixture rather than a stoichiometric one, and at a certain point
flame propagation will not be possible if the flammability limit is reached [22].
Thus, there will be a limit for the amount of excess air that can be used for ope-
rating a lean SI engine, even if the prolonged combustion can be tolerated. One
way of using globally lean mixtures, but not necessarily lean in the region where
the flame propagates, is to use a stratified charge in which the flame propagates
and excess air outside the stratified region. With this approach the global air
equivalence ratio can be higher than the lean flammability limit since the flame
propagates through a mixture that is more suitable for flame propagation and
thus more excess air can be used. The same single-cylinder engine as used for the
stoichiometric EGR study was set up for SGDI operation. The engine parameters
can be seen in table 5.4.

The data presented are all based on results obtained in tests with identical in-
jection duration and engine speed (2000 rpm). The aim was to achieve a load of
2 bar BMEP, but with constant duration the load varied slightly. Some settings
led to increases in efficiency; those settings led to more work and vice versa for
the settings leading to lower efficiency. Only single pulse injections were applied
for simplicity. In figure 5.35 results can be seen in the form of contours obtai-
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Table 5.4: Parameters for the single cylinder SGDI engine.

Parameter Value  Unit/Parameter Name/Value
Bore [mm)] 84 Injector Bosch HDEV 5.1
Stroke [mm] 90 Ignition coil max70mJ@15.6V
Compression ratio [au] 10.5  Fuel RF-02-03
Water and oil temperature [°C| 90 Spark plug NGK

Fuel pressure [bar] 190 Pressure sensor Kistler 6061B
IVO Omm [CAD BTDC] 34 EVC Omm [CAD ATDC] 26
Engine speed [rpm] 2000  Injected mass [g/s] 0.174-0.180
BMEP [bar] 1.4-2.3  Air equivalence ratio [A] 3.840.1

ned in tests with different end of injections (EOI) and spark timings. Since the
charge is prepared late in the cycle, compared to conventional SI combustion,
both spark timing and injection timing will influence many parameters more
strongly than in SI combustion, where the spark-timing has a predominant in-
fluence. From figure 5.35(a) it can be seen that the efficiency or BSFC of the
engine can vary significantly at the tested settings and the system appears to
be sensitive to settings, but the values are competitive compared to those of SI
combustion. Within the tested span the BSFC varies over 100 g/kWh and the
best values can be associated with early timings, in accordance with patterns
reported in [99] and in [100] where experiments with an engine similar to the one
used here were conducted. From the hydrocarbon emissions in figure 5.35(b) it
can be seen that the combustion efficiency is also strongly influenced, however
with the settings presented misfires occurred in varying intensity, depending on
the settings which will naturally influence the hydrocarbon emissions. The NOx
emissions are clearly sensitive to the relationship between EOI and spark timing
for the earlier timings, since the contours are curved. However, NOx emissions
generally correlate with the phasing of both EOI and spark timing; earlier timing
leading to greater amounts of NOx. SGDI operation was found to be prone to
misfire when conditions were excessively lean [101], if swirl was not used, accor-
dingly in this study sensitivity to misfire was also seen and misfire-free operation
was only observed in a restricted domain.
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Figure 5.35: BSFC contours (and reference value for SI combustion) in g/kWh
(a), HC in ppm (C3 calibrated) (b), NOx in ppm (c) and misfires per 1000 cycles
(d) obtained with different End Of Injection, EOI, and spark timings for SGDI
operation at 2000 rpm and around 2 bar BMEP (with fixed injection duration).

In figure 5.36 the results for soot and combustion duration can be seen. Significant
increases in PM concentrations were observed when their test engine was operated
stratified compared to homogenous [102], and the concentrations were also higher
for later injection timings during stratified operation. The same tendencies were
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Figure 5.36: Contours of soot (FSN) (a) and combustion duration (CA10-CA90)
(b) obtained with different EOI and spark timings for SGDI operation at 2000
rpm and around 2 bar BMEP.

also seen here; generally the soot levels were high and the later phasing led to more
soot. However there are regions with less soot, at least in the order of accuracy of
the measurement equipment (AVL415 smoke meter), but those regions are small
and soot emissions appear to be a cause of concern for SGDI engines. For the
combustion duration, defined as CA10 to CA90, some correlation can be seen
with shorter combustion duration and the BSFC. Earlier phasing is correlated
with a shorter combustion duration, which is essential for efficiency.

In order to determine general trends for the measured parameters, lines were fitted
to the data (see figure 5.37). As mentioned earlier, the BSFC was connected
to the phasing and, accordingly, the BSFC trend line was correlated with the
phasing, although some measurement points deviated strongly from the least
square regression lines represented by

y=axr+b (5.6)

which are plotted in figure 5.37(a), 5.37(c) and 5.37(d). This pattern differs from
that of conventional SI combustion, in which a CA50 timing slightly after TDC
leads to the most work.
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Figure 5.37: Correlations for SGDI operation at 2000 rpm and around 2 bar
BMEP between combustion phasing (CA50) and BSFC (a), soot (FSN) and NOx
(b), NOx and BSFC (c¢) and CA50 and NOx (d).

The trend line for figure 5.37(b) is the least square fitted line of

y = ax’ (5.7)

and the inverse correlation between soot and NOx seen is normally associated
with Diesel engines [11], and usually called the "Diesel dilemma". Obviously, the
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goal is to achieve both low NOx and low PM emissions, but the two parameters are
connected with each other in this unfortunate fashion. The reason for this trend
is assumed to be the same as in Diesel engines, where cases with high combustion
temperatures lead to the formation of large amounts of NOx, but high rates of
oxidation of soot, and vice versa for cases with low combustion temperatures.
The relationships between BSFC and NOx, and between CA50 and NOy, shown
in figure 5.37(c) and 5.37(d), respectively, support the hypothesis that similar
reasons underlie the relationship between soot and NOx to those that apply in
Diesel engines. The highest efficiencies were achieved at earlier phasing, which in
turn increases the combustion temperature and thus the NOx emissions.
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Figure 5.38: Examples of normalized accumulated heat release curves for both
conventional SI combustion and SGDI combustion at 2000 rpm and 2 bar BMEP,
each normalized with respect to its maximum value.

[lustrative heat release traces for SI and SGDI combustion can be seen in fi-
gure 5.38. Beside the obvious feature that the whole SGDI combustion is more
advanced than the SI combustion, slight evaporation can be seen initially in the
SGDI trace, followed by rapid heat generation which in the end decays slowly.
This is in accordance with results presented in [103; 100]. It is not desirable to
have combustion phased in this manner, and there might be further potential for
reducing fuel consumption and NOx emissions using the technique if the opti-
mum phasing could be retarded. To obtain a rough estimate of the amount of
thermodynamic work that is lost due to this unfavorable combustion phasing, the
mathematical model used in earlier chapter was applied to replicate a measured
case and then to explore the effects of varying the combustion phasing.
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Figure 5.39: Measured and calculated pressure traces for SGDI combustion at
2 bar BMEP and 2000 rpm, plotted against CAD (a) and logarithmic pressure
versus the logarithmic volume (b).

From figure 5.39 it can be seen that the mathematical model can be used to re-
plicate the measured pressure trace with only minor discrepancies, and table 5.5
shows that it provides similar to observed values of thermodynamic work. Ho-
wever, the pressure oscillations caused by the relatively large valve overlap are
not captured by the simple representation of the gas exchange phase and thus
the pump losses are slightly under-predicted, by ca. 0.06 bar in absolute terms.
It was found that the behavior during expansion was not constantly polytropic
throughout the whole expansion, the initial part showed an expansion with a hi-
gher polytropic constant than the later part. Thus, two constants were used for
the expansion; starting with a value of 1.28 and ending with a value of 1.26.

In the measurements it was found that when the combustion was phased later
than the optimum point (which was at very early phasing) the quality of the com-
bustion was reduced leading to reduced efficiencies. However, according to the
mathematical model identical rates and quality of combustion to that achieved at
the optimum point (as illustrated in figure 5.39 and table 5.5) can be potentially
obtained at any phasing. This indicates the amount of thermodynamic work that
is lost due to the early phasing and the potential scope for further improvement of
SGDI. In figure 5.40 the calculated results can be seen when the combustion pha-
sing is changed (while all other parameters are held constant). The case with a
CA50 phasing at -5 CAD (which replicates the measured case) shows the highest
pressure, and all other cases show lower maximum values, which would probably
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Table 5.5: Values used to replicate parameters measured for an SGDI combustion
case by the model described in Chapter 2.

Parameter Value - measured Value - calculated
IMEP [bar] 2.813 2.806
PMEP [bar] 0.09 0.03
CA50 [CAD| -5.1 -5.0
Intake pressure |bar| 0.991 0.991
Exhaust pressure [bar] 1.014 1.014
EVO [CAD ATDC] 136 136
EVC [CAD ATDC] 26 26

IVO [CAD BTDC(]| 34 34

IVC [CAD ATDC]| 216 216

n during compression - 1.32

n during expansion - 1.28 and 1.26

lead to reduced NOx emissions if the modeled phenomena were observed in a real
engine. In figure 5.40(c) the pressure near TDC is presented and the effect of
varying the combustion phasing on the thermodynamic work (the area enclosed
by the pressure trace) can be seen. Around 1% more thermodynamic work could
be obtained if total control of combustion phasing was possible, as indicated by
figure 5.40(d). The consequence of this unfavorable combustion phasing on the
thermodynamic work is thus weaker than may be intuitively expected, probably
because the main part of the combustion occurs during a relatively short period.
However, the consequence for NOx emissions can only be speculated since emis-
sions are not included in the model. To summarize findings regarding SGDI, it
has significant potential to reduce fuel consumption, compared to SI combustion
and the challenging aspects are soot, NOx and misfire, all of which are likely to
compromise some of the fuel consumption benefit.
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Figure 5.40: Calculated pressure traces for SGDI combustion using settings from
table 5.5 but with different CA50 timings (-5 to 10 CAD), plotted against vo-
lume (a), logarithmic pressure versus logarithmic volume (b) logarithmic pressure
versus logarithmic volume at volumes near the combustion (¢) and the resulting
thermodynamic work for each modeled phasing.
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5.4.4 Discussion - dilute concepts

The different dilute concepts all show the possibility of increasing the efficiency
of an engine. Lean or stoichiometric operation with EGR in an SI engine leads to
improvements for basically the whole operational range of the engine, compared
to HCCI and SGDI operation which leads to improvements over a limited area.
But the effect over the limited area is on the other hand significantly higher. The
conversion efficiency for NOx emissions of a three-way catalyst at stoichiometric
operation is far closer to unity than lean NOyx after-treatment systems. This
means that if dilution with excess air is used then the amount of engine-out
NOx must be much lower than the levels of conventional SI combustion even if a
lean NOx after-treatment system is used. So from this point HCCI combustion
appears competitive due to the low NOx emissions and SI combustion with EGR.
due to proper three-way catalyst function for NOyx. For HCCI using NVO the
exhaust gas temperature are in the regions that allow proper catalyst function
for HC and CO conversion, which also is the case for the lean or stoichiometric
operation with EGR in SI combustion. For SGDI combustion it can be assumed
that some of the improvement seen will have to compromised to reduce the NOx
levels and increase exhaust gas temperature. To summarize, HCCI combustion is
a competitive dilute concept in many senses if the combustion can be controlled.

5.5 Losses

All engines have an efficiency far lower than unity due to various kinds of losses;
this section compares losses in HCCI combustion and SI combustion. As pre-
viously shown, HCCI combustion shows higher efficiency than SI combustion,
and here the results for the two types of combustion at one operational setting
are broken down to estimate and compare their losses. After this the thermody-
namic model presented in Chapter 2 is used to further evaluate the differences
between the two cases. Values for the key parameters of SI and HCCI combustion
can be seen in table 5.6. As expected, HCCI combustion shows a lower BSFC
value (22 %) than SI combustion, and thus provides the same mechanical work
per unit fuel injected. What is not expected is that less thermodynamic work
is needed for HCCI to achieve the same mechanical work, the HCCI combustion
shows a lower indicated friction (FMEP defined as IMEP - BMEP) so the SI
combustion requires a 5 % higher IMEP to achieve the same BMEP. The high
intake air pressure required for HCCI leads to a significant reduction in pum-
ping work (PMEP). Two benefits of keeping the general in-cylinder temperature
high (as with NVO) are its positive effects on hydrocarbon emissions and car-
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bon monoxide, otherwise HCCI combustion is associated with low combustion
efficiencies, but for this case with NVO the combustion efficiency is high, with
especially low values for CO emissions.

Table 5.6: Results of the comparison of energy losses in SI and HCCI combustion
at 2 bar BMEP 2000 rpm.

Parameter ST HCCI
Engine speed 2000 rpm 2000 rpm
Torque 51 Nm 51 Nm
BMEP 2 bar 2 bar
BSFC 402 g/kWh 320 g/kWh
IMEP 2.78 bar 2.65 bar
Std IMEP 0.044 bar 0.042 bar
PMEP 0.539 bar 0.187 bar
FMEP 0.789 bar 0.644 bar
Injected fuel 52.6 kJ /s 41.8 kJ /s
Intake pressure 43.5 kPa 97.54 kPa
Intake temperature 309 K 303 K
Exhaust gas temperature 918 K 667 K
HC 641 ppm (C3) 554 ppm (C3)
CO 0.89 %volume  0.056 %volume
Air flow 0.0162 kg/s 0.0167 kg/s
Estimated internal EGR <5% 35%

If the different losses are related to the energy of the fuel supplied then they can
be compared in proportion to one another. In figure 5.41 pie-charts for losses
in ST and HCCI combustion are shown. A complete circle represents the energy
of the fuel supplied for the SI combustion (the circle for HCCI is not complete
since less fuel is injected due to the higher efficiency for this case). The losses
in this representation are divided into the following classes: work (which is, of
course, the intended output of the engine), FMEP, BMEP, PMEP, exhaust, fuel
and other. FMEP, the indicated friction, is defined as the difference between
the thermodynamic work and BMEP, and thus represents how efficiently the
thermodynamic work is converted into mechanical work. PMEP is the work
needed to pump the gas. The exhaust losses are simply defined as the difference
in heat of the gas entering and leaving the engine. There is also chemical energy
associated with the exhaust emissions, where hydrocarbon and carbon monoxide
leaving with the exhaust gases represent losses, these are simply represented as
fuel losses. Finally, other losses that could not be further classified for this study
are pooled as "other losses", including heat losses from the engine either via heat
losses through the cylinder walls or head, and friction leading to heat within the
engine (some additional exhaust losses will also be found here since the exhaust
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gases will be cooled in the exhaust port). When the losses for the two types of
combustion are compared it can be seen that all the losses are smaller for HCCI
combustion than for SI combustion, i7.e. HCCI combustion is more efficient for
multiple reasons. The increased intake air pressure reduces the pumping losses,
the reduced exhaust gas temperature combined with similar mass flow (due to
the NVO for HCCI) leads to reduced heat losses in the exhaust gases, the low
engine-out emission levels lead to low losses in the form of unburnt fuel and the
other heat losses are smaller.

Work - BMEP Work - BMEP

Other
FMEP FMEP
PMEP
PMEP
Exhaust Other
Exhaust Fuel Fuel

Figure 5.41: Proportional contributions of various kinds of losses of energy in SI
(left) and HCCT (right) combustion.

5.5.1 Evaluation

From table 5.6 it can be seen that the thermodynamic work (IMEP) obtained
from the two types of combustion only differs marginally in comparison to the
difference in energy of the supplied fuel. Thus, a certain amount of fuel leads to a
higher amount of thermodynamic work for the HCCI case. This can also be seen
in figure 5.41 since the BMEP and FMEP areas are almost identical for HCCI
and SI combustion, although ca. 25% less fuel was combusted for the HCCI case.
This difference will be further investigated here using the thermodynamic model
described in Chapter 2.

Pressure traces for the compression and expansion strokes observed in operation
with SI and HCCI combustion can be seen in figure 5.42. Both the measured
pressure traces for SI and HCCI could be replicated with only minor discrepan-
cies using the simplified thermodynamic model. Here only the compression and
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Figure 5.42: Averaged pressure traces (dashed lines) from 300 cycles from six
cylinders and calculated (solid lines) pressure traces for SI (a) and HCCI (b)
combustion.

expansion are evaluated and the thermodynamic work achieved in this period is
called IMEPg,os. In table 5.7 the input parameters used that led to a representa-
tion of the pressure traces with only minor deviations from measured values, and
associated results can be seen. When IMEP,, . is calculated the greater pum-
ping losses for SI combustion (as seen in table 5.6 and figure 5.41) are apparent,
and due to the greater pumping loss a greater amount of thermodynamic work
is required during the compression and expansion. However, the difference in
IMEP,,05s is around 14% and the difference in added fuel is around 25% between
ST and HCCT combustion, thus the lower pumping losses can only partly explain
the difference in thermodynamic work, and there must be additional contributors
to the greater thermodynamic work.

Table 5.7: Calculated results and input parameters for the thermodynamic com-
parison of SI and HCCI combustion.

Parameter ST HCCI
IMEP gross 3.29 bar 2.88 bar
Added fuel 526 J 418 J
Estimated in cylinder mass 0.173 g  0.268 g
Intake air pressure 45 kPa 97 kPa
Combustion duration 40 CAD 10 CAD

To evaluate how the different parameters influence the thermodynamic work,
the HCCI case as in figure 5.42(b), which was tuned to a real case, was used
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but with different parameters for combustion duration, the gas constant and
in-cylinder mass with associated intake air pressure. The calculated pressure
traces and associated IMEP, values obtained with the different parameters
can be seen in figure 5.43. The solid line with the highest IMEP. . value was
obtained using the same parameters as in figure 5.42(b) and represents pure
HCCI combustion, which is here called the base case (A). SI combustion showed
a longer combustion duration and the dotted black line represents the base SI
scenario, but with a combustion duration of 40 CAD instead of 10 CAD the longer
combustion duration has adverse effects on thermodynamic work (compare A and
B in figure 5.43(b)).

— A Base . . . .
+++ B Duration X . . .

-~ + C Gas Ctonstant . 3 Dol
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- | : : B :
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Figure 5.43: Calculated pressure traces and IMEPgross values for HCCI combus-
tion with variations of the indicated parameters.

In equation 2.18 the influence of the gas constant of the pumped medium on
the thermodynamic work is highlighted, and since trapped residuals are used in
the HCCI case the gas constant differs slightly compared to the SI case. This
effect is indicated by the dashed line, which was obtained when the duration
was prolonged and the gas constant was changed. There is only a marginal
difference in gas constants between the two cases, but it leads to an additional
slight decrease in thermodynamic work (see case C in figure 5.43(b)). As can
be seen in equation 2.16, and mentioned in earlier chapter, the pressure at the
start of compression will influence the thermodynamic work, but if the mass
is proportional to the pressure then the pressure will have no influence in this
context. For the case with NVO the trapped hot residuals combined with the
valve timings leads to high pressure prior to compression, but the in-cylinder
mass is not directly proportional to the pressure, which may be advantageous
from a thermodynamic perspective. To evaluate how much less thermodynamic
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work is achieved due to the greatly (less than half) reduced pressure (in addition
to the effect on pumping work) and slightly (around 35% less) reduced in-cylinder
mass in SI combustion, this lower pressure and mass is used (in addition to
the long combustion duration and changed gas constant) in the thermodynamic
model. The effects are indicated by the solid line with the lowest peak pressure
in figure 5.43(a), and the associated thermodynamic work in figure 5.43(b) for
case D. It should be noted that this simplified model does not take into account
any changes in heat losses between the cases, and there will most likely be a
great difference in heat loss between them and the base case, which was tuned
to experimental data. This will lead to a less steep reduction than the drastic
decline in thermodynamic work shown in figure 5.43(b) for real measurements. It
should also be noted that the intention for this section is not to exactly describe
all losses with perfect precision, but merely to highlight other factors, beside
the pump losses, that contribute to the significantly increased thermodynamic
efficiency of the HCCI mode.

5.5.2 Discussion - losses

The greater efficiency of HCCI using NVO is not due to merely reduced pump
losses, which play a considerable role, but most types of other losses are also
reduced. For instance, the reduced exhaust gas temperature leads to reduced heat
losses in the exhaust gases. Furthermore, a greater amount of thermodynamic
work is obtained from HCCI combustion for a given amount of fuel compared to
SI combustion. This is partly due to the higher pump losses for SI combustion
and partly to the reduced combustion duration. However, the trapped residuals
have multiple effects since they influence the gas constant of the pumped medium
besides allowing the pressure prior to combustion to be high relative to the in-
cylinder mass, which has a positive effect on the thermodynamic work.
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Chapter 6

Conclusions

There is an urgent need to reduce the CO, emissions of passenger cars to meet
future emission requirements, especially for vehicles with SI engines. This can
be done by using HCCI combustion for part load operation, since HCCI combus-
tion has higher efficiency than SI combustion and the standardized drive cycles
utilize mainly part load operation. HCCI can be achieved in SI engines by trap-
ping residuals (NVO), however when using this method there is a low load and
speed threshold, below which HCCI combustion is not possible. The proposed
concept of combining initial flame propagation through a stratified charge with
subsequent HCCI combustion, aims to provide control over HCCI combustion in
such a manner that HCCI combustion can occur in this region.

The fundamentals of the concept have been optically verified by local air equi-
valence ratio measurements combined with chemiluminescence and conventional
pressure measurements, .e. the results show that it is possible to combine initial
flame propagation through a stratified charge with subsequent HCCI combustion.
When this control method was used it was found that the minimum load pos-
sible for HCCI could be reduced, while maintaining efficiency and similar NOx
emissions to those of conventional HCCI combustion.

Charge stratification was found to be important in many respects, it not only
supplied a richer region in the vicinity of the sparkplug (which was required for
the initial flame propagation), but also induced air motions and generated regions
that were more prone to HCCI combustion. Charge stratification without any
flame propagation was also found to beneficially influence parameters that restrict
HCCI operation at its upper load limit.

117
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Existing control methods for HCCI using NVO by pilot injection have been eva-
luated. Heat-generating reactions during the NVO caused by the pilot injection
have been detected and mapped experimentally by both conventional and optical
measurements. It was found that the effects of pilot injections on these reactions
are a key factor in the overall effects of pilot injections (and hence the potential
to control HCCI combustion using them).

The control methods developed will contribute to reducing the CO45 emissions of
a vehicle, since extending the operational range of HCCI will allow more time to
be spent in more efficient combustion modes during drive cycle operation.



Chapter 7

Summary of papers

Paper 1

Spark Assisted HCCI Combustion Using a Stratified Hydro-
gen Charge

by Andreas William Berntsson and Ingemar Denbratt

This paper describes initial experiments exploring the concept of initial flame pro-
pagation through a stratified charge combined with subsequent HCCI combustion.
The objective was to investigate this hybrid concept, based on a combination of
HCCI combustion of n-heptane and SI combustion of hydrogen. The basic idea
was to initiate HCCI combustion with a spark-ignited stratified lean hydrogen
mixture.

Photographs of OH chemiluminescence from the combustion were taken with
the intention to verify that the combustion sequence consisted of flame front
combustion followed by HCCI combustion, in the same cycle. Chemiluminescence
images showed an expanding flame front initiated by the spark plug prior to
the HCCI combustion. The hybrid combustion concept gave greater scope for
controlling the combustion than the pure HCCI concept.

In this initial study it was assumed that low NOx levels would only be possible

if hydrogen was used for the stratified charge, since the wide flammability limits
of hydrogen would allow a flame to propagate despite very lean conditions and

119



120 CHAPTER 7. SUMMARY OF PAPERS

this could be used to keep the flame temperature low.

The paper was presented by the author at ICE2005, the 7th International Confe-
rence on Engines for Automobile in Capri, Italy, September 11-16, 2005. The
author was the main author and carried out the experiments, analyzed and post-
processed the data, wrote the post-processing scripts and wrote the paper.

Paper 11

HCCI Combustion Using a Spark Ignited Stratified Charge

by Andreas William Berntsson and Ingemar Denbratt

This paper describes the second (published) step in experimental investigations
of the concept of initial flame propagation through a stratified charge combined
with subsequent HCCI combustion. In these studies both hydrogen and the main
fuel were used for the stratified charge.

The combination of SI and HCCI combustion in the same cycle was investigated
in a metallic engine rather than the optical engine used in the initial tests. Both
hydrogen and a mixture of iso-octane and n-heptane were used as fuels for the
stratification charge. The hybrid combustion concept was found to give better
control of combustion timing and the CA50 could be controlled by varying the
injection timing and stratification amount.

The studies indicated that there was potential scope to achieve low NOx opera-
tion, even when the same fuel was used for the stratified and the main charge.
This would naturally place less demands on the fueling system, thus the focus in
the project was shifted towards using the same fuel for the stratified charge and
the main charge in further investigations of the concept.

The paper was presented by the author at the 2006 JSAE Annual Congress, Yoko-
hama, Japan, May 24-26, 2006. The author was the main author and carried out
the experiments, analyzed and post-processed the data, wrote the post-processing
scripts and wrote the paper.

During the experimental period (2005), the author noted some other interesting
phenomena in addition to the combination of SI and HCCI. In some cases the
charge stratification itself appeared to affect the combustion, even without spark-
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assistance. At the time of the experiments the author was not aware of the work
in a similar field [38]. Although the intention during the experimental period was
to investigate the combination of SI and HCCI combustion, this "new" way of
combustion control warranted further attention. Experiments were conducted in
parallel with the main experiments and the data acquired were analyzed after
the data related to the initial idea were analyzed, then presented in the following

paper.

Paper III

HCCI Combustion Using Charge Stratification for Combus-
tion Control

by Andreas William Berntsson and Ingemar Denbratt

This work documented the trends seen in addition to those related to the main
foci in the previous measurements, regarding the effects of charge stratification
per se on combustion phasing, the rate of heat release and emissions during HCCI
combustion. Experiments were carried out in both optical and traditional single-
cylinder engines and PRF50 was used as both stratification and main fuel.

It was found that a stratified charge alone can influence the combustion. In-
creasing the stratification amount or late injection timing of the stratified charge
leads to an advanced CA50 timing. The optical results, obtained using a high
speed CCD camera, showed that an increase in stratification leads to prolonged
combustion and the maximum rate of heat release depends on the stratification
amount - a larger amount gives a lower rate of heat release but the main heat re-
lease is advanced. Varying the injection timing results in variations in the phasing
of the main heat releases.

The initial idea focuses on achieving control of HCCI combustion especially for the
low load region. However, this approach also displays features that are suitable
for the high load region, since too high rates of combustion are problematic at this
boundary. So, the concept described in this paper could potentially be used to
increase the HCCI operational range towards higher loads. This method was only
briefly further investigated in this project, but was more thoroughly addressed in
another project.
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The paper was presented by the author at the SAE World Congress in Detroit,
USA, April 16-19, 2007. The author was the main author and carried out the
experiments, analyzed and post-processed the data, wrote the post-processing
scripts and wrote the paper.

Paper 1V

Optical study of HCCI Combustion using NVO and an SI
Stratified Charge

by Andreas William Berntsson and Ingemar Denbratt

This was the first article describing experiments in which the author used LASER-
based measurement techniques to investigate the combustion processes. The focus
was again on combining SI combustion of a stratified charge and HCCI combus-
tion. For these measurements the author collaborated with Lucien Koopmans at
Volvo Cars, and the experiments were carried out on Volvo engine geometry using
low lift short duration camshafts, to gain knowledge regarding HCCI combustion
in SI engine-relevant geometry. The effects of using the proposed idea on HCCI
combustion were investigated in engine experiments to identify ways to extend
the operational range of HCCI combustion to lower loads.

For these experiments a piezo electric outward-opening injector was used and
the engine was operated with negative valve overlap (NVO) to initiate HCCI
combustion by increasing the exhaust gas recirculation (EGR) and thus retaining
sufficient thermal energy to reach auto-ignition temperatures.

The paper describes two series of experiments with full factorial designs, to inves-
tigate how the tested parameters (amounts of fuel injected in pilot injections and
main injections, stratification injection timing and spark-assistance) influenced
the combustion (which is especially important since the proposed idea increases
the number of influential variables).

In the optical study laser-induced fluorescence (LIF), from 3-pentanone was mea-
sured, to analyze the concentration and distribution of fuel vapor within the
cylinder and to establish the concentrations in absolute terms for stratified cases
by calibration with homogenous cases. In addition, formaldehyde was measured
by using LIF to locate the low temperature reactions. Due to the simplicity of
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addition, the chemiluminescence signals from OH radicals were also measured to
locate the flame front and reaction zone.

The injection and ignition timing of the SI stratified charge were found to be
the main parameters influencing the HCCI combustion phasing, and the NOx
emissions were found to be significantly affected by the use of a SI stratified
charge, and its injection timing. When combining SI combustion of a stratified
charge with HCCI combustion the operational range of HCCI combustion could
be increased to lower loads, with very low NOx emissions. The basic idea that a
stratified charge should be present and that the flame should propagate through
it was optically verified.

The paper was presented by the author at ICE2007, the 8th International Confe-
rence on Engines for Automobile in Capri, Italy, September 16-20, 2007. The
author was the main author and carried out the experiments, set up the equip-
ment, analyzed and post-processed the data, wrote the post-processing scripts
and wrote the paper.

Since it was a simple addition all measurements techniques were used throughout
whole revolutions, even during the NVO. The reactions occurring during the NVO
were naturally interesting and the main hypothesis was that the pilot injection
during the NVO mainly led to radical formation and, presumably, not to any high
temperature reactions. However, the chemiluminescence of OH was measured
during the NVO anyway since the author wished to see if any high temperature
reactions did occur, and this could be done with only a limited amount of work
for the setup. During the NVO implicit indications of high temperature reactions
(signs of chemiluminescence of OH) were observed. This triggered some further
investigation of the reactions occurring during the NVO.

Paper V

LIF for OH imaging in the Negative Valve Overlap of a
HCCI Combustion Engine

by Andreas William Berntsson, Mats Andersson, Daniel Dahl and Ingemar Den-
bratt

This paper presented continuations of the previous work by the author indicating
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that high temperature reactions occur during the NVO. However, these previous
indications of high temperature reactions were based on chemiluminescence mea-
surements, which compared to LIF measurements require long exposure times
and can be misleading since other reactions with similar emission spectra may
contribute to the signals. To limit this effect and more rigorously examine the
reactions LIF of OH was measured. Since OH radicals are associated with high
temperature reactions, OH radicals detected during the negative valve overlap
strongly indicated that high temperature reactions did occur in the highly dilu-
ted environment of the trapped exhaust gases during the NVO. Reactions were
identified from 20 CAD prior to TDC (during the NVO) to around 60 CAD after
TDC, with an intensity peak at about TDC.

The experiments were executed under the assumption that the threshold for de-
tection by the pressure transducer would be too high to register the reactions
occurring during the NVO, however indications of reactions could be noted by
pressure trace analysis and heat-generating reactions were observed during 40
CAD by pressure trace analysis.

The paper was presented by the author at INSA SIA The Spark Ignition Engine
of the Future Conference - Technologies to meet the CO5 challenge in Strasbourg,
France, November 28-29, 2007. The author and Mats Andersson carried out the
optical engine experiments and arranged the optical setup. The author was the
main author and was responsible for setting up the optical engine. Daniel Dahl
carried out the multi-cylinder experiments. The analysis and post-processing of
all the data and writing the post-processing scripts was the author’s responsibility.
Mats Andersson was responsible for choosing the excitation wavelength and the
simulation in LIFBASE. The paper was written by the author, apart from the
section describing the experimental setup for OH, which was written by Mats
Andersson.

The indications of heat-generating reactions observed in both optical experiments
and conventional pressure trace analysis prompted the authors to further inves-
tigate this phenomenon, and acquired results were presented in the following

paper.
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Paper VI

A LIF-study of OH in the Negative Valve Overlap of a Spark-
assisted HCCI Combustion Engine

by Andreas William Berntsson, Mats Andersson, Daniel Dahl and Ingemar Den-
bratt

In this study, the reactions during the NVO were further investigated. One of the
crucial parameters to control in HCCI combustion is the combustion phasing, and
one way of doing this is to vary the ratio of fuel injected in pilot and main injec-
tions. However, the fundamental reason for this was not completely understood
so this study was intended to increase our understanding of the mechanism whe-
reby this ratio affects combustion phasing (and hence provides opportunities to
control it), by studying the reactions that occur in the highly diluted environment
during the NVO when the load and pilot to main injection ratio is varied.

As in the previous study (Paper V), PLIF from OH radicals was analyzed in
a series of experiments with an optical single-cylinder engine and a series of
experiments was also performed using a multi-cylinder engine with varied NVO
timings, to verify that similar effects occurred in a multi-cylinder engine using
gasoline and in the optical engine using PRF. Data acquired from corresponding
optical analysis showed the occurrence of OH radicals (and thus high temperature
reactions) during the NVO in all tested operating conditions. The results also
indicated that the extent of the high temperature reactions was influenced by
both varied parameters (total fuel amount and the pilot to main injection ratio),
since decreasing the relative amount of the pilot injection and/or increasing the
total amount of fuel led to larger amounts of OH radicals. The contribution of
heat generated during the NVO caused by the pilot injection led to increases
in the temperature during the compression, and the changes in phasing caused
by varying the pilot to main injection ratio were mainly due to the resulting
temperature changes during the compression.

The paper was presented by the author at the SAE World Congress in Detroit,
USA, April 14-17, 2008. The author and Mats Andersson carried out the optical
engine experiments and arranged the optical setup. The author was the main
author and was responsible for setting up the optical engine. Daniel Dahl car-
ried out the multi-cylinder experiments. The analysis and post-processing of all
the data and writing the post-processing scripts was the author’s responsibility.
Mats Andersson was responsible for choosing the excitation wavelength and the
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simulation in LIFBASE. The paper was written by the author, apart from the
section describing the experimental setup for OH, which was written by Mats
Andersson.

Paper VII

Reducing Pressure Fluctuations at High Loads by Means of
Charge Stratification in HCCI Combustion with Negative
Valve Overlap

by Daniel Dahl, Mats Andersson, Andreas William Berntsson, Ingemar Denbratt
and Lucien Koopmans

This paper further investigates the technique that was explored by the author in
Paper III in another project. The technique described in Paper III has features
that are suitable for high load while the focus of the author’s project was on low
load. Thus, this technique was further investigated in another project.

One constraint at high loads is that the combustion becomes too rapid, leading
to excessive pressure-rise rates and large pressure fluctuations (ringing), causing
noise. SCCI (Stratified Charge Compression Ignition) was used to address these
issues. The approach was evaluated in tests with a single-cylinder metal research
engine and a single-cylinder optical engine. The latter was used to characterize the
combustion in laser-based analyses including LIF determinations of fuel tracer,
OH and CH,O (formaldehyde) distributions. A high speed camera was also used
for direct imaging of chemiluminescence.

The effects of two main parameters were studied: the proportion of fuel injected
late to create a stratified charge and the timing of the late injection. In addition,
two fuels were used: a certification gasoline fuel and a blend of n-heptane, iso-
octane and 3-pentanone. Both fuels were used in the metal engine for comparison.
Use of a stratified charge allowed the maximum pressure-rise rates and ringing
intensity to be reduced at the expense of increases in NOx and CO emissions,
regardless of fuel type. Optical results indicated that both the fuel distribution
and combustion were not homogenous.

The author was a co-author of this paper which was presented by Daniel Dahl
at the SAE 2009 International Powertrains, Fuels and Lubricants Meeting in
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Florence, Italy, June 15-17, 2009. The author and Mats Andersson arranged the
optical setup, which was set up for the measurements reported in Paper VIII
and the same setup with small modifications performed by Mats Andersson and
Daniel Dahl was used for the experiments described in this paper. The author
was also responsible for setting up the optical engine and contributed by writing
post-processing scripts.

Paper VIII

Simultaneous LIF of OH, HCHO, PIV and High Speed Video
Imaging combined with Fuel Tracer LIF Measurements in a
HCCI engine using Charge Stratification and Spark-assist

by Andreas William Berntsson, Mats Andersson and Ingemar Denbratt

The experimental period for this paper was intended to be the author’s last
measurement, campaign in this project and the intention was to extend knowledge
from previous studies regarding the combination of SI combustion through a
stratified charge and subsequent HCCI combustion. The experimental setup and
procedure designed to do this were established over an extended period by the
author and Mats Andersson, and the measurements reported in this paper were
actually carried out prior to those presented in Paper VII, but published later.
The author came to the conclusion that if some parameters could be measured
simultaneously at a certain time in one cycle and complemented by high speed
video images prior to and after that time then this would be of great interest and
provide knowledge that was complementary to information obtained in previous
studies.

So, the concept of combining charge stratification and spark-assistance with HCCI
to achieve a lower minimum load was again the focus, especially in this study the
phenomena occurring near TDC. Several optical techniques were applied simul-
taneously in experiments with an optical engine, including LIF of OH, HCHO,
PIV and High Speed Video imaging, combined with LIF measurements of the
fuel tracer 3-pentanone together with conventional cylinder pressure and emis-
sion measurements. This procedure was applied to limit any misleading trends
caused by averaging measurements acquired in different periods. Since flame
propagation is highly stochastic and HCCI combustion is highly sensitive, this
procedure provided greater knowledge.
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The same conclusion could yet again be drawn, that the minimum low load limit
could be reduced by using the proposed concept. It was found that the charge
stratification, in addition to enriching the region near the sparkplug, induced air
motions that enhanced the initial flame propagation and supplied a region with
conditions more suitable for HCCI combustion, thus promoting the transition
from flame propagation to HCCI. Hence, the proposed concept influences the
conditions in more ways than merely providing a different thermal environment
caused by the flame propagation.

The author was the main author for this paper which have been submitted for
publication. The author and Mats Andersson carried out the optical engine ex-
periments and arranged the optical setup. The author was responsible for setting
up the optical engine. The analysis and post-processing of all the data and wri-
ting the post-processing scripts was the author’s responsibility. Mats Andersson
was responsible for choosing the excitation wavelength and the simulation in LIF-
BASE. The paper was written by the author, apart from the section describing
the experimental setup for OH, which was written by Mats Andersson.
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ABSTRACT

Future requirements for emission reduction from
combustion engines in ground vehicles might be met by
using the HCCI combustion concept. In this concept a
more or less homogenous air fuel mixture is compressed
to auto ignition. This gives good fuel consumption
compared to a normal Sl engine and its ability to burn
lean mixtures at low temperatures has a positive impact
on exhaust emissions. However, there are challenges
associated with this concept, for instance its limited
operating range and combustion control.

The objective of this work is to investigate a hybrid
concept, based on a combination of HCCI combustion of
n-heptane and S| combustion of hydrogen. The basic
idea is to initiate HCCI combustion with a spark ignited
stratified lean hydrogen mixture. To verify that the
combustion sequence consists of flame front combustion
followed by HCCI combustion, photographs of OH
chemiluminescence from the combustion were taken.
This was made in a single cylinder engine with optical
access through a quartz window in the piston. The
performance of the hybrid combustion was compared to
that of pure HCCI combustion.

Chemiluminescence images show an expanding flame
front initiated by the spark plug. It is shown that the
flame front propagation through the hydrogen charge
can be used to expand the operating range of HCCI
combustion, especially towards lower loads. The hybrid
combustion concept gives greater scope for controlling
the combustion than the pure HCCI concept. By varying
the amount of hydrogen the crank angle when 50% of
the energy is burned, CA50, can be phased further away
from TDC.

INTRODUCTION

The ever increasing demands to reduce emissions and
fuel consumption reduction are prompting the
development of more advanced combustion concepts.
One promising concept is homogeneous charge
compression ignition (HCCI). In an HCCI engine the
combustion is chemically controlled [1], and it releases

Charge

Andreas Berntsson and Ingemar Denbratt
Chalmers University of Technology

heat more rapidly than flame front combustion. In the
ideal cycle for an Sl engine the combustion occurs at
constant volume and this cycle is the most efficient of
the ideal cycles [2]. The rapid heat release of the HCCI
combustion occurs at almost constant volume, which
partly explains its low fuel consumption. Another
advantage is its ability to burn lean mixtures, thereby
reducing pump losses. At part load it can be operated
unthrottled, resulting in greatly improved efficiency
compared to S| combustion [3]. HCCI combustion gives
low NOx and PM emissions [4] as a result of the lean
mixture. The lean unthrottled operation gives higher
mass, compared to throttled operation, and thus a lower
cycle averaged temperature resulting in lower heat
losses. A consequence of the combustion occuring in
many places simultaneously is that -cycle-to-cycle
variations are small [5].

There are challenges associated with the HCCI concept
which have to be overcome before it is commercialised.
The control of ignition timing [6], the limited operating
range [4] and limiting the rate of heat release [7] are
such challenges. Cylinder-to-cylinder variation can be a
problem in HCCI engines [4], since the temperature can
vary between the different cylinders.

In this work a hybrid combustion concept was studied,
combining HCCI combustion of n-heptane and stratified
S| combustion of hydrogen. The hybrid concept’s ability
to increase the operating range and to improve the
control of the combustion was also analysed.

EXPERIMENTAL APPARATUS
OPTICAL ENGINE

A single cylinder research engine with optical access
was used for the chemiluminescence study. Its
displaced volume corresponds to the size of a
passenger car engine. This engine has an extended
piston housing a mirror that provides in conjunction with
a quartz window in the piston crown optical access. The
combustion chamber in this system is optically
accessible from below. The quartz window in the piston
crown allows optical access to most of the combustion

1
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chamber, the area covered can be seen in Figure 1. The
cylinder pressure was measured using a piezoelectric
pressure transducer. For all the measurements wide
open throttle was used.

Figure 1The optically accessible combustion chamber.
The optically covered diameter was 73 mm.

The optical piston had a flat piston crown, this in
combination with a large included valve angle and large
crevices between the piston and the liner limited the
compression ratio. The arrangement with elongated
piston and thereby heavier piston resulted in great
friction losses, vastly greater than would be expected in
a conventional engine. Thus, only indicated work values
are considered in this paper. The main parameters for
the engine can be seen in Table 1.

Table 1 Engine parameters.

Bore 83 mm
Stroke 90 mm
Swept volume 487 cm®
Compression ratio 10.6:1
Conrod length 139.5 mm

CAMERA

An intensified LaVision DynaMight digital camera was
used to capture the chemiluminescence images. To
control the timing of the camera an AVL 4210 timing unit
was used.The images presented in this paper are
averaged from 20 cycles. This in order to represent
images that are less affected by cycle-to-cycle variations
and that corresponds to a typical chemiluminescence
signal for a specific CAD. Both the gain and exposure
time of 200 ps were kept constant in this study. The
noise was calculated from areas in the image that
should not have given a signal, e.g. the area outside the
window. This noise was subtracted from the images. An
unfiltered background image was added to the averaged
filtered images. The resolution of the camera was 1024
by 1024 pixels, for the present setup equal to 14 pixels
for each millimetre. A schematic sketch of the camera
setup can be seen in figure 2.

\

e Mirror

Figure 2 Schematic camera setup.

In order to study flame front propagation a filter was
used to isolate the emitted light from the OH radicals.
The specie of interest here is the OH radicals which can
be associated with the reaction zone.

H+OH=H,0+hv

The reaction gives intensity peaks for the emitted light at
wavelengths between 306 and 309 nm [8]. The filter
used was a narrowband filter with a centre wavelength
of 310 nm, and its transmission spectrum is presented in
Figure 3.

2
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Figure 3 The filter's transmission spectrum.

In this study hydrogen was injected into a more or less
homogeneous mixture of n-heptane and air, i.e. the
stratified hydrogen charge consisted of hydrogen, n-
heptane and air. This in combination with the spectral
range of the filter lead to that the effect of the Vaidya
hydrocarbon flame bands are present in the
chemiluminescence measurement. The Vaidya bands
correspond to the HCO reaction and intensity peaks at
wavelengths of 301, 311, 319 and 330 nm [8] will pass
through the filter. The emission from the OH reaction is
one of the strongest features from most flame spectra [8]
and is here considered to be the dominant one due to
the enrichment of hydrogen in the stratified zone and the
high transmission of the filter at 306 nm. Thus, the effect
from the Vaidya emission is neglected in this study.

GAS INJECTION

In order to obtain a stratified hydrogen charge an Orbital
injector was used, which was originally designed for use
as an air-assisted, spray-guided direct injection
device [9]. It uses pressurised air to break up the fuel
spray. In this study the injector’'s gas function was used
and the pressurised air was changed to pressurised
hydrogen. Thus, it was only used as a gas injector. The
pressure of the hydrogen was kept at 800 kPa.

FUEL INJECTION

Port injection was used for the n-heptane. The timing of
the injections and ignition can be seen in Figure 4.

:_l_'ﬁ n-heptane
1

I ignition

Signal

m hydrogen

oL, OFL OFR
T T

30f

20F

p [bar]

10f

-100 -50 0 50
CAD

Figure 4 Timing of n-heptane injection, ignition and
hydrogen injection for this study. Dashed lines indicates
minimum duration of hydrogen or n-heptane and solid
line indicates maximum duration. The cylinder pressure
traces are from 10 different cycles with parameters as in
Table 2.

INLET HEATER

Since the investigation was performed in an optical
engine with high cooling losses the intake air was
heated to extend the operational range to light loads.
The peak pressure is preferably kept at a low value due
to the sensitivity of the optical research engine. The
heater decreases the amount of fuel needed to establish
HCCI combustion and the reduction of fuel decreases
the peak pressure. The intake air temperature was
measured directly at the intake valve wusing a
thermocouple.

IGNITION

In order to mount a gas injector centrally within the
combustion chamber a modified cylinder head was
used. One of the exhaust valves in the modified four
valve pent-roof cylinder head was removed and replaced
by a spark plug. The depth of the sparkplug’s location
was adjustable, but this feature was not used in this
work. The ordinary sparkplug mounting was occupied by
the Orbital injector, allowing it to point down, along the
cylinder's axial direction, as shown in the schematic
sketch in Figure 5.

3
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RESULTS AND DISCUSSION
CHEMILUMINESCENCE IMAGES

Chemiluminescence images of HCCI combustion and
flame front propagation are presented in Figure 6. All
images were taken under identical operating conditions,
the parameters of which can be seen in Table 2. The
camera gain was identical for all images.

Table 2 Parameters used for chemiluminescence

images.
Engine speed 1200 rpm
Liquid fuel n-heptane 5400 J/s
Figure 5 Schematic sketch of the modified cylinder head.
METAL ENGINE Gaseous fuel Hydrogen 880 J/s
The quartz window in the piston was replaced with a Lambda 292

metallic window in order to make the research engine
more rigid for all measurements that did not require
optical access. With a metallic piston the engine could IMEP 3.2 bar
run with higher cylinder pressure and continuously. The
knock sensitivity of the engine was dramatically
decreased with the metallic piston.

Intake air temperature | 85°C

40 T T T T 100

p [bar]
ROHR [J/CAD]

-20 -10 0 10 20 30
CAD

Figure 6 Chemiluminescence images of the combustion. The timing of the images is presented as circular symbols
in the pressure trace and the rate of heat release. The pressure trace and rate of heat release are averages of 10
cycles.
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The pressure trace and the rate of heat release for the
conditions used in the chemiluminescence study are
presented in Figure 6, in which the image timings are
indicated by the circular symbols. The strongest signal in
the chemiluminescence images coincided with the peak
values of the main heat release. The signal strength
prior to the main heat release is fairly constant in
intensity; the signal merely occupies an increasingly
large area. Without the stratified charge signals were
only obtained during the main heat release, the same
result was seen by Wagner et al. [6] and Kumano and
lida [10]. Thus the signal prior to the main heat release
originates from flame front combustion. The
chemiluminescence images show an expanding flame
front, which is initiated by the sparkplug and expands
from there. During the main heat release there is a
strong signal covering almost the entire combustion
chamber for a duration of approximately 5 CAD. This
signal corresponds to HCCI combustion.

OPERATING RANGE

The scope for expanding the HCCI operating range, by
using a spark ignited stratified hydrogen charge, is
shown in Figures 7-9. Only one parameter was varied
for establishing the pure HCCI operating range, i.e. only
the fuel amount was varied. All other parameters were
kept constant and the sparkplug was fired for all
measurements, with or without hydrogen, in order to
isolate the effect of the stratified charge. This gives a
very narrow operating range for pure HCCI combustion.
By increasing the fuel amount the peak -cylinder
pressure tends to move closer to TDC rather than just
increasing the work output. The narrow HCCI operating
range is expanded by replacing 600 or 1200 J/s of
n-heptane by hydrogen. The operating range study was
performed with three different intake air temperatures,
see Table 3.

IMEP [Bar]
w

2.4F

2.2+

300 600 800 1000 1200 1400
Engine Speed [rpm]

Figure 7 Operating range for 60 °C intake air
temperature. The dark region corresponds to pure HCCI.

In the grey region 600 J/s of hydrogen is used and in the
white region 1200 J/s is used.
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Figure 8 Operating range for 70 °C intake air
temperature. The dark region corresponds to pure HCCI.
In the grey region 600 J/s of hydrogen is used and in the
white region 1200 J/s is used.

IMEP [Bar]
W

400 600 800 1000 1200 1400
Engine Speed [rpm]

Figure 9 Operating range for 80 °C intake air
temperature. The dark region corresponds to pure HCCI.
In the grey region 600 J/s of hydrogen is used and in the
white region 1200 J/s is used.

Table 3 Parameters used the operating range study.
n-heptane 1700 to 7400 J/s

Liquid fuel

Gaseous fuel hydrogen 0, 600 or 1200 J/s

Intake air

temperature 60, 70 or 80 °C

5
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The HCCI operating range is increased by the use of the
stratified hydrogen charge. The upper limit for the
operating range is limited by knock due to the high
pressure that evolves when the peak pressure moves
closer to TDC. Naturally, the great rate of heat release of
HCCI combustion also plays a role in producing such
high pressure. Although some of the energy that should
be combusted in an HCCI manner is replaced by flame
front combustion, with a lower rate of heat release, the
HCCI combustion dominates, limiting the expansion of
the operating range towards higher loads. Use of
experimental equipment that can deliver more energy in
the form of a stratified hydrogen charge might increase
the operating range of a combination of HCCI and flame
front combustion. At the lower limit of the HCCI
operating range, the cycle-to-cycle variations increase
and the combustion quality deteriorates, resulting in
increased HC emissions. The peak cylinder pressure
also moves further from TDC. The stratified charge of
hydrogen has a great impact in expanding the operating
range towards lower loads.

CAS50

The effect of combining flame front combustion of
hydrogen with HCCI combustion of n-heptane on
combustion control is presented in Figures 10-12.
Combustion control involves the modulation of several
parameters and in this analysis the parameter studied is
CA50, more precisely the effect on CA50 of different
proportions of HCCI combustion and flame front
combustion, in terms of energy. The parameters used
for this analysis are presented in Table 4.

Table 4 Parameters used in CA50 study.

Gaseous fuel hydrogen 0, 5, 10 or 15 %

Liquid fuel n-heptane 100, 95, 90 or 85 %

Engine speed 600, 700 and 800 rpm

Intake air temperature | 60, 70 and 80 °C
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Figure 10 The CA50 at different proportions of hydrogen.
Engine speed 600 rpm and indicated output 0.8 kW. For
this engine speed an intake air temperature of 80 °C
gave to advanced combustion timing.
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Figure 11 The CA50 at different proportions of hydrogen.
Engine speed 700 rpm and indicated output 0.9 kW.
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Figure 12 The CA50 at different proportions of hydrogen.
Engine speed 800 rpm and indicated output 1 kW.

6

Reprinted with permission © 2005 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.



The general consequence of replacing some of the
HCCI combustion with flame front combustion is that
CA50 is retarded. The degree of combustion phasing
depends on the different operational conditions and
proportions of hydrogen. In order to retard the
combustion for conditions resulting in CA50 close to
TDC a greater amount of hydrogen is needed. For a
constant engine speed and load a lower intake air
temperature results in retarded combustion, and the
necessary temperature needed for HCCI combustion is
reached later in the cycle. The curves for an intake air
temperature higher than 70 °C in figure 12 actually
shows advanced combustion timing, if less than 10 % of
the energy comes from hydrogen. The NOx emissions
were measured in the CA50 study and it was found that
S| combustion of a lean stratified hydrogen charge did
not increase the NOx emissions. For most operational
conditions, slightly lower NOx values were obtained with
increased amounts of hydrogen due to the lower
average cycle temperature.

CONCLUSION

A chemiluminescence study of the hybrid combustion
concept was performed in order to verify that it consisted
of both HCCI combustion and SI combustion. It was
shown that it is possible to combine HCCI combustion of
n-heptane and S| combustion of a stratified hydrogen
charge.

An Sl stratified hydrogen charge can be used to
enhance the operating range of HCCI combustion of n-
heptane. The operating range was extended towards
lower loads, which might reduce the need for a mode
switch between HCCI operation and idle.

It was shown that a stratified hydrogen charge can be
used to control HCCI combustion of n-heptane. By
altering the amount of hydrogen it was possible to
control the CABO timing. It was seen that the CA50
timing can be retarded by using minor proportions of
hydrogen for the operating conditions used in this study.
The hydrogen appears not to compensate for the leaner
mixture of n-heptane resulting in the retarded CA50
timing. The heat added during early flame front
combustion does not compensate for the higher
temperature requirements for HCCI combustion due to
the leaner n-heptane-air mixture. This might be different
if the ignition timing of the SI combustion is advanced.
For some operating conditions a slight advance of the
CA50 timing was observed, this phenomenon will be
further investigated in future work.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
HCCI: Homogenous Charge Compression Ignition.
CAD: Crank Angle Degree.

TDC: Top Dead Center.

CA50: Crank angle when 50% of the energy is burned.

WOT: Wide Open Throttle.
HC: Hydro Carbon.

Sl: Spark Ignition.

NO,: Nitrogen Oxides.

PM: Particulate Matter.
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Requirements for further reductions for fuel consumption and emissions might be met by using HCCI combustion,

provided that certain challenges can be overcome — the most important of which is to develop ways to control the

combustion.

In this study a combination of SI and HCCI combustion was investigated, in which a SI stratified charge is used to

initiate the HCCI combustion. Both hydrogen and a mixture of iso-octane and n-heptane were used as fuels for the

stratification charge. The hybrid combustion concept was found to give better control of combustion timing and the

CAS50 could be controlled by varying the injection timing and stratification amount.

Keywords: HCCI, Spark Assisted, Fuel Stratification

1. INTRODUCTION

Increasingly strict requirements to reduce exhaust emissions and
fuel consumption are prompting the development of more advanced
combustion concepts. One promising concept is Homogeneous
Charge Compression Ignition, HCCI. In an HCCI engine the
combustion is controlled by chemical kinetics [1], and heat is
released more rapidly than in normal flame front combustion. In the
ideal air standard SI cycle the combustion occurs at constant volume
and this cycle is therefore the most efficient of the ideal cycles [2].
The rapid heat release of HCCI combustion and its ability to burn
lean mixtures, thereby reducing pump, exhaust and cooling losses
due to less throttled operation results in greatly improved efficiency
compared to SI combustion [3]. HCCI combustion gives low NOx
and PM emissions [4] as a result of the lean homogenous mixture.
Also cycle-to-cycle variations are minor because the combustion
occurs in a distributed fashion at many places simultaneously [5].

However several challenges associated with the HCCI concept
must be overcome before it can be commercially applied, notably
ways must be developed to control ignition timing [6], expand its
limited operating range [4] and limit the rate of heat release [7] are
such challenges. Cylinder-to-cylinder variations can also cause
problems in HCCI engines [4], since the temperature can vary
between the different cylinders. Chemiluminescence images have
shown that it is possible to create a hybrid combustion, in which
initial spark-ignited flame-front combustion is followed by HCCI
combustion [8]. The SI combustion provides a potential means to
control the HCCI combustion. Therefore, this study further explored
the hybrid combustion concept, combining HCCI combustion of a

mixture of n-heptane and iso-octane with SI combustion of a

*Presented at 2006 JSAE Annual Congress

stratified charge of either hydrogen or the same fuel as for the HCCI
combustion. The scope for improving combustion phasing control
by using the combined combustion approach, and it’s effects on

NOy and HC emissions, were evaluated.

2. EXPERIMENTAL APPARATUS

A single-cylinder research engine was used for this study, with a
displaced volume corresponding to that of a typical passenger car
engine. The main parameters of the engine are presented in Table 1,
and a schematic diagram of its layout, in Figure 1. A primary
reference fuel, PRF, consisting of a mixture of 50 %, n-heptane and
50 %, iso-octane was used as the main fuel for the homogenous
mixture. This fuel and hydrogen were also used as fuels for the

stratified charge.

Port injector

Sparkplug
Orbital injector

Plenum chamber

Inlet heater

Throttle

Fig. 1 Schematic diagram of the engine layout.
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Table 1 Engine parameters

Bore 83 mm
Stroke 90 mm
Swept volume 487 e’

Compression ratio 14:1

Conrod length 139.5 mm

IVO 10 CAD BTDC
IvC 40 CAD ABDC
EVO 40 CAD BBDC
EVC 10 CAD ATDC

2.1. Fuel injection

An Orbital “air assisted” injector, originally designed for
application in spray-guided direct-injection combustion systems,
was used to deliver a stratified charge [9]. This injector generally
uses pressurized air to atomize the fuel, but in these studies when
hydrogen was used as the stratification fuel, only the injector’s gas
function was used and the pressurized air was changed to
pressurized hydrogen. The pressure of the hydrogen was kept at
700 kPa. When PRF was used as the stratification fuel the injector
was operated in a more conventional manner, using air as assisting
media to atomize the stratification fuel.

Port injection was used for the main fuel in both cases, this in

order to create an as homogenous air/fuel mixture as possible.

2.2 Inlet heater

An inlet heater was used to increase the inlet air temperature. The
heater extended the load range to lower loads and allowed the
combustion phasing to be initially adjusted. The intake air
temperature was measured directly at the intake valve using a

thermocouple.

2.3 Ignition

In order to mount the injector centrally within the combustion
chamber a modified four-valve pent-roof cylinder head was used, in
which one of the exhaust valves had been removed and replaced by
a spark plug. The injector was mounted vertically at the original
location of the spark plug. The protrusion of the sparkplug was
adjustable, and after initial adjustments its position was kept constant

for all measurements.

3. RESULTS AND DISCUSSION
3.1.PRF
The effects of varying the amount of stratification fuel can be seen
in Figure 2. Operating conditions used in these experiments are

presented in Table 2. Three different amounts of stratification fuel

were used as well as HCCI combustion without any stratification.
The dwell time between the end of injection (EOI) and spark timing
(IGN) was kept constant at 10 CAD.

Table 2 Operating conditions used to assess the effects of varying

the amounts of stratification fuel (PRF).

Injection timing -60 CAD
IMEP 4 bar
A 2.35 (overall)
Intake air pressure 87 kPa
Engine speed 1200 rpm
Stratification amount 0450900 1350 J/s
Main fuel 4750 4300 3850 3100 J/s
Dwell time (EOI-IGN) 10 CAD
Intake air temperature 100°C
Air assist amount Case 1 1.4 Iy/min
Case 2 2.1 ly/min
Case 3 2.8 Iy/min
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Fig.2 CAS50, ISFC and emissions obtained with different amounts

of PRF as stratification fuel. Dotted lines indicate to emissions.

Under these conditions, the phasing of the combustion timing can
be advanced by increasing the amount of stratification fuel up to, but
not beyond, 900 J/s. Further increases may fail to yield further
advances in phasing because only a fraction of the additional
stratification fuel is consumed by the propagating flame, and the rest

is combusted in HCCI mode after auto-ignition.
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Fig. 3 Average heat release curve for case 1 in Table 2 during the
early stage of the combustion. The solid and dashed lines correspond

to stratification fuel flows of 900 J/s and 1350 J/s respectively.

As the heat release curves in Figure 3 show, increasing the
stratification charge from 900 to 1350 J/s results in little or no
additional heat release during the early stages of the combustion.
Thus, the additional stratification fuel is not combusted in an SI
mode during the early stages of combustion.

As shown in Figure 2, as CAS50 phasing is advanced NOy
emissions tend to rise. Case 3, with the highest air-assisted flow,
appeared to give the lowest NOy emissions. The NOy emissions in
this case are probably lower because the stratified charge is diluted
more (leaner) when the amount of assisting air is increased, and
consequently the flame temperature is lower.

The advancement of the late HCCI combustion (CA50 at 12 CAD
ATDC), observed under the basic settings with increasing amounts
of stratification fuel appears to compensate for the increased
compression work and heat losses due to the SI combustion when
the amount of stratification is increased, since fuel consumption
remains almost constant. HC emissions decrease as the stratification

amount increases.

The effects of varying the injection and ignition timing using PRF
as fuel for the stratified charge can be seen in Figure 4. Operating
conditions for these tests can be found in Table 3.

The effects of varying injection timing were studied at four
different operating conditions: two different engine speeds and two
different dwell times for each speed. The dwell time was constant
for each case, i.e. when the injection timing was changed the ignition

timing was adjusted accordingly.

Table 3 Operating conditions used for assessing the effects of

varying injection timing, using PRF as the stratification fuel.

Injection timing -80-70 -60 -50 CAD

IMEP 4 bar

A 2.35 (overall)

Intake air pressure Case 1-2 84 kPa
Case3-4  90kPa

Engine speed Case 1-2 1000 rpm
Case 3-4 1200 rpm

Stratification amount Case 1-2 360 J/s
Case 3-4  4501J/s

Main Fuel Case 1-2 3500 J/s
Case 3-4 4200 J/s

Dwell time (EOI-IGN) | Case 1 5 CAD
Case 2 10 CAD
Case 3 15 CAD
Case 4 20 CAD

Intake air temperature | Case -2  87°C
Case3-4 97°C
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Fig.4 CAS50, ISFC and emissions obtained with different injection
timings of the stratified charge using PRF as stratification fuel.

Dotted lines indicate emissions.

A general effect of retarding the injection of the stratified charge
is that the CAS50 timing advances. The combustion phasing depends
mainly on the injection timing and minor variations of spark timing
(dwell) have no effect on combustion phasing. These tendencies
were found at both the studied engine speeds and the possible
control range of combustion phasing is around 4 CAD for each case.

The NOx penalty for advancing the CAS0 timing by around 4
CAD is only 20 ppm for all the operating conditions.

Varying the injection timing had no apparent effect on the fuel



conversion efficiency for cases 3 and 4, but for cases 1 and 2 slight
increases in fuel consumption were observed with the -70 CAD
ATDC injection timing. This might be explained by that for a low
engine speed and a too early injection, before -70 CAD, it does not
seem to be possible to sustain a premixed flame, the flame will
probably quench and most of the stratification fuel will mix with the
homogenous fuel and be combusted by the HCCI combustion. For
later injections, premixed combustion occurs and thermal efficiency
is slightly reduced due to heat losses, but after -70 CAD the CAS50
timing is phased closer to TDC and the efficiency is restored.
Generally, the HC emissions follow the trend noted above, i.e.
early combustion leads to more complete combustion, probably due

to less quenching.

3.2. Hydrogen

Lower amounts of energy were supplied in the stratified charge
when hydrogen was used as the stratification fuel, since low
amounts of hydrogen would be used if it was produced on-board the
vehicle (by fuel reformation). The effect of varying the amount of
hydrogen used as fuel for the stratified charge can be seen in
Figure 5. The operating conditions for the study can be found in
Table 4.

Table 4 Operating conditions used for the study of different amounts

of stratification with Hydrogen as stratification fuel.

Injection timing -50 CAD

IMEP Case 1 4.1 bar
Case 2-3 4.2 bar

A Case 1 2.4
Case2-3 2.1

Intake air pressure Case 1 85 kPa
Case 2-3 96 kPa

Engine speed Case 1 1000 rpm
Case 2-3 1200 rpm

Stratification amount 0420 560 700 J/s

Main Fuel Case 1-2 4200 J/s
Case 3-4 5000 J/s

Dwell time (EOI-IGN) | Case 1,3 2 CAD
Case 2 5 CAD

Intake air temperature Case 1 80°C
Case2-3 96°C
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Fig. 5 CAS50, ISFC and emissions obtained using different amounts

of hydrogen as stratification fuel. Dotted lines indicate emissions.

In Figure 5 it can be seen that increasing the amount of hydrogen
supplied as stratification fuel advances the phasing of the CAS0
timing. However for the operating conditions in cases 2 and 3, the
use of PRF as stratification fuel had a greater impact on CAS50
timing for an equal NOx increase, compare Figure 2. If hydrogen’s
very wide flammability limits are not used to combust a very lean
mixture in SI mode, then the NOx penalty for combining SI
combustion with HCCI combustion will be of the same order as for
the PRF fuel. If the hydrogen mixture on the other hand is too lean
then the available energy for controlling the auto-ignition will be too
low to have a significant impact on CA50.

With hydrogen it was only possible to use very short dwell times
between EOI and IGN.

In Figure 6 the effect of varying injection and ignition timing
when hydrogen was used as fuel for the stratified charge can be seen.

Operating conditions are given in Table 5.



Table 5 Operating conditions used for the studying the effects of

varying the injection timing with hydrogen as stratification fuel.

Injection timing -70 -65 -55 -50 CAD
IMEP 4.1 bar
A 2.4 (overall)
Intake air pressure 85 kPa
Engine speed 1000 rpm
Stratification amount Case 1-2  4201J/s
Case 3 560 J/s
Main fuel 4200 J/s
Dwell time (EOI-IGN) | Case 1 0 CAD
Case2-3 2 CAD
Intake air temperature 80°C
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Fig. 6 CAS50, ISFC and emissions obtained with different injection
timings of the stratified charge using hydrogen as stratification fuel.

Dotted lines correspond to emissions.

The observed trend is a slightly advanced CA50 timing when the
injection timing is retarded. The flame temperature of the stratified
hydrogen charge is kept low due to the leanness of the mixture, as
can be seen from the very low NOy increases. The CA50 timing can
be advanced by about 2 CAD without any detectable NOy penalty.
The flame front is able to propagate through this lean hydrogen
mixture due to hydrogen’s wide flammability limits.

Injection timing has only minor (if any) effects on the fuel
consumption and as when using PRF as stratification fuel the HC
emissions are correlated with the CAS50 timing, i.e. early combustion

leads to more complete combustion.

4. CONCLUSION

A hybrid combustion concept, combining SI and HCCI combustion,
was evaluated to investigate its potential for improving combustion
control. The SI combustion of a stratified charge provides a means to
control the HCCI combustion. It was shown that it is possible to
influence and control the HCCI combustion by using SI combustion
of a stratified charge.

The following conclusions can be drawn from the experiments:

(1) The CASO timing could be advanced by up to 10 CAD with
a NOx penalty of only 20 ppm by varying the amount of
stratification fuel supplied when PRF was used as

stratification fuel.

(2) The CASO0 timing could be advanced without any increase in
fuel consumption.

(3) By optimizing the injection timing a further 4 CAD
advancement of the CAS0 timing could be obtained with a
NOx penalty of 20 ppm.

(4) When hydrogen was used as the stratification fuel the CA50
timing could be advanced 4 CAD with the amounts of
hydrogen that were tested here (equivalent to 13 % of the
total supplied energy).

(5) With hydrogen it was possible to advance combustion
phasing 2 CAD without any detectable NOx penalty.

(6) A hybrid spark assisted combustion system allows the
combustion phasing to be controlled from cycle to cycle
(even after the inlet valve has been closed).

(7) A hybrid spark assisted combustion system can extend the

useable HCCI load range to lower loads.

When hydrogen’s wide flammability limits are exploited and the
flame temperature is kept low (with low additional NOy emissions),
the impact of the stratified charge becomes too small to compensate
for the increased complexity of adding hydrogen systems to a future

vehicle.

For the operating conditions used in this study PRF appears to be the
most suitable fuel for the stratified charge due to the larger range of
combustion phasing it allows, and the fact that no separate fuel is

needed for the stratified charge.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
HCCI: Homogenous Charge Compression Ignition.
PRF: Primary Reference Fuel.
CAD: Crank Angle Degree.
TDC: Top Dead Center.
BDC: Bottom Dead Center.
EOL: End Of Injection.
IGN: Ignition.

CAS50: Crank angle when 50% of the energy is burned.
HC: Hydrocarbon.

SI: Spark Ignition.

NOx: Nitrogen Oxides.

HR: Heat Release.

PM: Particulate Matter.

ISFC: Indicated Specific Fuel Consumption.
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ABSTRACT

This work evaluates the effect of charge stratification on
combustion phasing, rate of heat release and emissions
for HCCI combustion. Engine experiments in both optical
and traditional single cylinder engines were carried out
with PRF50 as fuel. The amount of stratification as well
as injection timing of the stratified charge was varied.

It was found that a stratified charge can influence
combustion phasing, increasing the stratification amount
or late injection timing of the stratified charge leads to an
advanced CA50 timing. The NOyx emissions follows the
CA50 advancement, advanced CA50 timing leads to
higher NOx emissions. Correlation between CA50 can
also be seen for HC and CO emissions when the
injection timing was varied, late injection and thereby
advanced CA50 timing leads to both lower HC and CO
emissions. This trend can not be seen when the
stratification amount was varied, increased stratification
amount leads to higher CO emission and for operating
condition with late CA50 timing the HC emissions also
increase with increasing stratification amount. Optical
studies, with high speed CCD camera, show that an
increase in stratification leads to poor combustion quality
near the cylinder walls, due to leaner mixtures near the
cylinder walls and this results in higher HC and CO
emissions.

The maximum rate of heat release depends on
stratification amount - a larger amount gives a lower rate
of heat release but the main heat release is advanced.
Varied injection timing results in different phasing of the
main heat releases.

The use of charge stratification for HCCI combustion can
lead to a larger operating range, due to its effect on
combustion phasing and rate of heat release, since the
upper load range is partly restricted by too high rates of
heat release leading to high pressure oscillations and
the lower load to late combustion phasing leading to
high cycle-to-cycle variations.

Combustion Control

Andreas W. Berntsson and Ingemar Denbratt
Chalmers University of Technology

INTRODUCTION

Increasingly strict requirements to reduce exhaust
emissions and fuel consumption are prompting the
development of more advanced combustion concepts.
One promising concept is Homogeneous Charge
Compression Ignition, HCCI. In an HCCI engine the
combustion is controlled by chemical kinetics [1], and
heat is released more rapidly than in normal flame front
combustion. In the ideal air standard Sl cycle the
combustion occurs at constant volume and this cycle is
therefore the most efficient of the ideal cycles [2]. The
rapid heat release of HCCI combustion and its ability to
burn lean mixtures, thereby reducing pump, exhaust and
cooling losses due to less throttled operation results in
greatly improved efficiency compared to Sl
combustion [3]. HCCI combustion gives low NOx and
PM emissions [4] as a result of the lean homogenous
mixture. Cycle-to-cycle variations are also minor
because the combustion occurs in a distributed fashion
at many places simultaneously [5].

However several challenges associated with the HCCI
concept must be overcome before it can be
commercially applied, notably ways must be found to
control ignition timing [6], expand its limited operating
range [4] and limit the rate of heat release [7]. Cylinder-
to-cylinder variations can also cause problems in HCCI
engines [4], since the temperature can vary between the
different cylinders and the ignition delay is highly
dependent on the mixture temperature [8].

Combustion phasing control is one of the crucial
parameters for controlling HCCI combustion and the
timing when 50 % of the energy is combusted, CA50, is
a good indicator of the phasing of the combustion
process [9], the ability to rapidly control combustion
phasing is necessary especially during transients.

There are numerous solutions to the challenges
associated with combustion control. One solution is to
adjust the inlet air temperature by heating the incoming
air with air heaters [10-13] or by varying the coolant
temperature [14]. However, thermal control of the
combustion phasing has the drawback that the thermal
inertia of the associated engine parts usually limits the
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transient response time. Another way to influence the
charge temperature, and thus control the combustion
phasing is to adjust the compression ratio. Increasing
the compression ratio will increase the pressure, which
will decrease the autoignition temperature and increase
the charge temperature [8]. Geometrically variable
compression ratio have been used to control HCCI
combustion by several authors [6, 15-18], but it is
difficult to find a mechanism that is fast enough to cope
with real vehicle transients.

Further factors that play important roles in the timing of
autoignition are the properties of the fuel, since the
ignition delay of different fuels at given pressures and
temperatures varies dramatically. For this reason,
several authors [17, 19] have used mixtures of two fuels
with  contrasting octane numbers and ignition
temperatures (iso-octane and n-heptane or ethanol and
n-heptane) that have appropriate ignition temperatures
to allow correct phasing of the combustion.

The charge homogeneity has been found to have
modest effect on the combustion process [21]. However,
Aroonisopon et al [22] stabilized the combustion at the
lower load limit for HCCI combustion by using charge
stratification and Sjoberg et al [23] used stratification to
achieve staged combustion, which smoothed the rate of
heat release and thereby enabled the load to be
increased. In a previous study, [24], SI combustion of a
stratified charge in combination with HCCI combustion
was investigated. Chemiluminescence images have
shown that it is possible to create a hybrid combustion
mode, in which initial spark-ignited flame-front
combustion is followed by HCCI combustion. The SI
combustion provides a potential way to control the HCCI
combustion as shown in [25]. The study presented here
explores the effect of charge stratification on HCCI
combustion of a mixture of n-heptane and iso-octane.
The possibilities for improving combustion phasing
control by using charge stratification, and it's effects on
NOyx and HC emissions and the rate of heat release, are
evaluated.

EXPERIMENTAL APPARATUS

Experiments were carried out in a single-cylinder engine
with and without optical access. Its displaced volume
corresponds to that of a passenger car engine. For all
experiments a modified cylinder head was used, in
which one of the exhaust valves had been removed and
replaced by a sparkplug. The engine parameters can be
seen in table 1 and a schematic sketch of the layout can
be seen in figure 3.

Table 1 Engine parameters

Bore 83 mm
Stroke 90 mm
Swept volume 487 cm®

Compression ratio | 10.6:1 conventional

8:1 optical
Conrod length 139.5 mm
IVO 10 CAD BTDC
IVC 40 CAD ABDC
EVO 40 CAD BBDC
EVC 10 CAD ATDC

15¢
10t
@
2,
o
3 st
—— Conventional
Ot --=- Optical
-60 -40 -20 0 20

Figure 1 Motored pressure traces for the optical engine
and the conventional engines.

OPTICAL ENGINE

A single cylinder research engine with optical access
was used for the optical study. This engine has an
extended piston housing a mirror that provides, in
conjunction with a quartz window in the piston crown,
optical access to most of the combustion chamber from
below. The volume covered can be seen in Figure 2.
The optical piston had a flat piston crown which, in
combination with a large included valve angle and large
crevices between the piston and the liner, unfortunately
limited the compression ratio. The optical engine is
restricted to low engine speeds and since comparisons
between optical engine and metallic engine should be
possible all measurements were made at low engine
speeds. The main parameters for the engine can be
seen in Table 1.
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Figure 2 The optically accessible combustion chamber.
The diameter of the optically covered section is 73 mm.
The Orbital fuel injector can be seen in the centre.

CAMERA

A Phantom high speed CCD camera was used to
capture the natural luminosity of the combustion by
direct imaging. To control the timing of the camera an
AVL 4210 timing unit was used. The images presented
in this paper were obtained from single combustion
cycles, and are shown in consequent order. This
enables the combustion progress to be followed without
any discrepancy caused by averaging a large number of
cycles. Both the gain and exposure time of 160 us were
kept constant in this study. The resolution of the camera
was 512 by 512 pixels, which is equivalent (for this
setup) to 7 pixels per milimeter. Each frame
corresponds to one CAD.

FUEL INJECTION

Port injection was used for the main fuel supply to create
a homogenous air fuel mixture. In order to obtain a
stratified charge an Orbital injector was used, which is
designed as an air-assisted, spray-guided direct
injection device [26]. It uses pressurised air to inject and
break up the fuel spray. In this study the Orbital injector
was used only to create a stratified charge. The fuel
used, for both the stratified charge and the homogenous
mixture, was a mixture of n-heptane and iso-octane with
50 %, of each component, PRF50.

INLET HEATER
Since some of the investigations were performed in an

optical engine with high cooling losses and low
compression ratio the intake air was heated to extend

the operational range to light loads. The intake air
temperature was measured directly at the intake valve
using a thermocouple. By varying the inlet air
temperature, for measurements in both the metallic and
optical engines, it was possible to phase the combustion
so that a reference condition would have the same
combustion phasing.

Sparkplug Port injector

Orbital injector

Plenum chamber

— A A ]

Throttle

O Inlet heater

Figure 3 Schematic sketch of the engine layout.

RESULTS AND DISCUSSION

The results are presented and discussed in two main
sections, one dealing with data obtained when the
stratification amount was varied and one covering data
obtained when the injection timing of the stratified
charge was varied. For the study in which the
stratification amount was varied, both optical and
traditional measurements were carried out.

VARIATION OF STRATIFICATION FUEL AMOUNT

The effects of varying the amount of stratification fuel
can be seen in figure 4. Operating conditions used in
these experiments are presented in table 2. Three
different amounts of stratification fuel were used for the
study in the conventional engine and five different
amounts for the optical engine. The total fuelling
(stratification + main) was kept constant.

Table 2 Operating condition used for the study in which
the stratification fuel amount was varied.

Engine speed 1000 rpm

IMEP 4.1 Bar

Injection timing -70,-60,-50 CAD conventional

stratification(EOI) -50 CAD optical

Inlet air 75 °C conventional

temperature 175 °C optical

Total fuel amount 87 mg/s

Intake pressure 95 kPa

Stratification amount | 0 — 20 mg/s

A 2.75 conventional
2.5 optical
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Figure 4 CA50 timing obtained with different stratification
fuel amounts and three different injection timings.

Two different trends were observed when then
stratification amount was varied. When the stratification
fuel is injected early, EOI -70 CAD, the timing at which
50 % of the energy was combusted, CA50, was
unaffected by any variation of stratification fuel amount.
The combustion phasing remained at the same timing as
for the HCCI combustion, when no fuel stratification was
used. However when the injection timing of the stratified
charge was retarded, EOI -60 or EOI -50, a trend of
advanced CAS50 timing can be seen. The latest injection
timing led to the most significant change in combustion
phasing. The scope for combustion phasing is around
2.5 CAD for the case with EOI -60 and around for the
case with 8 CAD for EOI -50. When the injection is
retarded the stratification is maintained and becomes
sufficiently rich to display such a low ignition delay that it
can lead to a staged combustion that starts in this richer
zone, and thus affects the phasing of the combustion.

Figure 5 shows rate of heat release traces for the
different stratification amounts with injection timing (EOI)
of -50CAD. The solid line corresponds to no
stratification fuel flow, i.e. pure HCCI combustion with
the highest rate of heat release. The maximum rate of
heat release decreases when the amount stratification is
increased and the duration of the combustion is
increased due to the staged combustion (caused by the
local variation of equivalence ratio) prolonging the heat
release. The main heat release is also advanced with
increasing stratification. The phasing of the Ilow
temperature reactions is virtually unaffected and the rate
of heat release trace shows no significant changes due
to charge stratification prior to the start of combustion.
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Figure 5 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EQI) of

the stratified charge of EOI -50 CAD.
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Figure 6 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EQOI) of

the stratified charge of -60 CAD.

The same trend, i.e. the maximum rate of heat release
declined when the stratification was increased, was
observed with the injection timing (EOI) of -60 CAD
(figure 6). However the effect of stratification on the
phasing of the main heat release was significantly
weaker than with the EOI of -50 CAD (figure 5). The
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combustion duration for the main heat release was only
slightly increased with increased amounts of
stratification in this case. The slightly more advanced
injection with EOl at —60 CAD compared to - 50 CAD
gives more time for the stratified charge to mix with the
surroundings, resulting in less rich stratification. This
leads to a longer ignition delay for the stratified charge
compared to retarded timing and the stratified charge is
ignited later in the cycle with less effect on the main
charge, in terms of combustion phasing. However some
of the effect on the maximum rate of heat release will be
present since the combustion is somewhat staged and
the combustion is only partly advanced.

80
—-©— 0mg/s
70 -©- 10 mg/s
~@- 20 mg/s
60}

a1
o

RoHR [J/CAD]
w N
o o

N
o

-
o

Figure 7 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EQOI) of
the stratified charge of -70 CAD.

Figure 7 presents the rate of heat traces obtained with
the EOI for the stratified charge at — 70 CAD can be
seen. The correlation between the maximum heat
release rate and charge stratification was also observed
with this timing. However the phasing of the main heat
release remained constant and the heat release peaked
at the same CAD position with each amount of
stratification. There was a slight increase in the duration
of the main heat release when the charge was stratified,
but its duration was not increased to the same extent
when the stratification fuel flow was increased from 10 to
20 mg/s. When the stratification amount was increased
to 20 mg/s the combustion quality appeared to
deteriorate, i.e. the accumulated heat release declined,
indicating lower combustion efficiency. This was
probably due to quenching near the cylinder wall, due in
turn to the mixture being too lean at the periphery
caused by the charge stratification in combination with
the late phasing.

This tendency for maximum rates of heat release to
decline when the charge was stratified, as shown in
figures 5-7, has also been reported in other studies [23].
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Figure 8 Standard deviations of CA50 and ringing
intensity for different injection timings and stratification
amounts.

The introduction of charge stratification leads to a larger
cycle-to-cycle variations under the operating conditions
used in this study, see figure 8. When no stratification
was used the operating conditions led to very stable
HCCI combustion with a standard deviation of 0.5 CAD
of the CAS50 timing. Increasing the stratification to a
stratification fuel amount of 10 mg/s leads to a small
increase in standard deviation and when it was
increased further, to 20 mg/s, the standard deviation
was approximately doubled compared to pure HCCI
combustion. In [22] it was reported that the use of
charge stratification led to more stable combustion, but
the cited result was achieved at the low load limit for
HCCI combustion where pure HCCI combustion is very
unstable and then the charge stratification led to more
stable combustion.

The ringing intensity of the cylinder pressure can be
seen to the right in figure 8. The ringing intensity is an
effect of the rate of heat release in combination with
combustion phasing. An increase in ringing intensity was
observed with the combination of 20 mg/s of stratified
fuel and EOI of -50 CAD (due to the more advanced
combustion phasing, which normally leads to a higher
ringing intensity than later combustion), but not in any of
the other tested cases.
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Figure 9 Emissions associated with different stratification
fuel amounts. Squares correspond to EOI -50, circles to
EOQI -60 and stars to EOI -70.

In figure 9 the effect of stratification on emissions can be
seen. Stratification leads to increasing HC emissions if
the combustion is not advanced as a result of the
stratification, as in the case when EOI was — 50 CAD.
NOyx and CO emissions also increased when the
stratification amount was increased, but their rates of
increase differed dramatically. When the injection timing
was retarded the increase in NOy emissions caused by
charge stratification is dramatic, due to the higher
adiabatic reaction temperature. An advanced
combustion phasing in it self will also cause an increase
in NOx emission as well as the increase in charge
stratification.  Stratification leads to reductions in
combustion efficiency, especially with early injection.
The increases in CO and HC emissions are probably
caused by near-wall quenching. With increasing
stratification the charge becomes leaner near the
cylinder wall, which leads to increased quenching. The
charge stratification also contributes to a more stratified
temperature; the temperature is lower at the periphery
and this will further enhance the negative effect of the
leanness of the mixture near the walls.

OPTICAL RESULTS

The effects of varying the amount of fuel stratification
were also studied in an optical engine, in which
experiments with the operating conditions with an EOI of
-50 CAD were repeated. However, since the optical
engine had lower compression ratio and higher heat
losses due to the optical access some parameters were
not completely identical, see tables 1 and 2 and figure 1.
These drawbacks were compensated for by using a
higher inlet air temperature and a richer mixture, and the
timing of the combustion was adjusted so the CA50
timing for both the optical and conventional engines
coincided at a stratified fuel injection rate of 10 mg/s.

10}
o 8
&)
|_
<
a 6f
<
O,
B a4}
<
O
2.
—8— Conventional
—k— Optical
O 1 1 1 L L
0 5 10 15 20

Stratification fuel amount [mg/s]

Figure 10 CA50 timing for different stratification fuel
amounts for both the optical and the traditional engine
with an injection timing (EOI) of the stratified charge of
- 50 CAD.

In figure 10 the effect of charge stratification on CA50
timing can be seen for both the optical and conventional
engines. In both engines CA50 timing clearly advanced
when the stratification amount was increased and the
behavior captured during the optical measurements is
believed to mirror behavior in the traditional engine.

An overview of the photographs taken between —3 to
22 CAD by direct imaging can be seen in figure 14. Each
frame corresponds to one CAD, the first and fourth rows
shows events with no stratification or HCCI combustion,
the second and fifth events with 10 mg/s of stratification
and the third and sixth events with 20 mg/s. Distinct
differences in the point of start of ignition can be
observed, the photographs for the case with 20 mg/s of
stratification show that visible light (reactions) started 12
CAD prior to the HCCI case. In the HCCI case, the
combustion chamber becomes filled with reaction zones
covering the entire visible area within approximately
4 CAD. The ignition sequence of the HCCI combustion
can be seen in figure 11. The first visible reaction
corresponds to the initialization of the main heat release.
Similar behavior was seen when the natural
chemiluminescence of the OH radical was studied in
HCCI combustion [24], i.e. signals were detected only
during the main heat release.
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Figure 11 Ignition sequence of the HCCI combustion
with no stratification.

The charge is initially ignited near the centre of the
cylinder since the cold cylinder wall introduce a
temperature gradient with lower temperature near the
wall. The squish zones on the outer right and left sides
have the largest surface to volume ratios, so the mixture
is cooler and the ignition delay is longer in these zones.

Figure 12 Ignition sequence when 10 mgl/s of
stratification was used.

The images of the combustion sequence when 10 mg/s
of stratification was used, figure 12, show that the
ignition process was longer than in pure HCCI
combustion. The combustion starts in a smaller volume
in the richer regions of the stratified charge and expands
less rapidly. The ignition sequence from the points when
there is no signal to the point at which there are signals
from the entire chamber is approximately 3 — 4 CAD
longer compared to HCCI combustion, although the
combustion begins earlier and develops in a more self-
stabilizing environment. Very small regions with high
signal strength can be observed approximately 4 CAD
after the first visual signs of reaction. These small
regions might be due to unvaporized droplets. Since
these small, intense regions emerged after the first signs
of reaction and their lifespan was greater than the
exposure time, and the initial reaction displays similar
luminosity strength over a great area (compared to any
eventual droplet), it is believed that the combustion is
initiated in a premixed region.

The ignition sequence with stratification amount of
20 mg/s was both prolonged and dramatically phased,
see figures 13 and 14. The charge stratification for this
case was strong and the reaction zone was also
stratified, the reaction was not evenly distributed in the
combustion chamber. The high NOx emissions
associated with this amount of charge stratification are
due to the large variations in equivalence ratio which led
to large variations in local reaction temperatures.

Figure 13 lIgnition sequence when 20 mgls of
stratification was used.
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Figure 14 Images of the combustion with 0, 10 and 20 mg/s of stratification.

In figure 14 it can be seen that natural luminosity from Table 3 Operating conditions used for the injection
the combustion is generally weaker near the cylinder timing studly.

walls when charge stratification is introduced, which will

lead to increased quenching near the walls, as Engine speed 750, 1000 and 1250 rpm
previously discussed. However the advanced phasing IMEP 3.2 3.6 and 4.2 Bar

leads to the HC emissions is reduced and only the CO is

Injection timing (EOI) | -90, to -50 CAD conventional

increased due to the leaner charge near the wall.
Inlet air temperature | 93, 88 and 80°C

The location of the initial reaction, i.e. the stratified Total fuel amount 52, 81 and 105 mg/s
regions, showed the strongest signal and continued to Stratification amount | 10, 14 and 15 mg/s
give the strongest signal from ignition throughout the 3 31 31and3
complete main heat release. The temperature remained .
stratified throughout the combustion under the operating Intake pressure 88, 95 and 98 kPa
conditions used here, especially in the case with the
highest stratification. 10¢
VARIATION OF INJECTION TIMING
The effects on combustion phasing of varying the 8|
injection timing (EOI), can be seen in figure 15. o
Operating conditions used in these experiments are o
presented in table 3. Events at three different engine ';: 6
speeds with different loads were studied, only the =)
injection timing was varied for each speed. The amount <
e : S
of stratification was kept constant for each engine =
speed. 3 4
<<
O
2f[ == 750 pm
—%— 1000 rpm
—©— 1250 rpm

0 1
-90 -80 -70 -60 -50
End of Injection [CAD]

Figure 15 CAS50 timing for different injection timings.
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Retarding the injection timing led to advanced
combustion phasing for all three engine speeds studied
here, see figure 15. The early injection timing leads to
the stratified charge having more time to mix with the
surroundings and to distribute throughout a larger
volume. This leads to the difference in equivalence ratio
between the stratified charge and the surroundings is
being smaller with the late injection timings. Thus, the
ignition delay for the stratified charge is more similar to
that of the surroundings, and the stratified charge ignites
too late to influence the main combustion.

80
—=— EOI -50
70f| -=- EOI-60
-~ EOI -70
60f| -&- EOI-80
EOI -90
O 50t =
S
S 40}
1
T 30¢f
O
o

N
o

10t

-20 -10 0 10 20
End of Injection [CAD]

Figure 16 Rate of Heat Release traces obtained with an
engine speed of 750 rom and five different injection
timings.

The rate of heat release traces in figure 16 show that the
maximum heat release rate is increased when the
injection timing is retarded. This is because the CA50
timing is advanced when the injection is retarded,
promoting faster reactions due to the higher
temperatures and pressures. The low temperature
chemistry does not show any significant correlations with
variations in the injection timing of the stratified charge.

80
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70t| -*- EOI 60
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End of Injection [CAD]

Figure 17 Rate of Heat Release traces obtained with an
engine speed of 1000 rom and five different injection
timings.

For the case with an engine speed of 1000 rpm, figure
17, the trends were somewhat different from those
observed with engine speeds of 750 and 1250 rpm
(figures 16 and 18, respectively). The maximum rate of
heat release stagnated at an injection timing of EOI
- 60 CAD and was reduced when the EOIl was - 50 CAD.
The increases in the maximum rate of heat release were
due to the advanced timing, leading to combustion in a
more self stabilizing environment, and the initial phase of
the main heat release showed a steep gradient in the
rate of heat release. When the EOI is —50 CAD the
combustion becomes prolonged since the stratified
charge has less time to mix with the surroundings, and
the ignition delay becomes short enough in the richer
regions to prolong the combustion, resulting in a less
steep gradient of the rate of heat release of the main
heat release and the maximum rate of heat release is
thus reduced. This trend was not seen for the case with
an engine speed of 1250 rpm, figure 18, where the
shapes of the rate of heat release traces were similar
when the injection timing was varied. Only minor
variations associated with variations in the injection
timing, except in the phasing of the main heat release of
the combustion, were observed. The stratified charge in
this case does not produce a prolonged combustion that
increases the combustion duration or, therefore, reduce
the maximum heat release rate, it only contributes as an
initial ignition point that can influence the phasing of the
combustion. If the amount of stratification fuel was
increased then staged combustion would probably have
been possible.
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Figure 18 Rate of Heat Release traces obtained with an
engine speed of 1250 rom and five different injection
timings.
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Figure 19 Emissions associated with different injection
timings. Squares corresponds to 750 rom and 3.2 bar
IMEP, circles to 1000 rom and 3.6 bar IMEP and stars to
1250 rom and 4.2 bar IMEP.

The emissions for the three cases with varying injection
timing can be seen in figure 19. The trend for NOx
emissions to increase with advanced combustion
phasing was also seen when the injection timing was
varied. Variations in injection timing had essentially the
same effect on combustion phasing in all three cases,
see figure 15. However there were distinct differences in
the amounts of NOx emissions. The operating conditions
with high engine speed and load resulted in higher NOy
emissions. The HC emissions followed the CA50
phasing, i.e. advanced combustion led to lower
emissions since there was more time for oxidation and

the combustion occurred at higher pressure and
temperature. The CO emissions showed similar trends.
The load and engine speed also influence the
emissions. Higher engine speeds gives less time for
heat losses and less blow-by, which increase the
compression temperature, this leads to an increased HC
and CO oxidation.
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Figure 20 Standard deviations of CA50 and ringing
intensity for different engine speeds and injection
timings.

Cycle-to-cycle variations in combustion phasing did not
appear to be affected by changes in the injection timing
of the stratified charge, except for the case with an
engine speed of 1000 rpm, where the standard deviation
of the CA50 timing slightly decreased as the EOI was
changed from -90 to -60 CAD, then increased as it was
changed further to — 50 CAD see figure 20. The slight
decreasing trend is due to the advancement of the
combustion, which makes the environment more self-
stabilizing while the sharp increase from -60 to -50 CAD
is believed to be a result of the combustion becoming
staged and the main heat release being influenced by
this more unstable initial ignition.

CONCLUSIONS

An experimental study of the effect of charge
stratification on HCCI combustion was performed to
investigate its potential for improving combustion control.
Controlling the charge stratification provides a means to
control HCCI combustion. The result show that it is
possible to influence and control the HCCI combustion
by using charge stratification.
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The following conclusions can be drawn from the
experiments:

The CA50 timing could be advanced by 4 CAD with
a NOx penalty of 25 ppm by varying the amount of
stratification fuel amount, and by up to 8 CAD with a
penalty of 120 ppm.

By varying the injection timing up to 6 CAD
advancement of the CA50 timing could be obtained
with a NOx penalty of 20 ppm.

Charge stratification leads to lower combustion
efficiency, due to the mixture being leaner near the
cylinder wall and temperature stratification with
higher temperature in the centre of the combustion
chamber. This leads to increases in the HC and CO
emissions, the phasing capabilities can however
cope with the increased HC emissions for some
operating conditions.

The NOyx emissions must be closely monitored
since they can rise rapidly if the stratified charge
leads to local hot regions.

The maximum rate of heat release could be
lowered by staged combustion by varying the
stratification fuel amount. Up to 35 % reductions
were achieved for the operating condition studied
here.

The rate of heat release of the main heat release is
smoother when the stratification amount is
increased.

Charge stratification results in staged combustion,
which leads to lower ringing intensity unless the
combustion phasing is strongly advanced.

Direct imaging of the combustion shows that the
initial sequence of the main heat release is staged
and prolonged with stratification. In HCCI operation
the ignition sequence of the main heat release
occurs over 4 CAD from the point at which there is
no visible reaction until reactions are taking place
throughout the combustion chamber, while this
process takes an additional 4 CAD with
stratification.

The ignition sequence of the main heat release is
initiated in a premixed rich zone of the stratified
charge.

Varying the injection timing leads to different
changes in the rate of heat release under different
operating conditions, but the phasing of the
combustion advances with retarded injection timing.
With advanced injection timing the charge
stratification decreases, accompanied by smaller
difference in the ignition delay between the stratified
charge and the surroundings, and the stratified
charge is ignited late enough to only have a small
effect on combustion phasing.

When charge stratification is applied in stable HCCI
operating conditions, the combustion becomes
more unstable, the reason for this is the sensitivity
of the small amounts injected by the direct injector.
The positive features of charge stratification (i.e.
reduced maximum rates of heat release and its

phasing capabilities) may provide scope to increase
the HCCI operating range.

The equipment required for creating a stratified
charge that could be used to control HCCI may
become a standard feature of future direct injected
vehicles and software modifications may be the
only changes needed.

Soot problems may be associated with the use of a
stratified charge for controlling HCCI, but this was
not studied in this investigation.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

HCCI: Homogenous Charge Compression Ignition.

PRF: Primary Reference Fuel.

CAD: Crank Angle Degree.

TDC: Top Dead Center.

BDC: Bottom Dead Center.

EOI: End Of Injection.

CA50: Crank angle when 50% of the energy is burned.

HC: Hydrocarbon.

SI: Spark Ignition.

NOy: Nitrogen Oxides.

PM: Particulate Matter.

CO: Carbon monoxide.
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APPENDIX
POST PROCESSING

Post processing of the measurement data was carried
out for the cylinder pressure trace and for the images.
MatLab was used for all post processing.

The pressure trace was recorded by a piezo electric
pressure transducer, Kistler 6061b, with a sampling rate
between 1 to 10 samples per CAD using an AVL
Indimaster. The data was converted to ascii-format and
imported to MatLab.

The rate of heat release was calculated by assuming
that the combustion process is close to an adiabatic
isentropic process.

c
pV7 =const, and y = ~”-_ Then the heat release can
c

v

be written

o _ y dv 1 dp

a6 y—1a0", -1 ae

if the convective heat transfer and the crevice volume is
small. CA50, rate of heat release and heat release were
all based on this equation with the assumption that y
remained constant. Calibration of the heat release
calculation were carried with a motored pressure trace.

The images, taken by a Phantom camera, were post
processed to reduce noise. Noise level subtraction were
carried out by calculating the noise in areas where there
should not be any signal (areas outside the optically
covered area) due to combustion.

ACCURACY AND REPEATABILITY

Temperature, for instance intake air temperature, was
measured with K-type thermocouples with an accuracy
of +/- 2 K of the absolute temperature, however for
repetitive measurement the accuracy is far better (K
element displays effect of aging, however these

temperature and the limited time for measurement
makes aging negligible). Air pressure, temperature and
relative humidity could play a certain role for the
combustion due to changes in air density, so repetitions
from day to day could play a small but perhaps not a
negligible role. To minimize the effect of various
conditions from day to day a certain studied trend in the
test matrix was studied non stop, and the test matrix
order was randomized to further decrease the effect of
changes in atmospheric conditions during the
measurements. Short term time trends, from the first to
the last recorded cycle, were monitored (the time trend
for CA50 were studied in MatLab for all operation
conditions) to verify that the combustion had stabilized
(and that averaging a number of cycles will give an
average value of a stable combustion). For the optical
engine small time trends can be present, due to that the
optical engine could not be used continuously and thus
not allowing it to thermally stabilize completely, but the
optical engine were only studied in short periods of time
and any small time trends during these measurements
can be neglected. The Kistler 6061b, has a good
accuracy both linearity and shift sensitivity and its
accuracy in combination with the rate of heat release
script in MatLab is believed to be accurate enough to
capture the trends. If the pressure transducer is
incorrectly phased to the location of the crankshaft,
major discrepancies will result and thus the TDC location
was calibrated. The accuracy for the emissions
measurements is also good, however for NOx
measurements the calibration were carried out at much
greater values than presented here and the accuracy of
0.5 % is valid for full scale, so for pure HCCI operation
the NOxy levels will be equal in size as the measurement
accuracy, the trends for the NOyx values is however
valid. For all measurements lean mixtures were used,
which in terms of measurement accuracy is non
favorable, accuracy +/- 0.5 % at A=1 and +/- 2 % at
A=1.6 but the values are good enough and the O,
measurement with an accuracy of +/- 1 % could be used
when the combustion had stabilized.

In total it is believed that the quality of the measurement
equipment and the post processing of its data is high
enough to correctly capture trends caused by charge
stratification in a HCCI engine.
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ABSTRACT

The effects of using an SI stratified charge in combi-
nation with HCCI combustion on combustion phasing,
rate of heat release and emissions were investigated
in engine experiments to identify ways to extend the
operational range of HCCI combustion to lower loads.

In the experiments an optical single-cylinder engine
equipped with a piezo electric outward-opening injec-
tor and operated with negative valve overlap (NVO)
and low lift, short duration, camshaft profiles, was
used to initiate HCCI combustion by increasing the
exhaust gas recirculation (EGR) and thus retaining
sufficient thermal energy to reach auto-ignition tem-
peratures.

Two series of experiments with full factorial designs
were performed, to investigate how the tested pa-
rameters (amounts of fuel injected in pilot injections
and main injections, stratification injection timing and
spark-assistance) influenced the combustion.

In the optical study fourth harmonic light (266 nm)
from a Nd:YAG laser was used to induce fluorescence
(LIF), from 3-pentanone added as a fuel tracer, to an-
alyze the concentration and distribution of fuel vapor
within the cylinder. In addition third harmonic light
(355 nm) was used to study the concentration and dis-
tribution of formaldehyde in the cylinder, and chemilu-
minescence signals from OH radicals were used to
locate the flame front.

It was found that the injection and ignition timing of
the SI stratified charge were the main parameters in-
fluencing the HCCI combustion phasing. The NOx
emissions were found to be significantly affected by
the use of a SlI stratified charge, and its injection tim-

ing.

The results show that use of an Sl stratified charge
can extend the operational range of HCCI combustion
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to lower loads by advancing combustion phasing. In
addition, use of NVO in combination with an SI strat-
ified charge provides a useful, flexible means to con-
trol HCCI combustion.

INTRODUCTION

Increasingly strict requirements to reduce exhaust
emissions and fuel consumption are prompting the
development of more advanced combustion con-
cepts. One promising concept is Homogeneous
Charge Compression Ignition, HCCI. In an HCCI en-
gine the combustion is controlled by chemical kinetics
[1], and heat is released more rapidly than in normal
flame front combustion. In the ideal air standard Sl
cycle the combustion occurs at constant volume and
this cycle is therefore the most efficient of the ideal cy-
cles [2]. The rapid heat release of HCCI combustion
and its ability to burn lean mixtures, thereby reducing
pump, exhaust and cooling losses due to less throt-
tled operation results in greatly improved efficiency
compared to Sl combustion [3]. HCCI combustion
yields low NOy and PM emissions [4] as a result of the
lean homogenous mixture. Cycle-to-cycle variations
are also minor because the combustion occurs in a
distributed fashion in many places simultaneously [5].

However, several challenges associated with the
HCCI concept must be overcome before it can be
commercially applied, notably ways must be found to
control ignition timing [6], expand its limited operat-
ing range [4] and limit the rate of heat release [7].
Cylinder-to-cylinder variations can also cause prob-
lems in HCCI engines [4], since the temperature can
vary between the different cylinders and the ignition
delay is highly dependent on the mixture tempera-
ture [8].

Combustion phasing is one of the crucial parameters
to control in HCCI combustion and the timing when
50 % of the energy is combusted, CA50, is a good
indicator of the phasing of the combustion process [9].



The ability to rapidly control combustion phasing is
especially important during transients.

There are numerous solutions to the challenges as-
sociated with combustion control. One is to adjust the
inlet air temperature by heating the incoming air with
air heaters [10-13] or by varying the coolant temper-
ature [14]. However, thermal control of the combus-
tion phasing has the drawback that the thermal iner-
tia of the associated engine parts usually limits the
transient response time. Another way to influence the
charge temperature, and thus control the combustion
phasing, is to adjust the compression ratio. Increas-
ing the compression ratio will increase the pressure,
which will decrease the autoignition temperature and
increase the charge temperature [8]. Geometrically
variable compression ratio have been used to control
HCCI combustion by several authors [6, 15-18], but it
is difficult to find a mechanism that is fast enough to
cope with real vehicle transients.

Further factors that play important roles in the tim-
ing of autoignition are the properties of the fuel, since
the ignition delay of different fuels at given pressures
and temperatures varies dramatically. For this reason,
mixtures of two fuels with contrasting octane numbers
and ignition temperatures (iso-octane and n-heptane
or ethanol and n-heptane) that have appropriate igni-
tion temperatures to allow correct phasing of the com-
bustion have been used in several studies [17, 19].

One promising way of initiating HCCI combustion is
to retain large quantities of exhaust gases (EGR),
thereby retaining sufficient thermal energy to initiate
the HCCI combustion. Camshafts with short duration
and low lift profiles, and negative valve overlap (NVO),
have been used by Koopmans et al [20-23].

The charge homogeneity has been found to have
modest effects on the combustion process [24]. How-
ever, Aroonisopon et al [25] stabilized the combus-
tion at the lower load limit for HCCI combustion by us-
ing charge stratification and Sjoberg et al [26] used
stratification to achieve staged combustion, which
smoothed the rate of heat release and thereby en-
abled the load to be increased. Both lower maximum
rates of heat release and phasing capabilities due to
charge stratification have been observed in previous
studies [27]. In another previous study, [28], the effect
of combining SI combustion of a stratified charge and
HCCI combustion was investigated. Chemilumines-
cence images showed that it is possible to create a
hybrid combustion mode, in which initial spark-ignited
flame-front combustion is followed by HCCI combus-
tion. The SI combustion provides a potential way to
control the HCCI combustion as shown in [29].

The study presented here explores the effect of an
SI stratified charge on HCCI combustion initiated us-
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ing NVO. The possibilities for improving combustion
phasing control by using an SI stratified charge, and
its effects on NOyx and HC emissions and the rate of
heat release were studied in two full factorial experi-
ments. The parameter study led to three different op-
erating conditions that extended the HCCI operating
range to lower loads and combustion phenomena un-
der these three conditions have been optically stud-
ied.

EXPERIMENTAL APPARATUS
ENGINE AND VALVE TRAIN

Experiments were carried out in a single-cylinder en-
gine with optical access. Its displaced volume cor-
responds to that of a passenger car engine. For all
experiments a prototype cylinder head was used with
geometry similar to that of a DI Sl engine. The engine
parameters can be seen in table 1 and a schematic
sketch of the layout of the optical setup can be seen
in figure 1.

Table 1: Engine parameters.

Bore 83 mm
Stroke 90 mm
Swept Volume 487 cm 3

Compression ratio  12.3:1
139.5 mm

Conrod length

Mirror
Camera Filter ™

Mirror

Figure 1: Schematic layout of the optical engine.

This engine has an extended piston housing a mirror
that provides, in conjunction with a quartz window in
the piston crown, optical access to most of the com-
bustion chamber from below. The optically accessible
volume can be seen in Figure 2.The optical engine is
restricted to low engine speeds and since a Nd:YAG
laser was used in the optical studies, all measure-
ments were made at 1200 rpm, which corresponds
to 10 Hz.



Figure 2: The optically accessible combustion cham-
ber. The diameter of the optically covered zone was
73 mm.

The fuel was supplied using an outward opening hol-
low cone type piezo electric direct injector, with a fuel
pressure of 200 bar, which is capable of multiple in-
jections and has been shown to maintain fuel clouds
in the vicinity of the sparkplug [30]. A 35 mJ ignition
coil was used to ensure that sufficient ignition energy
was supplied by the sparkplug. The locations of the
injector and the sparkplug can be seen in figure 2.

The engine was operated with NVO to initiate HCCI
combustion, since Koopmans [34] found that by in-
creasing the NVO the auto-ignition timing could be
advanced, due to the increased residual mass frac-
tion, and thus one of the problems that must be over-
come to extend the operating range of HCCI to lower
loads (retarded combustion phasing) could be over-
come. Furthermore, an injection prior to TDC in the
NVO, here called a pilot injection, can influence the
combustion phasing [23]. A main injection was in-
jected after TDC during the NVO and during the com-
pression stroke a further injection was added to cre-
ate a stratified charge in the vicinity of the sparkplug,
and thus allow flame propagation to occur in globally
lean conditions. lllustrative injection timings, valve lift
profiles and motored pressure traces obtained when
conventional valve timing and NVO were used can be
seen in figure 3. The short duration for the camshafts
and the timing led to compression of the trapped ex-
haust during the gas exchange phase, allowing the
temperature during the NVO to be increased to such
a degree that reactions could occur when a pilot in-
jection was used. The valve timing was symmetrical
around TDC, since unsymmetrical timing would lead
to increased pumping work. Log-log P-V diagrams for
both conventional valve timing and valve timing with
NVO are shown in figure 4.
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Figure 3: Valve lift profiles, injection timings, and mo-
tored pressure traces obtained with both conventional
valve timing (dashed lines) and NVO (solid lines).

Since the investigations were performed in an opti-
cal engine with higher cooling losses than in a metal
engine the intake air was heated to allow similar set-
tings. The intake air temperature was measured di-
rectly at the intake valve using a thermocouple and
the temperature was kept at 90 °C for all measure-
ments. The cylinder head used was a prototype cylin-
der head without any cooling, the cylinder was wa-
ter cooled and the temperature was set to 90 °C. To
achieve a condition that was similar to a traditional en-
gine in terms of surface temperature, the engine was
operated in a Sl stratified mode until the cylinder head
was 130 °C and then the settings that should be stud-
ied were used. This procedure was carried out for all
measurements to achieve high repeatability accuracy.

—  With NVO
L - - Conventional
16
8 L
s
8,10
o 4
2 L
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Fraction of maximum volume

Figure 4: Motored pressure for trace when NVO is
used and when conventional valve timings are used
for WOT.



FACTORIAL EXPERIMENTS

Table 2: A 2"V factorial design scheme, four variables
are all tested at two different states with all its different
combinations.

Case A B C D
1 + + + +
2 - -+ -
3 e
4 - + - -
5 + - - -
6 - - + +
7 -+ o+ o+
8 + -+ -
9 + - -+
10 + 4+ o+ -
11 + + o+ -
12 + -+ o+
13+ o+ - -
14 + 4+ -+
15 + 4+ o+ -
16 - - - -

The most efficient way to examine the effects of multi-
ple variables experimentally is to apply an appropriate
factorial design [31]. The assumptions that underlie
these factorial designs are that the measurements are
independent of each other, the variation is in the same
order within the measurement span and that the mea-
surements are normally distributed. Furthermore, the
span of the measurements must be sufficiently large
(relative to the measurement accuracy and/or inher-
ent variation in the data) to capture major trends but
sufficiently small to capture local trends and to ensure
that the order of the variation of the measurements is
not affected. Conclusions can only be drawn within
the span of each variable, so attention was focused
on the spans for each of the variables prior to exe-
cuting the factorial experiments. Some parameters
were fixed, in accordance with previous work, mainly
performed by Koopmans et al [23], to limit the vari-
ables to four, allowing two 2"V full factorial designs (in
which all permutations of four variables in two differ-
ent states are tested) to be applied, since reduced ex-
periments often require prior experience of the stud-
ied variables and considerable knowledge of the sys-
tem in order to make reductions without sacrificing too
much statistical power. The NVO was set at 160 CAD,
and the timing of the pilot injection and main injection
at selected values similar to those used by Koopmans
for the lower part of the HCCI operation range. The
same fuel components that were used for the optical
study were used in the parameter study to minimize
fuel-related effects on variations in the results.

The initial study focused on the effects of the tested
variables when the load was constant, while in the
later study operating conditions with different loads
were investigated since the ultimate objective was to
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reduce the lower load limit of HCCI operation by us-
ing an Sl stratified charge. Table 2 shows how the
variables were varied in the two experimental series
(for convenience designated Experiment 1 and Ex-
periment 2). The variables chosen and their different
states can be seen in table 3 and 4. The load was
kept constant in Experiment 1 by changing the relative
amounts of fuel injected in the pilot, main and strati-
fication injections, while keeping the total amount of
fuel injected constant, while in Experiment 2 the rela-
tive amounts injected in the pilot and main injections,
and the total amount of fuel, were varied. Charge
stratification in it self has been shown to influence
combustion in experiments with PRF50 as fuel [27]
so, as shown in the table, this was included as one
of the test parameters, with and without spark assis-
tance.

Table 3: Test matrix for experiment 1.

Fuel
80 % iso-octane
10 % n-heptane
10 % 3-pentanone

Valve timing

IVO 440 CAD

IvC 570 CAD

EVO 150 CAD

EVC 280 CAD

Experimental variable State +/ -

A Pilot injection amount Large / Small

B Main injection amount Large / Small

C Stratification injection timing  Early / Late

D Spark ignition Yes / No
Results
Pressure trace CA50

RoHR
NOyx emissions ppm and ISNOx
HC emissions ppm and ISHC

OPTICAL MEASUREMENTS
LIF

In the optical studies fourth harmonic (266 nm) light
from a Nd:YAG Spectra Physics laser was used to in-
duce fluorescence (Laser-Induced Fluorescence, LIF)
from the fuel tracer 3-pentanone, in order to analyze
the concentration and distribution of fuel vapor within
the cylinder, and third harmonic (355 nm) light to ex-
cite formaldehyde, in order to analyze the location
of low temperature reactions during early combustion
phases [32]. A planar laser sheet located 5 mm be-
neath the sparkplug was used, in combination with
the quartz window, to visualize the combustion cham-
ber from below. The images were taken using an im-
age intensified LaVision Dynamight camera, provid-
ing up to 1024x1024 resolution equipped with LaVi-
sion DaVis 6.2 software. However, all postprocess-
ing of the images was carried out using MatLab. For



Table 4: Test matrix for experiment 2.

Fuel
70 % iso-octane
15 % n-heptane
15 % 3-pentanone
Valve timing
IVO 440 CAD
IVC 570 CAD
EVO 150 CAD
EVC 280 CAD
Experimental variable State +/ -
A Pilot injection amount Large / Small
B Main injection amount Large / Small
C Stratification injection timing  Early / Late
D Spark ignition Yes / No
Results
Pressure trace CA50
RoHR
NOyx emissions ppm and ISNOx
HC emissions ppm and ISHC

the LIF fuel vapor study a Schott BG25 bandpass fil-
ter with a peak transmission at 390 nm, and for the
formaldehyde study a Melles Griot 03FIV028 narrow
band filter with a center wavelength of 455 nm and
FWHM of 40 nm were used. 15 %, of fuel tracer
was used for the fuel vapor study.

CHEMILUMINESCENCE OF OH

In order to study flame front propagation a filter was
used to isolate the emitted light from the OH radicals,
which are associated with the reaction zone.

H+ OH = HyO + hv (1)

The reaction gives intensity peaks for the emitted
light at wavelengths between 306 and 309 nm [33].
An image intensified Dynamight camera was used
to capture chemiluminescence from the OH radicals
thus generated, in conjunction with a Melles Griot
03FIV119 narrowband filter with a centre wavelength
of 310 nm and a FWHM of 14 nm.

RESULTS AND DISCUSSION

FACTORIAL EXPERIMENT 1

Table 5: Main effects from the factorial Experiment 1

with a fixed load.
Effect Result

Lanc 238 ppm Lanoy, -30ppm  Lacaso  -2.5 CAD
Lene -557 ppm  Leno, 38 ppm Lecaso 1.6 CAD
Lepe 130 ppm Leno, 65 ppm Leeaso  -4.5 cAD

Lpue 510 ppm Lono, 54 ppm Lpcaso  -16.3 CAD

HC 2087 ppm  NOy 103 ppm  CA50 5.8 cAD
Ohc 150 ppm Onoy 30 ppm O caso 2.73 cAD
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Effects on combustion phasing

Table 5 shows the main effects of the tested variables
on combustion phasing when the load was kept con-
stant. The variable that had the strongest effect on
combustion phasing was D, using spark ignition or
not, which advanced the combustion by 16 CAD on
average, equivalent to ca. six standard deviations of
the mean CA50. Thus, its effect was extremely sta-
tistically significant. The standard deviation for CA50
was averaged from the calculated standard deviation
value for the CA50 for all recorded pressure traces
from experiment 1. The combustion phasing also ap-
peared to be affected by the timing of the stratifica-
tion injection (the ignition timing followed the injection
timing of the stratified charge with a fixed dwell time
of 4 CAD). The variable A also affected the combus-
tion phasing; increasing the relative amount of fuel
injected in the pilot injection caused the combustion
phasing to advanced. This phenomenon has also
been observed by Koopmans [23] and is attributable
to the increased reactions during the NVO. However
the statistical significance of the effects of this vari-
able on combustion phasing in the operating condi-
tions applied in Experiment 1 is fairly low; confidence
limit calculations indicate that there is only a ca. 80 %
probability that it had an effect.

Effects on emissions

Increasing the relative amount of fuel injected in the
pilot injection increased HC emissions, apparently be-
cause it increased the amount of wall wetting. Fur-
thermore, the low density during the NVO also led to
long spray penetration (sufficiently long for the spray
to reach the piston top). The opposite trend was seen
when the relative amount of fuel injected in the main
injection was increased, and thus the pilot amount
was reduced, since the piston was further down and
there was less time for the fuel to reach the walls and
the crevices. Advancing the combustion generally in-
creases HC emissions since it leads to increases in
pressures and, thus, in the density of the gas trapped
in the crevices, due to the increased temperature dif-
ference between the gas in the crevices and the gas in
the combustion chamber. Hence, introducing a spark
in HCCI combustion also had a significant effect on
HC emissions. The NOx emissions were mainly influ-
enced by the parameter C, the timing of the stratified
charge and its ignition, and parameter D, the use (or
not) of spark assistance. The initial flame propagation
and all subsequent combustion phases, and (thus) in-
creased NOx emissions.

Effects on rate of heat release

By analyzing the averaged rate of heat release traces
for the different cases in experiment 1, further infor-
mation were gained and in figure 5 the trend of the
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Figure 5: The averaged rate of heat release for exper-
iment 1 when spark ignition was used (blue solid line)
and when it was not used (dashed black line).

greatly advanced combustion due to the introduction
of the spark can be seen when the averaged traces
for the different cases are plotted together. The ini-
tial stages of the combustion consists of initial flame
propagation and subsequently of HCCI combustion,
which can be seen in the rate of heat release traces
for the cases that used the Sl stratified charge. The
gentle initial slope for those traces corresponds to Sl
combustion and the sudden increase in rate of heat
release corresponds to the increased rate due to the
transition to the more rapid HCCI combustion. This
initial heat addition cause by early flame propagation
increased the temperature and pressure within the
combustion chamber enough to achieve such a low
ignition delay for the remaining mixture that it self ig-
nited and thus there were a transition to a chemically
kinetically controlled combustion. This have been
seen by the authors in previous studies [27,28].

More detailed information on the effects of injection
timing (and thus ignition timing for the cases in which
a spark was used, since the dwell time between the
end of injection and spark timing was constant) can be
seen in the rate of heat release traces in figure 6. The
effects were not as clear as those of variable D, use
(or not) of spark assistance. However, in the cases
where spark-assistance was used the effect of injec-
tion timing is clearer, see figure 7. The combustion
phasing was clearly influenced by the injection timing
of the stratified charge in those cases; the initial flame
propagation was initiated at an earlier stage when this
charge was injected early, leading to advanced com-
bustion, so the effect of variable C shown in table 5
was mainly due to the advance in combustion when
spark assistance was used. The effects on combus-
tion phasing of varying the injection timing of the strat-
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Figure 6: Averaged rate of heat release for experi-
ment 1 when the stratification injection was injected
early (solid blue lines) and late (dashed black lines).

ified charge in cases without spark assistance seen
in previous studies by the authors [27] were not ob-
served in the operational conditions used in this study.
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Figure 7: Averaged rate of heat release curves ob-
tained in Experiment 1 when the stratification injection
was injected early (solid blue lines) or late (dashed
black lines) and spark assistance was used.

Increases in the relative amount of fuel injected in
the pilot injection (parameter A), slightly advanced the
combustion phasing, but more strongly in cases with-
out spark assistance than in cases with spark assis-
tance, in which the effect of SI combustion was dom-
inant. In figure 8 the effect of increasing the relative
size of the pilot injection on the pure HCCI cases can
be seen, the additional reactions during the NVO in-



creased the temperature during the compression and
thus the combustion advanced.
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Figure 8: Averaged rate of heat release curves ob-
tained in Experiment 1 for cases without spark assis-
tance with different relative amounts of pilot injections.

Table 6: Combustion phasing and standard deviations
for cases without spark assist and different amounts
of pilot injection.

Case CA50 O caso

2(A=-) 15.1cAap 2.97 cAD

4 (A=-) 15.2cap  2.60 cAD

11 (A=-) 14.7cAap 2.92cAD

5MA=+) 8.4 cAD 1.55 cAD

10 (A=+) 12.8cAaD 2.81cAD

13(A=+) 13.1cAD 2.65cCAD

In table 6 the CA50 timing and its standard deviation
for the pure HCCI cases can be seen, corresponding
to the cases in figure 8. The average CA50 was ad-
vanced when the relative amount of fuel injected in
the pilot injection was increased, but the standard de-
viation of these timings needed to be thoroughly stud-
ied before it could be definitively concluded that the
pilot injection influenced the phasing.Calculated con-
fidence intervals indicated that there was a significant
advance in combustion phasing in case 5 (in which
the pilot injection was relatively large) compared to
cases 2, 4 and 11 (with relatively low pilot injections).
However, similar calculations indicate that the statis-
tical support was much weaker for the increased size
of the pilot injection having a significant effect in cases
10 and 13 (again relative to cases 2, 4 and 11).

FACTORIAL EXPERIMENT 2
In the initial factorial experiment the effects of the

tested variables were examined when the load was
kept constant since the load influences most of the

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

combustion parameters. However, the ultimate ob-
jective of the work was to identify settings that allow
the HCCI operation range to be extended, and thus it
was important to study the effects of the variables at
different loads. This was done in the second factorial
experiment (Experiment 2).

Table 7: Main effects from factorial Experiment 2.
Effect Result

Lanc -7 ppm Lano, 57 ppm Lacaso  -0.9 cAaD
Lguc -130 ppm  Leno, 124 ppm  Lecaso 2.7 CAD
Lcre 86 ppm Leno, 53 ppm Lconso 2.4 CAD
Lonc 498 ppm Lono, 51 ppm Lpcaso -13.1cAD
HC 2819 ppm  NOyx 104 ppm CA50 3.8 cAaD
o 150 ppm Onoy 30 ppm O caso 2.23 CAD

Effects on combustion phasing

The main effects of the tested variables on combus-
tion phasing are presented in table 7. As in Experi-
ment 1, the variable with the strongest effect was vari-
able D (spark assistance), which shifted combustion
phasing (CA50) by ca. six standard deviations, and
thus had an extremely statistically significant effect.
The pilot injection was found to have little or no ef-
fect on combustion phasing in general (Lacaso, in the
order of half a standard deviation, especially when an
Sl stratified charge was used, since its phasing effects
were so much stronger.

Effects on emissions

As in the constant load tests in Experiment 1, HC
emissions were affected by parameter D in Exper-
iment 2, where loads were varied. This was be-
cause the combustion was dramatically advanced by
spark assistance, resulting in most of the combus-
tion occurring close to or prior to TDC and (thus)
greater amounts of the gas being trapped in the
crevices. In cases without any spark assistance, and
thus later combustion phasing, less gas was trapped
in the crevices since the combustion temperatures
were lower so the difference between the crevice gas
temperature and the combustion temperature was
smaller. This effect, of lower HC emissions in cases
with retarded combustion phasing, would probably be
weaker in a traditional engine since the crevice vol-
ume would be smaller.

Since the load was varied in Experiment 2 the NOx
emissions were not necessarily expected to show the
same trends with respect to parameters A and B as
those observed in Experiment 1. Accordingly, high
states of those variables increased loads (by 0.14
and 0.35 kW, respectively), and thus increased NOy
emissions. For parameters C and D, the trends were
the same as those seen in Experiment 1, and for the
same reasons since they did not affect the load.
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Figure 9: Averaged rate of heat release curves ob-
tained in Experiment 2 when the stratification injection
was injected early (solid blue lines) and late (dashed
black lines).

Effects on rate of heat release

As shown in table 7 there is an indication that the in-
jection timing of the stratified charge influences the
combustion phasing, and its effect on the average rate
of heat release can be seen in figure 9. As in Experi-
ment 1 the change in phasing caused by varying the
injection timing was due to the change in phasing of
the Si stratified charge, see figure 10, thus the combi-
nation of spark assistance and varying the injection
timing was the reason for the combustion phasing.
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Figure 10: Averaged rate of heat release curves ob-
tained in Experiment 2 when the stratification injection
was injected early (solid blue lines) and late (dashed
black lines) with spark assistance.
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For the operation conditions used for this study, the
timing of the stratified charge did not in itself have any
significant effect on combustion phasing.

The effect of pilot injection on combustion phasing
was found to be minor, however in cases where SI
was not used, i.e. pure HCCI combustion, effects
of the pilot injection were detected, as shown in fig-
ure 11. The four selected cases presented had similar
loads, so the effects on phasing are not due to differ-
ences in load, but solely to the relative size of the pilot
injection.
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Figure 11: Averaged rate of heat release curves ob-
tained in Experiment 2 for the cases without spark as-
sistance and different relative amounts of pilot injec-
tions.

OPTICAL RESULTS

Three operational conditions were chosen for the op-
tical studies, in which the operation range for HCCI
combustion were expanded towards lower loads, see
figure 12. The lower limit for HCCI operation range
found by Koopmans [34] is also be seen. The inlet
air temperature for the optical engine was adjusted
so that its behavior was similar to that of a conven-
tional engine and, thus, the load for pure HCCI com-
bustion were identical to that found at 1200 rpm by
Koopmans, i.e. case A.



1.6
3.2 Table 8: Operating conditions and results from the op-
HCCI operating range tically studied cases.
= L14r ) 28 Case Pilotinj.  Maininj. Strat. inj.  Spark tim.
z | T o _ A 330/1.5  -300/1.2 — —
P AT s B 330/1.1  -300/1.1 -50/0.9  -46
9 244 C 330/1.1 -300/0.7 -30/1.0 -26
2 w
810 B o > Case Load A ISFC
2 2 A 13w 13 265 gikwh
B 1.0 kw 1.4 239 g/kwh
0.8 16 c 0.75kw  1.55 246 gikwh
Cco
900 - 1200 1500 Case HC NOyx CcO 7)combuston
Engine speed [rpm| A 3100 ppm 20 ppm  0.6%,  0.983
Figure 12: The loads in the three operating conditions B 2100 ppm 44 ppm 0.4 %, 0.988
used in the optical studies. C 1700 ppm 18 ppm 0.6 %, 0.983

The parameters and some results obtained in these
three operating conditions can be seen in table 8.
Case A corresponds to pure HCCI combustion and
thus no spark was used. In addition, no injection in-
tended to create a stratified charge was used in this
case, since such an injection may also have affected
the behavior of the combustion and the purpose of
this study was to evaluate the effects of spark ignition
and charge stratification. In cases B and C an Sl strat-
ified charge was used to extend the HCCI operating
range to lower loads, by creating a combustion mode
in which normal flame front propagation combustion
was followed by HCCI combustion. The amount of
fuel injected in the pilot injections was identical in
cases B and C, but the amounts injected in both the
main injection and the stratification differed. The in-
jection timing also differed between them. Equiv-
alence ratios in all three operating conditions were
lean, 1.3 or more, which is essential for reactions to
occur during the NVO, since oxygen must be present
for such reactions.

The fuel consumption values for the three operating
conditions were similar, although the indicated fuel
consumption was slightly higher for the pure HCCI
combustion than for the other, spark-assisted cases.
The levels of unburned HC emissions were also high-
est for the pure HCCI combustion, as usually found at
the lower end of the HCCI operation range. It should
be noted that absolute values of HC emissions from
optical engines are not directly comparable to those
from conventional engines, but trends are more di-
rectly applicable. NOyx emissions were very low in
all of the cases, even those in which the initial mode
of combustion was flame front propagation, and the
combustion efficiencies were high, even though an
optical engine was used in the tests.
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Figure 13 shows averaged pressure traces for the
three cases. The rise in pressure during the NVO can
also be seen.
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Figure 13: Averaged pressure traces for the three

cases that were optically studied.

Averaged rate of heat release traces for the three
cases can be seen in figure 14. The traces show
that combustion phasing was retarded in the pure
HCCI combustion, in which combustion was short and
rapid, while in case B the heat release during the ini-
tial SI combustion, followed by a distinct change in
rate to the HCCI combustion, are clearly visible. How-
ever, the averaged rate of heat release trace for case
C, in which the load was lowest, was highly unrepre-
sentative since the combustion displayed great cycle-
to-cycle variations and thus an averaged trace is not
presented. Instead rate of heat release traces for sev-
eral separate cycles are displayed for case C, in which
the initial SI combustion can be located and the later
HCCI combustion can be seen, but less distinctly than
in the trace for case B, and the timings also differ.
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Figure 14: Averaged rate of heat release traces for
cases A and B and multiple traces for case C.

LIF - FUEL DISTRIBUTION

Figure 15 shows images (and corresponding tim-
ings) of average LIF signals from the fuel tracer 3-
pentanone, indicating fuel vapor concentrations, ac-
quired for case A. The images show that the fuel
concentration was heterogeneously distributed in the
cylinder shortly after additions of fuel in both the pi-
lot injection and the main injection. However, dur-
ing compression the fuel was sufficiently mixed and
showed an evenly distributed and homogenous pat-
tern. Furthermore, effects of the rising pressure and
temperature could be seen during the compression.
The increasing pressure leads to a reduction in signal
strength, due to greater amounts of quenching since
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the molecules collide more frequently and the excited
electrons fluoresce less, since some of their energy is
dispersed during the collisions. The increased pres-
sure also leads to greater absorption which, in turn,
reduces the numbers of molecules that are excited
further in the combustion chamber and thus reduces
the intensity of the signals on the left side of the im-
age. The combustion was initiated at various spatial
locations near the center of the combustion cham-
ber, and thus the averaged signal is weaker near the
center at TDC since the fuel tracer was combusted.
After the pilot injection and during the NVO at 340
and 350 CAD the intensity of the fuel tracer signal
varied, partly because the fuel had not been evenly
distributed and partly because the reactions that oc-
curred during the NVO consumed some of the fuel.
The fuel concentrations at 340 CAD were highest
near the center of the combustion chamber and at the
periphery, as can be seen in the top right corners of
the images.

The fuel distribution in case B can be seen in fig-
ure 16. During the NVO and after the pilot injection
the trend of a stratified charge with richer regions
as for the case A could be seen, however it's spa-
tial location and intensity varied. The intensity was
expected to change due to the lower amount of fuel
injected in the pilot injection. A slightly richer core
near the center and another slightly richer area to the
right can be identified in the images, again partly be-
cause the fuel had not yet been evenly distributed and
partly because of the reactions that occurred during
the NVO. Prior to the stratification the fuel was evenly
distributed and displayed a homogenous pattern, as
seen in the image for -60 CAD in figure 16. After the
stratification charge (which was injected at -50 CAD)
an enriched zone could be identified and slightly later
in the cycle the flame front from the SI combustion
could be seen as it consumed the stratified charge.
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Figure 15: Averaged images (from 10 separate cycles) (and corresponding timings) for case A of LIF from the fuel

tracer 3-pentanone.

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.
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Figure 16: Average images (from 10 separate cycles) (and corresponding timings) of LIF from the fuel tracer 3-

pentanone in case B.

The images presented in figure 16 are averaged im-
ages and the spatial location of the flame front (where
there is a sharp drop in signal strength) varied. How-
ever the temporal trend of an expanding region of low
signal strength can be easily seen. The purpose of
the stratification injection was to enrich the vicinity
near the sparkplug to such a degree that the charge
became close enough to stoichiometric to allow nor-
mal flame propagation. The global air equivalence ra-
tio could easily be determined by the use of a lambda
sensor. The local air equivalence ratio were deter-
mined by using the LIF images of the fuel tracer for
the case B and by comparing to reference images.

Reference images were taken during the compres-
sion on pure HCCI combustion that displayed evenly
distributed fuel tracer signals. Images were taken at
different periods in time in the cycle and the lambda
were varied, and thus reference images with known
air equivalence ratio at the different pressures during
the compression were achieved.
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Figure 17: Average image for case B at -40 CAD

(LIF with 3-pentanone as fuel tracer) and its signal

strength.

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

In figure 17 the average image obtained of the fuel
concentration at -40 CAD (10 CAD after the stratifica-
tion injection), with the stratified charge near the cen-
ter of the combustion chamber, can be seen. When
the signal strength was studied more in detail, and
the intensity of the stratified charge in particular, by
plotting the intensity of a line through the image, the
local signal strength could be seen. The images were
taken with a spatial resolution of 1024x1024 and a
pixel number of around 500 in the plot corresponds to
the center of the combustion chamber. The dashed
blue line shows the signal strength of a reference im-
age with the closest signal strength, at the same po-
sition or height (in order to minimize effects of possi-
ble variations in intensity within the laser plane). The
global air equivalence ratio for this operation condi-
tion were 1.4 and the local air equivalence ratio was
slightly richer, ca. 1.16.
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Figure 18: Average image for case B at -30 CAD, LIF

with 3-pentanone as fuel tracer and its signal strength.

The fuel concentration at -30 CAD can be see in figure
18, 20 CAD after the stratification. Here, the edges
around the stratified charge observed at -40 CAD are
not as sharp, but an increase in signal strength near
the center can be identified. For this case and timing
S| combustion had been initiated, but the flame had
only propagated a very short distance and the aver-
age image did not display any region near the center
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Figure 19: Average image for case B at -20 CAD, LIF
with 3-pentanone as fuel tracer and its signal strength.

with low signal strength. Near the center of the com-
bustion chamber the local air equivalence ratio was
1.16.

Figure 19 and 21 show the fuel concentrations at -20
and -10 CAD, respectively. At these timings the flame
had propagated through the charge and its propaga-
tion can easily be seen. When the fuel concentration
was studied, as above, a richer unburned region to
the right of the images was identified. The drop in sig-
nal strength caused by the flame could be seen when
the signal strengths were plotted, and the drop was
naturally sharper in single images than in the average
image since the location of the flame differs slightly
from image to image. At -20 CAD the air equivalence
ratio for the stratified charge was still around 1.16 and
at -10 CAD the charge was somewhat leaner, around
1.18.

All the images presented were taken at the same
height, 5 mm beneath the sparkplug since the aim
was to create a stratified charge in the vicinity of the
sparkplug in order to allow the initiation and propaga-
tion of a normal flame, and at this height all images
show that the stratification injection enriches the re-
gion where the flame will propagate, and thus allows

TDC NVO
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Figure 20: Average images (from 10 separate cycles) (and
pentanone fuel tracer.

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

the flame to propagate. It should be noted that to
avoid sacrificing the advantage of low NOx generation
associated with HCCI combustion when introducing
this Sl stratified charge in order to increase combus-
tion control the stratified charge was kept fairly lean,
as shown in figure 17, 18, 19 and 21.
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Figure 21: Average image for case B at -10 CAD, LIF
with 3-pentanone as fuel tracer and its signal strength.

The fuel distribution in case C can be seen in figure
20. As for cases A and B the signal from the fuel
tracer was inhomogenous during the NVO and the in-
tensity of the signal was of the same order as for case
B, since equal amounts of fuel were injected in the
pilot injections. A slightly richer core near the cen-
ter, and another slightly richer area to the right of the
images, can be seen in the images acquired at 340
and 350 CAD, (as for case B, and for the same rea-
sons). After TDC the signal shows a region with re-
duced signal strength as seen for cases A and B, but
at a slightly different location. For case C the strat-
ification injection was injected later than for case B,
and the image directly after the stratification injection
displays a clear stratified charge near the center of
the combustion chamber which occupies a spatially
smaller region than the corresponding region in case
B. The images thereafter displayed a larger region
with higher concentration and the propagating flame
could be located as it consumed the stratified charge.
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corresponding timings) for case C of LIF from the 3-
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Figure 22: Average image for case C at -20 CAD,
of LIF from the 3-pentanone fuel tracer and its signal
strength.

Figure 22 shows the average image for the fuel con-
centration at -20 CAD (10 CAD after the stratifica-
tion injection) for case C. The distribution of signal
strengths shows there was a clearly stratified charge,
peaking in intensity near the location of the sparkplug.
At this timing the concentration reached an equiva-
lence ratio of 1.16 in the center and rapidly decreased
from there to the value corresponding to the global air
equivalence ratio of 1.55. This decline in concentra-
tion occurs within 200 pixels, which corresponds to
17 mm. This sharper gradient in concentration was
due to the global concentration being lower for case
C compared to case B and to the larger amount and
later injection timing of the stratified charge. Later
in the cycle the stratified charge was distributed over
a larger area, and at -10 CAD the stratified charge
had been somewhat consumed by the flame, as illus-
trated in figure 24. The remaining stratified charge
near the cylinder wall displayed an air equivalence ra-
tio of around 1.18.
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Figure 24: Average image for case C at -10 CAD,
of LIF from the 3-pentanone fuel tracer and its signal
strength.

LIF-FORMALDEHYDE

In figure 23 average images of the LIF from formalde-
hyde for case A can be seen. During the NVO the
concentration of formaldehyde varied within the com-
bustion chamber, and the same regions with low in-
tensity as those observed in the LIF images of the
fuel tracer could be seen at 330 and 340 CAD. Af-
ter TDC the intensity of the formaldehyde signals in-
creased, low temperature reactions occurred through-
out almost the entire combustion chamber, and af-
ter the main injection mie-scattering could be seen
in the spray. The formaldehyde intensity decreased
as the fuel was mixed with the surrounding gas and
remained weaker until the later part of the compres-
sion, when (as the temperature increased) the rates
of low temperature chemistry again rose and were
then superseded by high temperature reactions dur-
ing the combustion. Thus, formaldehyde was present
throughout the period between the pilot injection and
the main combustion. During the main combustion
the period in which the formaldehyde signals declined
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Figure 23: Average images (from 10 separate cycles) (and corresponding timings) for case A of LIF from formaldehyde.
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Figure 25: Average images (from 10 separate cycles) (and corresponding timings) for case B of LIF from formaldehyde.

was very short; within just 5 CAD the average images
showed a transition from strong signals occupying the
entire combustion chamber to weak signals at the pe-
riphery.

In figures 25 and 26 the signals from the formalde-
hyde within the combustion chamber can be seen for
cases B and C, respectively. The amount of fuel in-
jected in the pilot injection was lower for cases B and
C than for case A, see table 8. This led to lower
rates of low temperature reactions during the NVO,
and consequently weaker formaldehyde signals see
figure 23, figure 25 and 26.The rates of low temper-
ature reactions prior to the compression were signif-
icantly lower for cases B and C, since less reactions
occurred during the NVO and less heat was retained

in the exhaust from the previous cycle due to the lower
loads for cases B and C. During -310 CAD for case C
any formaldehyde reactions could not be identified.

During the compression the SI combustion could eas-
ily be detected as the propagating flame consumed
the formaldehyde, leaving an area with reduced signal
strength, and later in the cycle the main combustion
(HCCI) could be detected as the signal strength was
reduced throughout the entire combustion chamber.

As for case A, the formaldehyde signals for cases B
and C were weak in some regions after the pilot in-
jection, partly because the fuel had not been evenly
distributed and partly because of the high tempera-
ture reactions that occurred during the NVO.

TDC NVO
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Figure 26: Average images (from 10 separate cycles) (and corresponding timings) for case C of LIF from formaldehyde.
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Figure 27: Average images (from 10 separate cycles) (and corresponding timings) for case A of the chemiluminescence

of OH.
CHEMILUMINESCENCE OF OH

In figure 27 averaged images of the chemilumines-
cence from OH radicals can be seen. The chemilumi-
nescence of OH is generally associated with reaction
zones and in HCCI combustion the formation of OH
radicals only occurs during the phase when the rate of
heat release is rising, as seen in figure 14. However,
during the NVO reactions were also observed and the
location of the reactions corresponds to the location
where the LIF from both formaldehyde and the fuel
tracer declined. Thus, the reduced LIF signals were
not due to lean regions caused by the fuel being un-
evenly distributed but to the fuel being consumed by
the high temperature reactions that occurred during
the NVO.

The chemiluminescence signal from the OH radicals
in cases B and C can be seen figure 28 and figure
29, respectively. The presence of the initial flame
front can easily be seen as an expanding region with
high signal strength. When the SI stratified charge
was used this evidence of high temperature reactions
could be detected slightly before any rate of heat re-

TDC NVO

lease in the pressure traces, just before -30 CAD for
case B and just before -15 CAD for case C.

The spatial location of the chemiluminescence signal
during the NVO correlate with regions that showed re-
duced signal strengths just after the pilot injections in
the LIF images for both the fuel tracer and formalde-
hyde, as for case A, despite the fact that the chemilu-
minescence images were taken along the line of sight
of the combustion and the fuel vapor and formalde-
hyde images were taken by LIF, and thus were re-
stricted to the spatial location of the laser plane. This
was probably possible because the images were ac-
quired close to TDC and thus the depth of the images
was small. The formaldehyde concentrations in cases
B and C were lower than in case A, and the chemilu-
minescence signal showed a slight reduction at 350
CAD when the load was decreased, however at TDC
during the NVO the signal was stronger. The total
amount of high temperature reactions during the NVO
was not decreased when the load was decreased by
using the SlI stratified charge.

Figure 28: Average images (from 10 separate cycles) (and corresponding timings) for case B of the chemiluminescence

of OH.

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.
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Figure 29: Average images (from 10 separate cycles) (and corresponding timings) for case C of the chemiluminescence

of OH.
CONCLUSIONS

An experimental study of the effects of using a Sl
stratified charge in HCCI combustion using NVO was
performed to investigate its potential for extending the
operational range of HCCI to lower loads. Factorial
designs were performed to identify parameters that
influenced the combustion, and the results from the
factorial designs led to the identification of three op-
eration conditions that lowered the minimum load for
HCCI combustion. These three operation conditions
were optically studied and LIF was used to study the
fuel vapor concentration and low temperature reac-
tions and chemiluminescence of OH to locate the high
temperature reactions.

When the load range of HCCI combustion was de-
creased by using a Sl stratified charge, the concentra-
tions of formaldehyde during the NVO, and between
the NVO and compression, declined, indicating that
the low temperature reactions were significantly re-
duced in these phases. However, the high temper-
ature reactions (as indicated by the strength of the
chemiluminescence signals) that occurred during the
NVO did not decrease when the load was decreased.

The stratified charge was created by using an outward
opening piezo electric injector, and images of LIF from
the fuel tracer 3-pentanone indicate that an enriched
region was created in the vicinity of the sparkplug, in
which evidence of normal flame propagation prior to
the HCCI combustion could seen. Local A values for
the stratified charge were estimated using LIF signals
from the fuel tracer, calibrated with reference images
for operating conditions with known, homogenous A
values.

The use of a SI stratified charge provided a means to
control the combustion phasing, which could be sub-
stantially advanced, thereby allowing the load to be
decreased. The injection and ignition timing of the

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

stratified charge affected the degree of phasing. Vary-
ing the size of the pilot injection provided a further
means to control the combustion phasing, but with
significantly less impact than the use of the stratified
charge. The HCCI operational range was expanded
towards lower loads, from 2.7 bar IMEP to 1.5, without
sacrificing indicated fuel consumption, combustion ef-
ficiency or low NOx emissions.
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DEFINITIONS, ACRONYMS, ABBREVATIONS
HCCI: Homogenous Charge Compression Ignition.

NVO: Negative valve overlap, the time between ex-
haust valve closing and intake valve opening.
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SI: Spark Ignition.

EGR: Exhaust gas recirculation.
LIF: Laser induced fluorescence.
NOy: Nitrogen Oxides.

PM: Particulate Matter.

CA50: Crank angle when 50% of the energy is
burned.

HC: Hydrocarbon.

DISI: Direct injection spark ignition.
TDC: Top Dead Center.

CAD: Crank Angle Degree.

RoHR: Rate of heat release.
APPENDIX

POST PROCESSING

Post processing of the measurement data for the
cylinder pressure traces and for the images was car-
ried out using MatLab. The pressure trace were
recorded using a Kistler 6061b piezo electric pres-
sure transducer, with a sampling rate of 5 or 10 sam-
ples per CAD using an AVL Indimaster and an AVL
Indicom and the pressure trace for 100 cycles were
recorded for all the different cases. The data were
converted to ASCIl-format and imported to MatLab.
The rate of heat release was calculated by assuming
that the combustion process is close to an adiabatic
isentropic process.

pV7 = const (2)
and
¢
= ®3)
Cy

Then the heat release can be written

dQ v o dv 1 dp

PR L R @
if the convective heat transfer and the crevice volume
is small (compared to the combustion chamber vol-
ume). CA5Q, rate of heat release and heat release
were all based on this equation with the assumption
that v remained constant. Calibration of the heat re-
lease calculation was carried out with a motored pres-
sure trace.

ACCURACY AND REPEATABILITY

Temperature, for instance intake air temperature, was
measured with K-type thermocouples with an accu-



racy of +/- 2 K of the absolute temperature. However,
for repetitive measurement the accuracy is far better
(the K element is affected by aging, but at the temper-
atures and short measurement times used here these
effects are negligible). Air pressure, temperature and
relative humidity could influence the combustion due
to changes in air density, so variations in these pa-
rameters from day to day could have small but per-
haps not negligible effects. To minimize the effects
of variations in conditions from day to day trends in
the test matrix were continuously examined, and the
test matrix order was randomized to further decrease
the effect of changes in atmospheric conditions dur-
ing the measurements. In addition, short term time
trends, from the first to the last recorded cycle, were
monitored (the time trends for CA50 were evaluated
in MatLab for all operation conditions) to verify that
averaging a number of cycles will give an average
value for a fairly stable combustion and thus provide
a representative value. For an optical engine small
time trends will be present, since it cannot be used
continuously and thus will not be able to thermally
stabilize completely, but the optical engine was only
used for short periods of time and any minor time
trends during these measurements can be neglected.
The Kistler 6061b piezo electric pressure transducer
has high accuracy in terms of both linearity and shift
sensitivity, and is believed to be sufficiently accurate
when used in combination with the rate of heat re-
lease script in MatLab to capture the trends. If the
pressure transducer is incorrectly phased to the loca-
tion of the crankshaft, major discrepancies will result
and thus the TDC location was calibrated.

For the exhaust gas analysis an ECO Physics CLD
700 ELht was used to determine the NOx which was
calibrated with a reference gas with a concentration of
90 ppm, the HC emission was measured by a J.U.M
FID instrument and calibrated with Propane with a
concentration of 2500 ppm and the CO was measured
with a Maihak UNOR 611 instrument and calibrated
with a reference gas with 0.45 %, in CO. The ac-
curacy of the emissions measurements is also good,
however for NOx measurements the calibration was
carried out at much greater values than presented
here, and its accuracy at full scale is + 0.5 %, so
for pure HCCI operation the NOx levels will be equal
in size to the measurement accuracy. However, the
trends for the NOx values are valid. The \ was mea-
sured by using a Horiba MEXA-110\ and for all mea-
surements lean mixtures were used, which in terms of
measurement accuracy is not favorable but the condi-
tions used were close enough to stoichiometric to be
in the range where the measurement accuracy is ac-
ceptable (+ 0.5 % at A=1 and + 2 % at A=1.6), so the
values are good enough.

Reprinted with permission © 2007 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

The operating conditions used to acquire the refer-
ence images for the LIF from the fuel tracer were cho-
sen to be as identical as possible to those used in
the optically studied cases, but with an homogenous
mixture with known X values. However, even if ref-
erence images are taken at identical pressures with
similar masses the homogenous mixture will give a
larger amount of absorption and a decreasing sig-
nal strength the further in in the combustion cham-
ber would be achieved. The differences in load due
to differences in lambda could also result in different
amounts of O, and H,O, which could in turn influence
the amount of quenching (although similar amounts
of fuel were injected in the pilot injections to reduce
this effect). However, lambda values were strongly
correlated with the signal strength, and differences
in A values of 0.02 could be detected by analyzing
the signal intensity. Thus, it was possible to esti-
mate fuel concentrations with sufficient accuracy for
our purposes using reference images taken at the re-
spective timings, but the local temperature will also
contribute to a measurement error. Locally rich re-
gions will experience higher amount of evaporation
and thus those areas will be colder and when images
with charge stratification were compared to reference
images with a homogenous air fuel mixture the lo-
cal temperature would result in an measurement er-
ror. The rich regions would probably be richer than
what is indicated when they were compared to refer-
ence images. The signal strengths observed in the
LIF fuel tracer images were highly dependent on the
condition and settings for the equipment, so any dif-
ferences in the shape of the laser plane, intensity or
wear of the dichorit mirrors would influence the re-
sults. The images must be taken during the same
measurement campaign in order to make valid com-
parisons between images. The laser intensity was al-
ways measured before any images were taken and
all repetitions were evaluated in MatLab to verify that
no incorrect images were included when the images
were averaged.

The Vaidya bands correspond to the HCO reaction
and intensity peaks at wavelengths of 301, 311, 319
and 330 nm [33], which will pass through the filter
that was used for the chemiluminescence study. How-
ever, the emission from the OH reaction is one of the
strongest features of most flame spectra [33] and is
here considered to be the dominant one. However,
the aim of the study of the chemiluminescence of the
OH radical was to locate the high temperature reac-
tion and the HCO will also be present during the high
temperature reaction and thus not affect this aim.

Overall, the authors believe that the quality of the
measurement equipment and the post processing of
the data is sufficiently high to correctly capture trends
caused by the SI stratified charge in a HCCI engine.
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Abstract: Future requirements for emission
reduction from combustion engines in ground
vehicles might be met by using the HCCI combustion
concept. In this concept a more or less homogenous
air fuel mixture is compressed to auto-ignition. This
gives a good fuel economy compared to a normal Sl
engine and it has a positive impact on exhaust
emissions. In the study presented here negative
valve overlap (NVO) was used to initiate HCCI
combustion by increasing the exhaust gas
recirculation (EGR) and thus retaining sufficient
thermal energy to reach auto-ignition temperatures,
and raising the temperature during the NVO
sufficiently to allow reactions to occur when a pilot
injection was made prior to the NVO. The focus of
the investigation was on the resulting high
temperature reactions.

Since OH radicals are associated with high
temperature reactions, the reactions were followed
by monitoring planar laser-induced fluorescence
(PLIF) of OH, using a dye laser and an intensified
LaVision Dynamight camera. The presence of OH
radicals detected during the negative valve overlap
indicates that high temperature reactions do occur in
the highly diluted environment of the trapped
exhaust gases during the NVO. Reactions were
identified from 20 CAD prior to TDC (during the
NVO) and to around 60 CAD after TDC, with the
intensity peak at about TDC.

Keywords: HCCI, NVO, OH LIF

1. Introduction

Future requirements to reduce exhaust emissions
and fuel consumption are prompting the
development of more advanced combustion
concepts. One such concept is Homogeneous
Charge Compression Ignition, HCCI, in which the
combustion is controlled by chemical kinetics [1],
and it releases heat more rapidly than in normal
flame front combustion. In the ideal air standard Sl
cycle the combustion occurs at constant volume and
this cycle is therefore the most efficient of the ideal
cycles [2]. However, the rapid heat release of HCCI
combustion and its ability to burn lean mixtures,
thereby reducing pump, exhaust and cooling losses
due to less throttled operation results in greatly
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improved efficiency compared to S| combustion [3].
The lean homogenous mixture leads to low NOx and
PM emissions [4]. Cycle-to-cycle variations are also
minor because the combustion occurs in a
distributed fashion in many places
simultaneously [5].

However, there are challenges associated with the
HCCI concept that must be overcome before it can
be commercially applied, notably ways must be
found to control ignition timing [6], expand its limited
operating range [4] and limit the rate of heat
release [7]. Cylinder-to-cylinder variations can also
cause problems in HCCI engines [4], since the
temperature can vary between the different cylinders
and the ignition delay is highly dependent on the
mixture temperature [8].

Combustion phasing is one of the crucial parameters
to control in HCCI combustion and the timing when
50 % of the energy is combusted, CA50, is a good
indicator of the phasing of the combustion
process [9]. The ability to rapidly control combustion
phasing is especially important during transients.

There are numerous solutions to the challenges
associated with combustion control. Adjusting the
inlet air temperature by heating the incoming air with
air heaters [10-13] or by varying the coolant
temperature [14] are some examples. However,
thermal control of the combustion phasing has the
drawback that the thermal inertia of the associated
engine parts usually limits the transient response
time. Another way to influence the charge
temperature, and thus control the combustion
phasing, is to adjust the compression ratio.
Increasing the compression ratio will increase the
pressure, which will decrease the auto-ignition
temperature and increase the charge
temperature [8]. Geometrically variable compression
ratio have also been used to control HCCI
combustion by several authors [6, 15-18], but it is
difficult to find a mechanism that is fast enough to
cope with real vehicle transients.

Further factors that play important roles in the timing
of auto-ignition are the properties of the fuel, since
the ignition delay of different fuels at given pressures
and temperature varies dramatically. For this reason,
mixtures of two fuels with contrasting octane
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numbers and ignition temperatures (iso-octane and
n-heptane or ethanol and n-heptane) that have
appropriate ignition temperatures to allow correct
phasing of the combustion have been used in
several studies [17, 19].

The ability to create stratified charges in DI engines
also allows various control methods to be adopted to
increase the control of HCCI combustion. In [20-22]
a stratified charge was created in which a flame
(initiated by a spark) first propagated, and
subsequently the combustion consisted of HCCI
combustion. The initial SI combustion allowed the
later HCCI combustion to be controlled. In [23, 24]
the effect of the stratified charge per se was studied
and it was found that charge stratification influenced
the maximum rate of heat release as well as the
combustion phasing for fuels which displayed low
temperature reactions.

One promising way of initiating HCCI combustion is
to retain large quantities of exhaust gases (EGR),
thereby retaining sufficient thermal energy to initiate
the HCCI combustion. Camshafts with short duration
and low lift profiles, and negative valve overlap
(NVO), have been used by Koopmans et al [25-28]
for this purpose. Koopmans [25, 29] found that by
increasing the NVO the auto-ignition timing could be
advanced, due to the increased residual mass
fraction, and thus one of the problems that must be
overcome to extend the operating range of HCCI to
lower loads (retarded combustion phasing) could be
overcome. Furthermore, an injection prior to TDC in
the NVO, here called a pilot injection, could influence
the combustion phasing if the ratio between the pilot
and main injection (injected after TDC in the NVO)
was varied, as corroborated by several
authors [28, 29]. Previous studies have found that
during the NVO large amounts of formaldehyde can
be formed [24], and high temperature reactions have
also been manifested in the form of OH
chemiluminescence.

The study presented here focused on the high
temperature reactions (detected by monitoring the
associated OH radicals) that occurred during the
NVO in a spark-assisted HCCI engine operated with
short duration and low lift camshafts. Planar laser-
induced fluorescence (PLIF) of OH was used to
determine the concentration and location of the OH
since it is difficult to study the high temperature
reactions by solely studying pressure traces, and
thus optical techniques were required to detect them.
This was performed for different operation condition
that used pilot injections prior to the TDC during the
NVO. In addition the effects of varying the injection
parameters on the performance parameters of a
multi-cylinder engine were analyzed and compared
to the optical engine results to confirm that
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phenomena and trends observed in the optical
engine could be validly compared to those that occur
in traditional engines.

2. Experimental apparatus

The optical experiments were carried out in an AVL
optical engine, and parameters of a multi-cylinder
engine with no optical access were examined at
several of the same operation points to confirm that
the behavior observed in the optical engine was
similar to that of more ftraditional engines.
Furthermore, several operating variables were varied
to confirm that trends reported in the literature were
replicated in this study, and thus that the results
obtained could be validly compared to findings
reported by other authors using different engines
(optical or traditional).

2.1 Multi-cylinder engine
Table 1: Specifications for the multi-cylinder engine.

Bore 84 mm
Stroke 96 mm
Swept volume 3192 cm’
Compression ratio 11.5:1
Inlet air temperature Ambient air
Fuel RF-02-03, 99 RON
EOI Main - 310 CAD
EOI Pilot 310 CAD
Camshaft duration intake 130 CAD
Camshaft duration exhaust 110 CAD
Intake valve lift 3 mm
Exhaust valve lift 2 mm
Spark-assist - 30 CAD

The multi-cylinder engine used in the experiments
was a 6cylinder, 3.2 liter Volvo engine. Its
specifications can be seen in table 1. Cam profile
switching (CPS) and variable cam timing (VCT) were
used on both the intake and exhaust. The CPS
system allows two different cam profiles to be used:
a low lift, short duration profile (permitting the high
levels of internal EGR needed to initiate HCCI
combustion) and a high lift, long duration profile (for
use when operating the engine in SI mode).
However, Sl engine experiments were beyond the
scope of this study. The VCT system allowed the
cam timings, to be varied within ranges of 60 CAD
on the intake cam and 40 CAD on the exhaust cam.
The possible valve-timing options for the VCT/CPS
system are illustrated in figure 1. Since only HCCI
combustion using NVO was studied only the short lift
and duration profiles were used. The engine had a
fully programmable control unit controlled with a PC.
The system made it possible to control spark timing,
injection timing, injection pressure, injection amount,
throttle and the VCT/CPS system in real time.
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Figure 1: Motored pressure traces and valve lift

profiles for the optical and multi-cylinder engine.

Solid lines correspond to the optical engine and
dashed lines to the multi-cylinder engine.

For the multi-cylinder engine experiments the fuel (a
gasoline-like reference fuel) was supplied using a
multi-hole direct injector, which was capable of
multiple injections.

2.2 Optical engine
Table 2 Specifications for the optical engine.

Bore 83 mm
Stroke 90 mm
Swept volume 487 cm®
Compression ratio 10:1
Inlet air temperature 90°C
Fuel Iso-octane 85 %
n-heptane 15 %
EQOI Main - 310 CAD
EOQI Pilot 310 CAD
Camshaft duration 130 CAD
Valve lift 3 mm
Spark-assist - 30 CAD

For the optical experiments a prototype cylinder
head was used with similar geometry to that of the
multi-cylinder engine. The engine parameters for the
optical engine can be seen in table 2 and a
schematic sketch of the layout of the optical setup
can be seen in figure 2. The parameters for the
optical engine and the multi-cylinder engine were not
identical but similar, and since an optical engine has
higher cooling losses than a metal engine the intake
air was heated to make its behavior more similar to
engines in real applications with similar settings. The
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intake air temperature was measured directly at the
intake valve using a thermocouple and maintained at
90°C in all of the experiments, in contrast to the
multi-cylinder engine, which was supplied with air at
ambient temperature. A two-component fuel
consisting of iso-octane and n-heptane was used
(Table 2), to minimize disturbances since the fuel
has similar combustion parameters to gasoline, but
neither of the components fluoresce at the chosen
excitation wavelength. The optical engine had an
extended piston housing a mirror that provides, in
conjunction with a quartz window in the piston
crown, optical access to most of the combustion
chamber from below. The optical engine was
restricted to low engine speeds and since the Dye
laser was pumped by a Nd:YAG laser, all
measurements were made at 1200 rpm, which
corresponds to 10 Hz.

CAMERA

PHOTOMULTIPLIER

Figure 2: Schematic layout of the equipment used for
the optical measurements.

The fuel was supplied using a multi-hole direct
injector, which was capable of multiple injections. An
AVL 4210 instrument controller was used to control
the timings of the injections and the ignition in the
optical engine, and a 35 mJ ignition coil to ensure
that sufficient ignition energy was supplied by the
sparkplug.

2.3 Optical setup

Excitation: Planar laser-induced fluorescence was
used to detect and image the OH molecules. The
Q1(6) transition in the A(v=1)-X(v=0) band at a
wavelength of 283 nm was used for excitation. This
transition was used since it provides high signal
strength and relatively low dependence on rotational
population changes due to temperature variations.
The Q1(6) transition overlaps several weaker
transitions in the Q2, Q12 and Q21-branches. This
contributes to the signal strength, although these
excitations are from low rotational states and their
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relative strengths weaken somewhat at higher
temperatures. An absorption spectrum was
simulated with LIFBASE [30]. In order to avoid
scattered laser light entering the detectors,
fluorescence light from the A(v=0) - X(v=0) and
A(v=1) - X(v=1) bands in the 300-320 nm-range was
used for detection.

The tuneable UV-light was generated by a
nanosecond dye laser pumped by the 2nd harmonic
light of a Nd:YAG laser. The Rhodamine 6G dye
provided light in the 560-600 nm wavelength range,
the frequency of which was subsequently doubled to
obtain the desired wavelength. The pulse energy of
the UV light was about 12 mJ. In order to calibrate
the wavelength of the laser, the beam could be sent
through a propane flame and fluorescence from OH
molecules in the flame was detected by a
photomultiplier tube. Three cylindrical lasers were
used to form a 50 mm wide horizontal laser plane
passing 5 mm below the spark plug. A schematic
layout of the set-up is shown in figure 2.

Detection: The LIF images of the OH molecule were
taken using an intensified LaVision Dynamight
camera, with a resolution of 1024x1024 operated by
LaVision DaVis 6.2 software. However, all post-
processing of the images was carried out using
MatLab. To isolate the emission from the OH
molecule a narrow-band filter with a center
wavelength of 310 nm was used. The use of an
intensifier led to the possibility to use short exposure
times and thus any chemiluminescence from the OH
radical captured by the camera becomes negligible,
due to the far weaker signal of the
chemiluminescence. Of resonance images were
captured to evaluate this effect as well as to verify
that any scattered laser light was eliminated by the
filter. To control the timing of the camera an AVL
4210 timing unit was used. Both the gain and
exposure time of 2.5 ys were kept constant in this
study.

3. Results and discussion

3.1 Multi-cylinder engine results

As observed by Koopmans et. al. [28, 29], increasing
the amount of fuel injected in pilot injections before
TDC in the NVO (while keeping the total amount of
fuel injected per combustion cycle constant)
consistently advanced the combustion phasing
(figure 3).
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Figure 3: Pressure traces for various pilot to main
ratios in the multi-cylinder engine.

In addition, the injection of fuel at this time led to
reactions occurring during the NVO, as also seen in
previous studies [20] under similar conditions, and in
experiments with similar fuel and n-heptane by
Koopmans et. al. [31]. Both of the cited studies
indicated that formaldehyde was formed in large
quantities during the NVO, and weak but detectable
OH chemiluminescence signals were detected
in [20] during the NVO. These reactions were
believed to have been responsible for the observed
advances in combustion phasing, the strong LIF
signal from formaldehyde was attributed to the low
temperature reactions that occurred, and the OH
chemiluminescence signals were regarded as
indications that high temperature reactions also
occurred under the test conditions. However, since
the chemiluminescence signals were weak and long
exposure times were required (compared to the
exposure times used for LIF measurements), there
were considerable uncertainties regarding them. For
instance, the Vaidya bands [32] caused by HCO can
influence such chemiluminescence signals. Thus, to
eliminate some of the uncertainties and to obtain a
clearer understanding of the phenomena involved,
higher-resolution measurements were needed,
prompting the present study using PLIF to study the
distribution of the OH radicals.
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Figure 4: Pressure traces obtained at various loads
in the multi-cylinder engine.

The trend of a load increase on cylinder pressure
can be seen in figure 4, the amount of fuel injected
as pilot injection was constant and only the main
injection was increased. The results show the
obvious trend off an increased peak pressure and a
slight advanced combustion phasing.
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Figure 5: Rate of heat release traces resulting from
reactions that occurred during the NVO with various
pilot to main injections ratios (while keeping total
amounts injected constant) in the multi-cylinder
engine.
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Figure 6: Rate of heat release traces resulting from
the reactions that occurred during the NVO with
various loads in the multi-cylinder engine.

The rates of heat release observed during the NVO
can be seen in figures 5 and 6. The amounts of heat
generated during the NVO were only small fractions
of the heat generated during the main combustion,
but they were sufficient to cause detectable
increases in pressure, and thus significant amounts
of heat-generating reactions did occur. Reactions
started at around 340 CAD and continued for around
40 CAD. We attributed most of this heat generation
to the relatively intense low temperature reactions
noted in the previously mentioned optical
experiments. However, the objective of this study
was to investigate if this heat generation was due
solely to the low temperature reactions or if high
temperature reactions contributed to it, by examining
whether or not any OH radicals were present during
the time the heat was generated during the NVO.

3.2 Optical engine results

The multi-cylinder engine experiments showed that
varying the selected parameters led to trends
observed in the literature under various operating
conditions, and for the optical experiments three
different operating conditions (with different loads
and pilot to main injection ratios, designated A, B
and C here for convenience) were selected for
further analysis of the combustion reactions by LIF of
OH. As mentioned above, the intake air temperature
was adjusted for the optical engine so that its
behavior was similar to that of the multi-cylinder
engine at similar settings. Pressure traces obtained
at the three optically studied operational conditions
can be seen in figure 7.

Page 5/9



25¢

----- A
JE— B / :.:.{
2 0 | C ji’/, \\\
# A
44;;, \\
\
= 19 \
) / \\
o 1 0 | // \\
/ kN
/ N
5 N
0 L L L ;
-60 -30 0 30 60
CAD

Figure 7: Pressure traces for the optically studied
cases.

Rate of heat release traces for the three cases can
be seen in figure 8. They show that heat-generating
reactions occurred during the NVO at similar timings
to those seen in the multi-cylinder engine, and both
the durations and peak values were similar too, but
the shapes of the curves obtained for the two
engines were not completely identical. Thus,
adjusting the temperature of the optical engine’s
intake air fulfilled its main purpose. There were
however discrepancies between the engines during
the main combustion, due to differences in their
geometric parameters and heat losses, but these
deviations were not relevant to this study, since the

focus was on events during the
NVO.
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Figure 8: Rate of heat release traces during the NVO
for the optically studied cases.

LIF signals from the OH radicals during the NVO can
be seen in figure 9. The images presented here were
averaged from 10 different filtered images. MatLab
was used for all post-processing of the images,
which involved filtering, averaging, threshold
comparisons and intensity summation. Post-
processing was essential, since LIF signals obtained
from OH using dye lasers require high amounts of
intensification, leading to high noise levels.
Furthermore, post-processing was required to
investigate the spatial distribution of the signal as
well as its intensity. OH radicals were detected from
320 to 420 CAD, or from 40 CAD prior to TDC during
the NVO to 60 CAD after it, but the first pronounced
signals were observed at 340 CAD, and the first
detectable LIF OH signals occurred ca. 10 CAD prior
to the time evidence of reactions could be discerned

Figure 9: LIF images of OH for three operational conditions during the NVO.
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in the pressure traces. These findings indicate that
not only low temperature reactions (associated with
formaldehyde formation) occurred during the NVO,
but also high temperature reactions associated with
highly reactive OH radicals. Thus, the assumption
that previously observed chemiluminescence
signals [20] were initiated by the formation OH
appears to be valid. However, the LIF signals were
present for longer times than the recorded
chemiluminescence signals, since the LIF signals
began with the initial formation of OH and continued
as long as OH was present. Furthermore, the LIF
signals lasted longer than the periods of heat
generation noted in the pressure trace analysis, see
figures 8 and 9. This was partly because LIF signals
occurred not only during the formation of OH (which
led to heat generation) but also when OH was
present, and partly because the main causes of the
heat generation were low temperature reactions.
Furthermore, the threshold for detecting heat
generation by pressure analysis was naturally higher
than the threshold for detecting heat-generating
reactions by LIF analysis.

Relative OH signal

340 360 380 400 420
CAD

Figure 10: Relative OH signals obtained by
comparing the intensity of the LIF images to
threshold values (solid lines) or by summing the
intensity at different timings.

Figure 10 provides more detailed information
regarding the strengths of the signals resulting in the
images presented in figure 9. The strengths of the
signals in each pixel were converted to values
exceeding various thresholds to map the OH
distributions more precisely at each of the tested
timings. The solid lines correspond to thresholds for
weak, medium and strong OH signals and the
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dashed lines to summed intensities. The OH signals
peaked between 340 and 380 CAD and the patterns
were very similar, regardless of which of the
thresholds or summed intensities was used. The
timing of the intensity peak followed the phasing of
the reactions that occurred during the NVO (cf.
figures 8 and 10), i.e. the intensity peaked earlier in
cases where the reactions appeared early, than in
cases where the reactions where they appeared
later.

4. Conclusion

An experimental study of a spark-assisted HCCI
engine using NVO was performed to investigate the
reactions occurring in the trapped residuals during
NVO, especially the high temperature reactions, in
an optical engine. Experiments with a multi-cylinder
engine were also performed to confirm that the
optical engine behaved similarly to a traditional one
and that the engines followed trends reported in the
literature. Patterns observed in the literature were
replicated in both the optical engine and the multi-
cylinder engine, thus results obtained with both of
the engines could be validly compared with previous
work.

Heat-generating reactions (lasting ca. 40 CAD) were
noted to occur during the NVO when pressure trace
analysis was performed for various operational
conditions in both the optical and multi-cylinder
engines. Just prior to detectable heat generation (by
pressure trace analysis), OH radicals were identified
by using LIF. The OH signals also lasted longer than
the heat generation signals. This was mainly
attributed to the main contributors to the heat
generation being the low temperature reactions.
However, the presence OH was detected in all of the
studied operation conditions and thus if coexisted
with the low temperature reactions.
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Exhaust Gas Recirculation

Spark Ignited

Hydroxyl

Planar Laser-Induced Fluorescence
Nitrogen Oxides

Particulate Matter

Crank angle when 50% of the energy is burned
Direct Injection

Top Dead Center

Crank Angle Degree

Cam Profile Switching

Variable Cam Timing

Pressure

End of Injection

Nd:YAG: Neodymium: Yttrium Aluminum Garnet

IMEP:
Cov:

RoHR:

Indicated Mean Effective Pressure
Coefficient Of Variation
Rate of Heat Release
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ABSTRACT

Future requirements for emission reduction from com-
bustion engines in ground vehicles might be met by
using the HCCI combustion concept. In this study,
negative valve overlap (NVO) and low lift, short du-
ration, camshaft profiles, were used to initiate HCCI
combustion by increasing the internal exhaust gas re-
circulation (EGR) and thus retaining sufficient thermal
energy for chemical reactions to occur when a pilot in-
jection was introduced prior to TDC, during the NVO.

One of the crucial parameters to control in HCCI com-
bustion is the combustion phasing and one way of do-
ing this is to vary the relative ratio of fuel injected in
pilot and main injections. The combustion phasing is
also influenced by the total amount of fuel supplied to
the engine, the combustion phasing is thus affected
when the load is changed. This study focuses on the
reactions that occur in the highly diluted environment
during the NVO when load and pilot to main ratio are
changed.

To monitor these reactions, planar laser-induced flu-
orescence (PLIF) from OH radicals was analyzed in
a series of experiments with an optical single-cylinder
engine, since these radicals are known to be associ-
ated with high temperature reactions. A series of ex-
periments was also performed using a multi-cylinder
engine with varied NVO timings, which showed that
the combustion phasing was influenced by both the
ratio between the pilot and main injection amounts
and the total amount of fuel. Data acquired from cor-
responding optical analysis showed the occurrence
of OH radicals (and thus high temperature reactions)
during the NVO in all tested operating conditions. The
results also indicate that the extent of the high temper-
ature reactions was influenced by both varied param-
eters, since decreasing the relative amount of the pilot
injection and/or increasing the total amount of fuel led
to larger amounts of OH radicals.
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INTRODUCTION

Future requirements to reduce exhaust emissions and
fuel consumption are prompting the development of
more advanced combustion concepts. One promising
concept is Homogeneous Charge Compression Igni-
tion, HCCI. In an HCCI engine the combustion is con-
trolled by chemical kinetics [1], and heat is released
more rapidly than in normal flame front combustion.
In the ideal air standard Sl cycle the combustion oc-
curs at constant volume and this cycle is therefore the
most efficient of the ideal cycles [2]. The rapid heat
release of HCCI combustion and its ability to burn
lean mixtures, thereby reducing pump, exhaust and
cooling losses due to less throttled operation results
in greatly improved efficiency compared to Sl com-
bustion [3]. HCCI combustion yields low NOx and
PM emissions [4] as a result of the lean homogenous
mixture. Cycle-to-cycle variations are also minor be-
cause the combustion occurs in a distributed fashion
in many places simultaneously [5].

However, several challenges associated with the
HCCI concept must be overcome before it can be
commercially applied, notably ways must be found to
control ignition timing [6], expand its limited operat-
ing range [4] and limit the rate of heat release [7].
Cylinder-to-cylinder variations can also cause prob-
lems in HCCI engines [4], since the temperature can
vary between the different cylinders and the ignition
delay is highly dependent on the mixture tempera-
ture [8].

Combustion phasing is one of the crucial parameters
to control in HCCI combustion and the timing when
50 % of the fuel is combusted, CA50, is a good in-
dicator of the phasing of the combustion process [2].
The ability to rapidly control combustion phasing is
especially important during transients.

There are numerous solutions to the challenges as-
sociated with combustion control. One is to adjust the



inlet air temperature by heating the incoming air with
air heaters [9-12] or by varying the coolant temper-
ature [13]. However, thermal control of the combus-
tion phasing has the drawback that the thermal iner-
tia of the associated engine parts usually limits the
transient response time. Another way to influence the
charge temperature, and thus control the combustion
phasing, is to adjust the compression ratio. Increas-
ing the compression ratio will increase the pressure,
which will decrease the auto-ignition temperature and
increase the charge temperature [8]. Geometrically
variable compression ratio have been used to control
HCCI combustion by several authors [6, 14-17], but it
is difficult to find a mechanism that is fast enough to
cope with real vehicle transients.

Further factors that play important roles in the timing
of auto-ignition are the properties of the fuel, since
the ignition delay of different fuels at given pressures
and temperatures vary dramatically. For this reason,
mixtures of two fuels with contrasting octane numbers
and ignition temperatures (iso-octane and n-heptane
or ethanol and n-heptane) that have appropriate igni-
tion temperatures to allow correct phasing of the com-
bustion have been used in several studies [16, 18].

The ability to create charge stratification in DI engines
allows various control methods to be adopted to in-
crease the control of HCCI combustion, in [19- 21] a
hybrid combustion mode has been described in which
spark-initiated combustion of a stratified charge is fol-
lowed by HCCI combustion. The initial SI combustion
allowed the later HCCI combustion to be controlled.
In [22, 23] the effect of the stratified charge per se
was studied, and the charge stratification was shown
to affect the maximum rate of heat release as well
as combustion phasing for fuels which displayed low
temperature reactions.

One promising way of initiating HCCI combustion is
to retain large quantities of exhaust gases (EGR),
thereby retaining sufficient thermal energy to initiate
the HCCI combustion. Short duration and low valve
lift profiles, and negative valve overlap (NVO), have
been used for this purpose by Koopmans et al [24-
27]. Koopmans [24, 28] found that by increasing
the NVO the auto-ignition timing could be advanced,
due to the increased residual mass fraction, and thus
one of the problems that must be overcome to ex-
tend the operating range of HCCI to lower loads (re-
tarded combustion phasing) could be overcome. Fur-
thermore, an injection prior to TDC in the NVO, here
called a pilot injection, could influence the combus-
tion phasing if the ratio between the pilot and main
(injected after TDC in the NVO) injections was varied,
as found by various authors [27, 28]. Previous studies
have detected large amounts of formaldehyde during
the NVO [19], and evidence of high temperature re-
actions, manifested by OH chemiluminescence. For
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instance, chemiluminescence of OH was found be-
tween 20 CAD prior to TDC (during the NVO) and to
TDC, with their intensity peaking at TDC.

The study presented here focused on the high tem-
perature reactions that occurred during the NVO in a
spark-assisted HCCI engine operated with short du-
ration and low lift camshafts. The effects of varying
the ratio between pilot and main injection amounts,
and the total amount of fuel injected, on the high tem-
perature reactions were studied in an optical engine,
and the high temperature reactions have been asso-
ciated with the presence of OH radicals. Planar laser-
induced fluorescence (PLIF) of OH was used to de-
termine its intensity and location since it is difficult to
study the high temperature reactions by solely study-
ing pressure traces, and thus optical studies were re-
quired to detect them. Furthermore, the effects of dif-
ferent injection parameters on engine behavior were
studied in both a multi-cylinder engine and the opti-
cal single cylinder engine to confirm that the behavior
observed in the optical engine could be validly com-
pared to that of a normal engine, and to explain the
observed trends, especially the advances in combus-
tion phasing associated with increases in the relative
amount of fuel injected in the pilot injection. Further-
more, to verify that the behavior observed in previous
studies using NVO was replicated, and that the re-
sponses and trends observed in this study could be
validly compared to those.

EXPERIMENTAL APPARATUS

Both engines in the experiments used NVO which led
to compression of the trapped residuals during the
NVO and the temperature during the NVO was in-
creased to such a degree that reactions could occur
when a pilot injection was injected prior to the TDC
during the NVO as seen in previous studies [19]. lllus-
trative injection timings, valve lift profiles and motored
pressure traces obtained when conventional valve
timing and NVO were used can be seen in figure 1,
0 CAD was set as TDC in the main combustion and
360 CAD as TDC during the NVO.

The multi cylinder engine used for the experiments
was a 6 cylinder, 3.2 liter Volvo engine. The engine
was equipped with cam profile switching (CPS) and
variable cam timing (VCT) on both intake and ex-
haust. The CPS system made it possible to have
two different cam profiles, one with low lift and one
with high lift. The VCT system made it possible to
phase the opening and closing times of the valves
60 CAD on the intake side and 40 CAD on the ex-
haust side. The possible valve-timing options for the
VCT/CPS system are illustrated in figure 2. However,
this study was restricted to an analysis of HCCI com-
bustion using NVO, and thus only the short lift and
duration profiles were used. The engine had a fully
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Figure 1: Valve lift profiles, injection timings, and mo-
tored pressure traces obtained with both conventional
valve timing (dashed lines) and NVO (solid lines) in
the optical engine.
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Figure 2: Valve lift profiles for the multi cylinder engine
and its phasing capabilities.

programmable control unit controlled with a PC. The
system made it possible to control spark timing, injec-
tion timing, injection pressure, injection amount, throt-
tle and the VCT/CPS system in real time.

The optical experiments were carried out in a single-
cylinder engine with optical access. For all experi-
ments a prototype cylinder head was used with ge-
ometry similar to that of the multi-cylinder engine. The
engine parameters for both the optical engine and the
multi-cylinder engine can be seen in table 1 and a
schematic sketch of the layout of the optical setup can
be seen in figure 3. The parameters for the optical
engine and the multi-cylinder engine were not iden-
tical but had similar values, and since the investiga-
tions were performed in an optical engine with higher
cooling losses and lower compression ratio than in a
metal engine, its intake air was heated to ensure that
its behavior was similar to that of a real engine with
similar settings. The temperature of its intake air was
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measured directly at the intake valve using a thermo-
couple and maintained at 90°C for all measurements,
while in contrast the multi-cylinder engine was sup-
plied with air at ambient temperature. To achieve a
condition that was similar to the multi-cylinder engine
in terms of surface temperature, the engine was op-
erated in reference mode until the cylinder head was
130 °C and then the settings that should be studied
were used. This procedure was carried out for all
measurements in the optical engine to achieve high
repeatability accuracy. Furthermore, the fuel used for
the different engines differed; in the optical engine a
two-component fuel consisting of iso-octane and n-
heptane was used since neither of these components
fluoresce significantly at the chosen excitation wave-
length. For the multi cylinder engine a certification
fuel was used that displayed similar behavior to con-
ventional petrol.

Table 1: Engine parameters.
OPTICAL ENGINE

Bore

Stroke

Swept Volume
Compression ratio
Inlet air temperature
Fuel

83 mm

90 mm

487 cm®

10:1

90 °C

iso-octane 85 %.,.;
n-heptane 15 %,

MULTI-CYLINDER
Number of cylinders
Bore

Stroke

Swept Volume
Compression ratio

Inlet air temperature
Fuel (CEC legislative fuel)

ENGINE

6

84 mm

96 mm

3192cm?

11.5:1

Ambient air
RF-02-03, 99.5 RON

ENGINE SETTINGS
EOI Main

EOQI Pilot

Camshaft duration
Intake

Exhaust

Valve lift
Intake

Exhaust

Spark-assist

-310 CAD
310 CAD

130 CAD
130 CAD optical engine
110 CAD multi-cylinder

3 mm optical engine
3 mm multi-cylinder
3 mm optical engine
2 mm multi-cylinder
-30 CAD

This optical engine has an extended piston housing
a mirror that provides, in conjunction with a quartz
window in the piston crown, optical access to most
of the combustion chamber from below. The optically
accessible volume can be seen in figure 4. The op-
tical engine is restricted to low engine speeds and
since the Dye laser was pumped by a Nd:YAG laser
in the optical studies, all measurements were made



Mirror

Camera Filter\

Photomultiplier
Figure 3: Schematic layout of the optical engine.
at 1200 rpm, which corresponds to 10 Hz, which led

to a temperature stable operation condition for the
Nd:YAG laser.

Figure 4: The optically accessible combustion cham-
ber. The diameter of the optically covered zone was
73 mm.

For all experiments the fuel was supplied using a
multi-hole direct injector, which was capable of mul-
tiple injections. To control the timings of the injections
and the ignition in the optical engine an AVL 4210 in-
strument controller was used and a 35 mJ ignition coil
was used to ensure that sufficient ignition energy was
supplied by the sparkplug. The locations of the injec-
tor and the sparkplug can be seen in figure 4.

Two series of experiments were performed in both the
multi-cylinder engine and the optical engine and the
effects of these parameters were studied for two dif-
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ferent NVO’s in the multi-cylinder engine and for a sin-

gle NVO in the optical engine, see table 2.

Table 2: Test matrix.

MULTI-CYLINDER
Engine speed
NVO

Experiment 1
Pilot/Main ratio
Load

1200 rpm
160 and 180 CAD

25-40 %
Constant 1.5 Bar IMEP

A180 NVO Constant 1.31+0.01
A160 NVO Constant 1.594-0.03
Experiment 2

Pilot/Main ratio 37 -43 %

Load 1.6 - 1.85 Bar IMEP
A180 NVO 1.27-1.35

A160 NVO 1.47 -1.63
OPTICAL ENGINE

Engine speed 1200 rpm

NVO 180CAD
Experiment 1

Pilot/Main ratio 31-40 %

Load

A

Experiment 2
Pilot/Main ratio
Load

A

Constant 1.5 Bar IMEP
Constant 1.29-+0.01

37 -43 %
1.5-1.9 Bar IMEP
1.22-1.3

OPTICAL EQUIPMENT

Planar laser-induced fluorescence was used to de-
tect and image the OH molecules. The Q1(6) tran-
sition in the A(v=1) - X(v=0) band at a wavelength of
283 nm was used for excitation. This transition was
used since it provides a high signal strength and has
relatively low dependence on rotational population
changes due to temperature variations. The Q1(6)
transition overlaps with several weaker transitions in
the Qo, Q12 and Q»q-branches. This contributes to the
signal strength, although these excitations are from
low rotational states and their relative strengths de-
cline somewhat at higher temperatures. An absorp-
tion spectrum was simulated by LIFBASE [29] which
can be seen in figure 5. In order to avoid scattered
laser light entering the detectors, fluorescence light
from the A(v=0) - X(v=0) and A(v=1) - X(v=1) bands
in the 300-320 nm-range was used for detection.

The tunable UV-light was generated by a nanosec-
ond dye laser pumped by the 2nd harmonic light of
a Nd:YAG laser. The Rhodamine 6G dye provided
light in the 560-600 nm wavelength range, the fre-
quency of which was subsequently doubled to obtain
the desired wavelength. The pulse energy of the UV
light was about 12 mJ. In order to calibrate the wave-
length of the laser, the beam could be sent through a
propane flame and fluorescence from OH molecules
in the flame could be detected by a photomultiplier
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Figure 5: Simulated excitation spectrum for OH.

tube. Three cylindrical lenses were used to form a
50 mm wide horizontal laser plane passing 5 mm be-
neath the spark plug. A schematic diagram of the set-
up is shown in figure 3.

DETECTORS AND FILTERS

The images were taken using an image intensi-
fied LaVision Dynamight camera, providing up to
1024x1024 resolution equipped with LaVision DaVis
6.2 software. However, all post-processing of the im-
ages was carried out using MatLab. A narrow-band
filter with a center wavelength of 310 nm was used to
isolate the emission from the OH radicals. Due to the
short exposure times used (2.5 us) and filtering any
chemiluminescence from OH captured by the camera
were negligible. Off-resonance images were captured
to evaluate these effects and to verify that scattered
laser light was effectively eliminated by the filter. To
control the timing of the camera the AVL 4210 timing
unit was used. Both the gain and exposure time of 2.5
us were kept constant in this study.

RESULTS AND DISCUSSION

MULTI CYLINDER ENGINE RESULTS

The effects of varying the ratio between pilot and main
injections while keeping the load constant can be
seen in figure 6. The presented traces from the multi-
cylinder engine was averaged from 200 consecutive
revolutions for the whole engine, thereby from 100
cycles from each of the six cylinders. The combus-
tion phasing was advanced when the relative amount
of pilot injection was increased, by varying degrees
depending on the cam settings (i.e. NVO), in accor-
dance with observations in previous studies by the au-
thors [19] and Koopmans et. al. [27]. For the cases
with a NVO of 180 CAD, less advancement of the
combustion was noted, which was attributed to the
lower, and consequently less excess air during the
NVO, allowing less reactions to occur. When a longer
NVO was used the maximum rate of heat release was
increased and the combustion duration decreased.
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Figure 6: Averaged cumulative heat release and rate
of heat release for 180 CAD NVO, (a) and (b), and for
160 CAD NVO, (c) and (d) for different pilot to main
ratios during the main combustion.

The lower maximum rate of heat release for the cases
with a NVO of 160 CAD could be partly explained by
the fact that the combustion was less stable than in
cases with a NVO of 180 CAD and partly due to the
higher X that led to lower reaction rates. Indications
of the combustion instability can be seen in figure 7,
in which the standard deviation of the CA50 timing
is shown. The greater instability gave a smoother
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Figure 7: IMEP, air equivalence ratio and combustion
phasing for 180 NVO, (a) and for 160 NVO (b), for dif-
ferent pilot to main ratios. Standard deviation is rep-
resented as dots.



rate of heat release when it was averaged over the
different cycles. However, the combustion was sta-
ble in absolute terms, displaying a COV in IMEP of
around 1.5 %, and the load for the different pilot to
main injection ratios could be considered to be con-
stant. The air equivalence ratio was slightly affected
by the pilot to main injection ratio, but the load was
kept constant by varying the total amount of fuel and
thus there were only small differences in A. The ef-
fects of the pilot to main injection ratio on combustion
phasing were significant for the cases with a NVO of
160 CAD, since the average CA50 timing with 25 and
40 % pilot ratios differed by more than its standard de-
viations. Thus, it was statistically unlikely that the dif-
ferences in combustion phasing were due to random
effects. The combustion phasing was also advanced
slightly by the higher pilot to main injection ratio with
a 180 CAD NVO, but the statistical significance of the
effect was weaker.
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Figure 8: Rate of heat release during the NVO for
180 NVO, (a) and for 160 NVO, (b) for different pilot to
main ratios.

Further investigations based on pressure trace anal-
ysis were performed to investigate if the heat gener-
ated by the reactions that occurred during the NVO
was a major factor responsible for the finding that in-
creasing the relative amount of the pilot injection ad-
vanced the combustion phasing. Other factors that
may have influenced the phasing include the possi-
bility that radicals were formed during the NVO that
subsequently influenced the phasing of the main com-
bustion and that higher pilot ratios led to an increase
in these radicals. The rates of heat release observed
during the NVO when the pilot to main injection ratio
was varied can be seen in figure 8. Generally, the
maximum rate of heat release during the NVO was
much smaller than the maximum rate of heat release
during the main combustion, as seen previously in fig-
ure 6. Evidence of reactions could be seen after ca.
around 330 CAD as the rate of heat release started
to increase, and peaked slightly after TDC during the
NVO, after which it decreased. These trends were
observed for all operation conditions studied in the
multi cylinder engine. The cases with low pilot to
main injection ratios initially displayed higher rates of
heat release than those with higher pilot injection pro-
portions. However, later in each cycle this trend re-
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versed, and cases with higher pilot injection propor-
tions showed higher rates of heat release. This was
probably because the higher amounts of fuel injected
prior to TDC in the cases with high pilot injection pro-
portions led to increased evaporation and, hence, re-
ductions in the temperature. Thus, the reactions that
occurred during the NVO were initially slightly delayed
in these cases, but in the later part of the combustion
the relatively high amount of fuel injected during the
NVO led to a higher accumulated heat release.
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Figure 9: Heat release during the NVO for 180 NVO,
(a) and for 160 NVO, (b) for different pilot to main ra-
tios.

Figure 9 shows accumulated heat release curves dur-
ing the NVO obtained with various pilot to main injec-
tion ratios. The evaporation of the pilot injection was
manifested by a reduction in the accumulated heat re-
lease when it was injected (310 CAD), and at around
330 CAD the heat release gradient became positive,
as previously indicated by the rate of heat release
traces, see figure 8. Increasing the pilot injection pro-
portion led to a slightly increased evaporation, as indi-
cated by the finding that the accumulated heat release
was lowest, at around 330 CAD, in the cases with
the highest pilot injection proportions. However, the
effects of the evaporation following the pilot injection
were subsequently strongly compensated by the heat
generating reactions, and the total accumulated heat
release curves show there was a positive addition of
heat during the NVO. The combustion efficiency, dur-
ing the NVO 7ombustion Nvo Was naturally far lower than
unity, and only fractions of the fuel introduced in the
pilot injections were combusted during the NVO, due
to the very high levels of EGR during it (since mainly
trapped residuals were compressed during the NVO)
and of course the intention of the combustion during
the NVO was only to control the main combustion.
TcombustionNvo Varied from 18 to 25 % when 180 CAD
NVO was used, and between 23 and 27 % when 160
CAD was used. However, the 7combustionNvo Values
were lowest for the higher proportions of pilot injec-
tion. For cases with 160 CAD NVO the total amounts
of heat generated during the NVO were greater than
in the cases with 180 CAD, due (as discussed above)
to the higher A, which the 7¢ombustion Nvo indicated.



To investigate if the trend of advanced phasing with
increasing pilot ratios was due to increases in the
temperature of the gas during the compression, the
influence of the heat added during the NVO caused
by the pilot injection on the charge temperature dur-
ing the compression was calculated. This was done
using polytropic calculations, as further described in
the Appendix. In figure 10 the pressure and calcu-
lated mass-averaged temperature can be seen for two
cases: one with 25 % and one with 40 % pilot in-
jections, both with an NVO of 160 CAD; the maxi-
mum and minimum pilot injection proportions tested
at 160 CAD NVO. Those cases showed a difference
in CA50 timing of around 5 CAD, see figures 6(c), 6(d)
and 7(b), and the heat released during the NVO for
those cases differed by ca. 10 J, see figure 9(b). The
mass-averaged temperature was calculated by using
the pressure and heat release values measured dur-
ing the NVO for the two cases. Due to the low density
and mass of the trapped residuals during the NVO
the heat generated by the reactions that occurred led
to a significant increase in temperature during the
NVO, although the evaporation of the pilot injection
temporary mitigated the temperature increase during
the compression of the trapped residuals. During the
NVO the temperature difference between the maxi-
mum values obtained with the different pilot injection
proportions was of the order of 50 K, with the highest
temperature achieved in the case with 40 % of pilot
injection. This higher temperature for the case with
higher amount of pilot injection led to a higher temper-
ature during the compression (for the main combus-
tion) compared to the case with the lower amount of
pilot injection. The difference in temperature 10 CAD
prior to TDC between the cases was in the order of 45
K. Weikl et. al. [30] studied the gas-phase tempera-
ture during HCCI combustion by using Coherent Anti-
Stokes Raman Spectroscopy (CARS), for HCCI com-
bustion with similar amounts of EGR, but at slightly
higher loads. The cited authors found that a differ-
ence in temperature at TDC of 7 K would change the
combustion phasing (CA50) by around 1 CAD. Simi-
lar ratios of changes in the CA50 timing to changes in
temperature were found in this study, and thus it was
concluded that the heat generated by the pilot injec-
tion was a major contributor to the combustion phas-
ing. Furthermore was the temperature difference at
the start of combustion (SOC) for the two cases ana-
lyzed in the order of 5 K, the case with 40 % of pilot in-
jection displayed a slightly higher temperature, but 5K
is in the order of the accuracy of the measurement.

The effects of a load change on the heat release and
rate of heat release can be seen in figure 11. The
load was increased by increasing the amount of fuel
introduced in the main injection while keeping the pi-
lot injection constant and, as seen by many authors,
increasing the load in HCCI combustion led to an in-
crease in the maximum rate of heat release and a
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Figure 10: Pressure traces and calculated mass aver-
aged temperatures for 25% and 40% of pilot injection
when 160 CAD NVO was used. Dashed lines corre-
sponds to 40% pilot and solid lines to 25%.

slightly advanced combustion. The combustion phas-
ing and combustion duration were less affected by
increases in the main fuel amount in the 180 CAD
NVO cases than the 160 CAD NVO cases. These
differences were partly due to the decreased cycle-
to-cycle variations (see figure 12) when the load was
increased, which led to the averaged rate of heat re-
lease traces displaying a shorter combustion dura-
tion and higher maximum rate of heat release, and
partly to the fact that the shorter NVO led to a higher
A value, and thus more reactions could occur during
the NVO and subsequently influence the combustion
phasing. Since the influence on combustion phas-
ing was stronger, the maximum rate of heat release
increased more when the load was increased with
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Figure 11: Averaged cumulative heat release and rate
of heat release for 180 NVO, (a) and (b), and for
160 NVO, (c) and (d) for different loads (from 1.5 to
1.9 Bar IMEP).



160 CAD NVO than with 180 CAD NVO. In addition,
changing the load from 1.5 to 1.9 bar IMEP had a sta-
tistically significant effect on the CA50 timing on the
case with 160 CAD of NVO, but in the case with 180
CAD NVO according to the means and standard de-
viations of the measured values no statistically clear
trends could be seen.
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Figure 12: IMEP, air equivalence ratio and combus-
tion phasing for 180 NVO, (a) and for 160 NVO (b),
for different total fuel amounts. Standard deviation is
represented as dots.

The rate of heat release curves during the NVO ob-
tained when the load was varied can be seen in fig-
ure 13 and, as for the cases with varying pilot to main
injection ratios, the maximum rate of heat release dur-
ing the NVO was only a fraction of the maximum rate
of heat release during the main combustion. Further
similarities were also noted in the timing and duration
of signs of reactions. The maximum rates of heat re-
lease were lower when the load was increased, pre-
sumably because the higher load led to a lower )\ and
thus less excess O, during the NVO, so less reac-
tions could occur despite the elevated temperature of
the trapped residuals caused by the increase in load.
In the experiments with varying load (figure 13) the
cases with higher load showed higher rates of heat
release initially in the cycles, but later in the cycles
the rates of heat release were highest in the lowest
load cases. This was probably because increases in
the load reduced the air equivalence ratio (figure 12),
leaving less oxygen for the reactions during the NVO.
Thus, despite a higher total amount of fuel being in-
jected at the higher loads, less reactions occurred
during the later parts of the combustion in the NVO.
The total amount of fuel injected in the pilot injec-
tion was constant, and only the main injection was
increased when the load was increased, so the pilot
to main injection ratio decreased when the load was
increased. The initially higher rates of heat release in
the cases with higher loads may have been due to the
higher load leading to higher temperatures during the
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compression in the NVO, thus allowing the reactions
to start earlier, while later in the cycles the greater ex-
cess of oxygen at the lower loads led to higher max-
imum rates of heat release in those cases. The ac-
cumulated heat release traces (figure 14) show that
the total amount of heat generated during the NVO
was decreased when the load was increased. For
the case with 180 CAD NVO, the reactions during the
NVO were more strongly reduced when the load was
increased than when 160 CAD NVO was used, so the
reduction in accumulated heat due to the increase in
load was higher, presumably because the longer NVO
led to larger amounts of EGR, and thus lower \ val-
ues.
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Figure 13: Rate of heat release during the NVO for
180 CAD NVO, (a) and for 160 CAD NVO, (b) for dif-
ferent loads (from 1.5 to 1.9 Bar IMEP).
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Figure 14: Heat release during the NVO for 180 NVO,
(a) and for 160 NVO, (b) for different loads (from 1.5
to 1.9 Bar IMEP).



OPTICAL ENGINE RESULTS

The effects of varying the pilot to main injection ratio
on heat release in the optical engine can be seen in
figure 15. The response to increases in the pilot injec-
tion proportions was advanced combustion, as seen
in the multi cylinder engine experiments. There were,
of course, discrepancies between the two; the lower
compression ratio and higher cooling losses of the op-
tical engine led to slightly different results despite the
similarity of the settings. However, it was encourag-
ing that the correlation between advanced combus-
tion and increases in the pilot to main injection ratio
was observed, since investigating this trend and the
effects of increased load were the main objectives of
the study. The heat release was calculated and aver-
aged over just 50 cycles because longer data acqui-
sition periods led to unacceptable time trends due to
increases in the temperature of the combustion cham-
ber surfaces, which gradually advanced the combus-
tion phasing. This was because it was not possible to
thermally stabilize the optical engine. The observed
changes in combustion phasing caused by increasing
the pilot to main injection ratio from 31 to 40 % in the
optical and multi cylinder engines were similar, but the
combustion was generally advanced more in the multi
cylinder engine.
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Figure 15: Average accumulated heat release traces
for different pilot to main rations.

When the load was increased in the optical engine ex-
periments less effect on the combustion phasing was
seen than in the multi cylinder engine experiments,
as shown in figure 16, which displays the heat release
traces obtained when the load was increased. The in-
fluence on combustion phasing was probably weaker
because the optical engine was run under reference
conditions until the temperature of the cylinder head
had reached 130°C, and then the settings for the case
to be studied were applied and data were recorded
for the following 50 cycles. In contrast, the multi cylin-
der engine was run continuously at the settings deter-
mined by the experimental matrix, and at higher loads
the temperature of the combustion chamber surface
became higher in the multi cylinder engine. Hence,
the load had a stronger influence on the combustion
phasing than in the optical engine, in which the tem-
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perature of the combustion chamber surface was less
strongly influenced by the load.
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Figure 16: Average accumulated heat release traces
for different total amounts of fuel, i.e. different loads
(1.6 to 1.85 Bar IMEP).
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Figure 17: Averaged rate of heat release traces dur-
ing the NVO for different pilot to main ratios, (a) and
for different loads (b).

When the pressure traces for the optical engine were
analyzed, evidence of reactions during the NVO was
detected, as shown in figure 17. Reactions were
found to start at around 330 CAD, slightly earlier
than in the multi cylinder engine, and continued un-
til around TDC. When the load was increased the
maximum rate of heat release decreased, as seen
in the multi cylinder engine. The maximum rates of
heat release were also of the same order of magni-
tude for both engines, although the traces obtained
for the optical engine were calculated from just one
cylinder and 50 cycles, but from six cylinders and 100
cycles from each cylinder for the multi cylinder en-
gine. Thus, the effects of the shortcomings of the
optical engine (notably that it was not thermally stabi-
lized during the measurements and thus did not allow
long data acquisition periods), on its responses were
modest, comparisons between the two engines could
be made, and trends observed in the optical engine
could apparently be validly compared to those in tra-
ditional engines.
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Figure 18: Averaged LIF images from OH for different amounts of pilot injection and for different timings.

As observed by the authors in previous studies OH
was present during the NVO [19], and the OH sig-
nal appeared slightly before any evidence of reactions
was noted in the rate of heat release traces (see fig-
ures 17, 18 and 20). Furthermore, the OH signals
continued for a longer time (ca. 100 CAD, with an
intensity peak at TDC) than the heat-generating re-
actions appeared to last in the rate of heat release
traces during the NVO, especially for the cases with
smaller relative pilot injections. The excitation wave-
length was chosen to give a signal that was insensi-
tive to any temperature change during the NVO, how-
ever many other factors influence LIF signals, for in-
stance O, or H,O contents can strongly affect the
quenching. The pressure also affects the signal, how-
ever the pressure difference between the cases for
the studied interval were minor, and both the con-
sumption of O, and production of H,O in the com-
bustion during the NVO were only modest, so dif-
ferences observed between the cases were believed
to be mainly due to changes in operational settings.
Each of the images presented in figure 18 were aver-
aged from 10 separate images from 10 different cy-
cles and all of the images were filtered. The spatial
locations of the OH reactions were time dependent
and initial signs were found at the periphery on the
right side of the combustion chamber. Later in the
cycle OH radicals were present throughout the whole
combustion chamber until the signal decayed and the
last signs were noted at the same location that the
initial signs were noted. The intensity of the LIF sig-
nals varied for the different pilot injection amounts, it
was found that increasing the relative amount of fuel
introduced in the pilot injection for the same load led
to a decreased OH signal. The signal to noise ratio of
LIF obtained using dye lasers from OH is known to be
generally poor, and thus great care was taken when
analyzing the OH signal strength and its dependency
on the studied parameters. These aspects of the in-
vestigation, and the filtering process, are described in
more detail in the Appendix.
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Figure 19: Variations in LIF signals from OH with rela-
tive pilot ratios, obtained using three threshold values,
and summed values.

To investigate the spatial distribution of OH in the
combustion chamber the images were studied in de-
tail and different threshold values were used to deter-
mine how many pixels in the images could be asso-
ciated with a significant signal from OH. In figure 19
the results can be seen when each of the pixels in the
images from 320 CAD to 420 CAD were compared to
different threshold values, providing indications of the
areas covered by the optical field in the combustion
chamber that were emitting weak (Threshold 450),
moderate (Threshold 550) or strong (Threshold 750)
OH signals. From the signals, of all strengths, in fig-
ure 19 it can be seen that an increase in the pilot to
main injection ratio reduces the OH signal. For in-
stance, in the case with a 40 % ratio no strong signals
were detected from 320 to 420 CAD. Furthermore,
the intensities were summed for all pixels and nor-
malized, and the same trend as that discerned using
the threshold values was seen. Thus, it gave a fur-
ther indication that the OH intensity decreases with
increasing pilot ratio.
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Figure 20: Averaged LIF images from OH for different loads and different timings.

As in the experiments with varying amounts of pi-
lot injection, OH signals were detected between 320
and 420 CAD in the experiments when the load was
varied. Averaged LIF images obtained between 340
and 420 CAD for various loads can be seen in fig-
ure 20. The OH intensity peaked at around TDC and
slowly decreased for later timings. Increases in the
total amount of fuel were accompanied by increased
amounts of OH and, as in the experiments in which
the pilot to main injection ratio was varied, the dura-
tion of the OH signal was unaffected by the changes
in settings, only the intensity and/or spatial distribu-
tion of the signal were affected. Signals were consis-
tently detected during the same time interval, but with
varied intensity. This signal dependency on the total
amount of fuel was also studied by setting different
threshold values and summing the intensity for all pix-
els, and the results can be seen in figure 21. For low
and medium threshold values the trends were clear;
OH was present over a larger area in the cases with
higher loads. However, with the high intensity thresh-
old there was a deviation from this trend for some
operational conditions. The deviation from this trend
detected in some of the cases with the high inten-
sity threshold might have been due to greater cycle-
to-cycle variations in the spatial location of the OH
signals, resulting in more evenly distributed averaged
images with smaller regions of high intensity signals.
However, the correlation between the intensity of the
OH signals and load was still present in the summed
values for all pixels. Of course, the conditions during
the NVO changed when the load was varied, since
increases in load led to reductions in A and the incre-
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ased amount of combustion to a reduction in O, and
increased production of H,O. These changes would
also affect the levels of quenching of the LIF signal.
However, the changes in O, concentrations would
have a stronger impact on the level of quenching than
the changes in H,O concentrations, so the changes
in quenching-associated conditions would probably
have contrary effects to the observed increases in
signal strength with increases in load. Thus, the
detected trend would presumably have been even
stronger with similar levels of quenching.
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Figure 21: Variations in LIF signals from OH with load
(1.6 to 1.85 bar IMEP), obtained using three threshold
values, and summed values.

DISCUSSION

The experiments with the multi-cylinder engine
showed similar results to those observed in previous
studies by both the present authors and other authors,
and that the phasing capacity of increasing the pilot
to main injection ratio was due to increases in com-
pression temperatures due to the generation of heat
during the NVO.



In both series of experiments with the optical engine,
the strength of the OH signals increased in cases that
gave a reduced maximum rate of heat release (cf. fig-
ures 17, 19 and 21). Reductions in the amount of
fuel introduced in the pilot injection led to lower max-
imum rates of heat release during the NVO, but in-
creases in the amounts of OH, and when the load
was increased the maximum rate of heat release dur-
ing the NVO was decreased and the amount of OH
was increased. Thus, the high temperature reactions
contributed to the heat released during the NVO, but
they were not the major factors. Indications of the
occurrence of high temperature reactions under sim-
ilar conditions during the NVO have been previously
detected in the form of OH chemiluminescence [19],
together with large amounts of formaldehyde indicat-
ing extensive low-temperature reactions. The heat re-
leased during the NVO was probably mainly due to
these low temperature reactions. However, the first
OH signals were detected at a similar time to the point
when the rate of heat release started to rise, thus
these reactions presumably contributed to the heat
generation during the NVO. The correlation between
increases in the amount of OH radicals and increases
in the load were due to the associated increases in
the temperature of the trapped residual gas during the
NVO, which led to greater amounts of high tempera-
ture reactions. In terms of the high temperature re-
actions the increased residual gas temperature com-
pensated for reductions in the amount of excess O,
available for combustion during the NVO caused by
the increases in load, but for the low temperature re-
actions the reductions in the amount of O, led to a
reduction in reaction rates.

In the experiments in which the pilot to main injection
ratios were varied, the increased evaporation caused
by the increased amount of fuel injected prior to TDC
during the NVO reduced the temperature in the cases
with larger pilot injections. The reduced temperature
of the trapped residuals in those cases led to reduced
amounts of high temperature reactions and thus re-
duced the OH intensity. However, the equal amounts
of excess O,, and the higher amount of fuel in the
cases with larger pilot injections led to the noted in-
creases in maximum rates of heat release, as shown
in figure 17(b). In both experiments fairly large rela-
tive amounts of pilot injections were used and it was
beyond the scope of this study to evaluate the effects
of load changes or variations in pilot to main injection
ratios with small proportions of pilot injections on the
high temperature reactions.

Since similar behavior was seen in both engines, it
was concluded that the results from the optical engine
could be validly compared to the phenomena seen
in the multi-cylinder engine studies (and to the previ-
ously seen results), and in the multi-cylinder engine
study it was found that the heat generation during the
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NVO was the source of the phased combustion, but
the OH signal was not proportional to the amount of
phasing so it was concluded that the low temperature
reactions that occurred during the NVO were the main
sources of heat generation that led to the phasing of
the combustion.

CONCLUSIONS

An experimental study of the effects of varying the pi-
lot to main injection ratio and the total amount of fuel
in a spark-assisted HCCI engine using NVO was per-
formed to investigate the effects of these parameters
on the reactions that occurred during the NVO, and
other engine variables, in both a multi cylinder engine
and an optical engine. The trends observed in the
two engines were very similar, and in both of them in-
creases in the proportion of the pilot injection led to
advanced combustion phasing, and increases in the
total amount of fuel led to slight reductions in the com-
bustion duration with higher maximum rates of heat
release.

The pilot to main injection ratio influenced the maxi-
mum rate of heat release from the reactions that oc-
curred in the trapped residuals during the NVO; in-
creases in the proportion of the pilot injection leading
to higher maximum rates. The excess O, was com-
busted to a greater extent because greater amounts
of fuel were combusted during the NVO. The contri-
bution of heat generated during the NVO caused by
the pilot injection led to increases in the temperature
during the compression, and the phasing caused by
varying the pilot to main injection ratio was mainly due
to the resulting temperature changes during the com-
pression. When the load was increased by increasing
the total amount of fuel, the maximum rate of heat
release during the NVO was decreased due to the re-
ductions in )\ and, hence, in excess O».

Evidence of high temperature reactions was detected
in the form of LIF signals from OH radicals slightly
prior to any signs of heat release in the pressure
traces, and OH signals were detected during the NVO
in all operation conditions. The high temperature re-
actions were not the major source of heat genera-
tion during the NVO since the LIF OH signals were
stronger in the cases with lower rates of heat re-
lease during the NVO. Higher loads led to increas-
ing amounts of OH during the NVO due to the higher
temperature of the trapped residuals. Greater propor-
tions of pilot injection led to more evaporation, which
reduced the temperature during the NVO and thus re-
duced the amount of OH radicals.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS
LIF: Laser Induced Fluorescence.

HCCI: Homogenous Charge Compression Ignition.

NVO: Negative Valve Overlap, the time between the
exhaust valve closing and the intake valve opening.

EGR: Exhaust Gas Recirculation.

Sl: Spark Ignition.

OH: Hydroxyl.

PLIF: Planar Laser Induced Fluorescence.
Sl: Spark Ignited.

NOy: Nitrogen Oxides.

PM: Particulate Matter.

CA50: Crank Angle when 50% of the energy is
burned.

DI: Direct Injected.

TDC: Top Dead Center.

CAD: Crank Angle Degree.

CPS: Cam Profile Switching.

VCT: Variable Cam Timing.

P: Pressure.

EOI: End Of Injection.

Nd:YAG: Neodymium: Yttrium Aluminum Garnet.
IMEP: Indicated Mean Effective Pressure.
COQV: Coefficient Of Variation.

RoHR: Rate of Heat Release.

SOC: Start Of Combustion.



APPENDIX
POST PROCESSING - PRESSURE TRACES

Post processing of the measurement data for the
cylinder pressure traces was carried out using Mat-
Lab. The pressure traces were recorded using a
Kistler 6053 piezo electric pressure transducer, with
a sampling rate of five samples per CAD in the optical
engine and ten samples per CAD in the multi cylin-
der engine using an AVL Indimaster and an AVL In-
dicom. The data were converted to ASCII-format and
imported to MatLab. The rate of heat release was
calculated by assuming that the combustion process
was close to an adiabatic isentropic process. Esti-
mates of CA50, the rate of heat release and the heat
release were all based on this equation with the as-
sumption that v remained constant. Calibration of
the heat release calculation was carried out with mo-
tored pressure traces. The rate of heat release values
obtained for reactions that occurred during the NVO
were, as expected, small. However, the consistency
of responses to changes in the settings and the fact
that reactions were noted in all cases, even in the op-
tical engine, suggest that the trends are plausible.

The temperature calculations were performed by as-
suming a polytropic process and the polytropic coeffi-
cient, was less than ~, since the polytropic compres-
sion and expansion could not be assumed to be close
to adiabatic and isentropic due to the slower (and thus
non-adiabatic) rate of change compared to the com-
bustion. The accuracy in absolute terms was naturally
sensitive to the values of the different parameters, but
the intention of the temperature calculations was to in-
vestigate the temperature difference between the two
compared cases rather than to obtain highly accurate
values of the absolute temperature. The influence
of different settings for polytropic coefficient, trapped
mass, total mass, exhaust temperature and v on the
temperature differences between the cases was an-
alyzed and the obtained differences were robust to
changes.

POST PROCESSING - LIF IMAGES

The LIF images obtained by the intensified cameras
displayed high amounts of noise, due to the high
intensification of the weak signals, and thus post-
processing of the images was essential. This was
performed by using MatLab, and the effect of the filter-
ing process was thoroughly studied in order to verify
that the filter worked properly and thus reduced the
extremely high gradients in the images while main-
taining the proper signals. The noise or sharp gra-
dients in intensity caused by the image intensifica-
tion was studied in images on- and off-resonance as
well as in regions in the combustion chamber and re-
gions outside the optically accessible region to obtain
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knowledge about these disturbances. In figure 22, the
filter's effects can be seen. The figure shows a filtered
image and an unfiltered one, and the intensity along
lines that start in a region with OH signals, around
500 in pixel number, and ends in an area without any
OH signal, around 550 in pixel number. An intensity
threshold of 500 would give the same result for both
the filtered and unfiltered images. However, when the
images were averaged, if there was a region that only
had a significant signal in one of the images the re-
duced variation in the filtered images led to those re-
actions being detectable in the averaged images. The
average value and the standard deviation of the inten-
sity for the pixels within and outside the region with
OH signals can be seen for both the filtered and the
unfiltered images in figure 22. The solid lines corre-
spond to the mean and mean +/- one standard devia-
tion.
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Figure 22: Filtered and unfiltered images.

Different threshold values were applied to locate OH
reactions in the averaged images, to locate reactions
that did not appear in all repetitions at the same loca-
tion, or both weak and strong signals caused either by
reactions located at spatially similar locations in the
repetitions, or solely strong signals. This threshold
analysis was complemented by summing the intensi-
ties for the whole images and the mean values (see
figure 22) showed similar values, thus the summation
of the intensities would identify correct trends.

ACCURACY AND REPEATABILITY

The frequency-doubled, triangular laser beam gener-
ated by the dye laser used as the excitation source
provided a non-homogenous laser sheet, in terms
of intensity, and thus the LIF signals obtained from



spatially different location in the combustion chamber
could have been affected by the differences in laser
intensity. However, this study did not involve any com-
parisons of the intensity of spatially different locations
within the combustion chamber. Thus, the absorption
did not play any major role in this analysis, although
if the absorption had been strong enough to reduce
the laser intensity sufficiently to make LIF analysis of
OH impossible, then comparisons between different
cases would have been greatly affected. But for the
cases where the signal was limited to regions from
which the laser sheet entered the combustion cham-
ber (see figure 18 for the signals obtained at 320
CAD) the absorption would be the lowest due to the
lower pressure and lower amounts of OH at those tim-
ings. So, despite the non-homogeneity of the laser
sheet and absorption in the LIF images, it was be-
lieved that the analysis of the images using thresholds
or summing intensity would be sufficient to identify
correct trends. The dye laser’s intensity was greatly
affected by the pump laser’s intensity, which could be
influenced by variables such as the condition of the di-
chorit mirrors and the aging of the dye, so the intensity
of the dye laser could vary over time. Nevertheless,
since the laser’s intensity was not critical, provided it
was sufficient to induce LIF of OH, it was believed the
repeatability of the optical study was adequate for our
purposes.

To verify that the excitation wavelength corresponded
to the resonance wavelength for OH, images were
taken with wavelengths off resonance to assure that
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no significant signal was obtained for those wave-
lengths (see figure 23). This also verified that ap-
propriate filters had been selected and that any re-
flection or scattered light at the excitation wavelength
was deleted. The resonance wavelength for OH was
tested in both a reference burner and in the combus-
tion within the combustion chamber.
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Figure 23: Filtered and unfiltered images taken with a
off resonance wavelength during the NVO.
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ABSTRACT

Future demands for improvements in the fuel economy
of gasoline passenger car engines will require the
development and implementation of advanced
combustion strategies, to replace, or combine with the
conventional spark ignition strategy. One possible
strategy is homogeneous charge compression ignition
(HCCI) achieved using negative valve overlap (NVO).
However, several issues need to be addressed before
this combustion strategy can be fully implemented in a
production vehicle, one being to increase the upper load
limit. One constraint at high loads is the combustion
becoming too rapid, leading to excessive pressure-rise
rates and large pressure fluctuations (ringing), causing
noise.

In this work, efforts were made to reduce these pressure
fluctuations by using a late injection during the later part
of the compression. A more appropriate acronym than
HCCI for such combustion is SCCI (Stratified Charge
Compression Ignition). The approach was evaluated in
tests with a single-cylinder metal research engine and a
single-cylinder optical engine. The latter was used to
characterize the combustion in laser-based analyses
including laser-induced florescence (LIF) determinations
of fuel tracer, OH and CH,O (formaldehyde)
distributions. A high speed camera was also used for
direct imaging of chemiluminescence.

The effects of two main parameters were studied: the
proportion of fuel injected late to create a stratified
charge and the timing of the late injection. In addition,

Chalmers University of Technology
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two fuels were used: a certification gasoline fuel and a
blend of n-heptane, iso-octane and 3-pentanone. Both
fuels were used in the metal engine for comparison. Use
of a stratified charge allowed the maximum pressure-rise
rates and ringing intensity to be reduced at the expense
of increases in NOx and CO emissions, regardless of
fuel type. Optical results indicated that both the fuel
distribution and combustion were not homogenous.

INTRODUCTION

By 2015, European automakers will have to reduce their
fleet average CO, emissions of new cars sold in the EU
to 120 g/km (by measures such as the use of biofuels,
gear-shift indicators and tyre-pressure monitoring) or risk
penalties [1]. In 2005, the average emissions from new
European cars amounted to 160 g/km, so a further 25%
reduction was required [2]. In addition to upcoming
regulations, increases in the environmental concern of
customers and rising fuel prices are also prompting a
need to improve the fuel efficiency of cars. There are
numerous ways to reduce cars’ CO, emissions,
including reducing their mass, rolling resistance and
aerodynamic drag coefficients, and improving the energy
efficiency of components such as power steering
systems, air-conditioning systems, water pumps and
generators. Unfortunately, however, cars are tending to
become heavier rather than lighter, due partly to the
extra weight of additional safety equipment and other
accessories, and partly because cars are simply
becoming larger due to customer preferences for
increased comfort, roominess etc. This means that more
effort is required to improve the efficiency of their
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propulsion systems, especially in the premium car
segment where weight is of greatest concern.

The first 4-stroke gasoline engine was run in 1876 [3]
and today, over 130 years later, this type of engine is
still the dominant prime mover for passenger cars.
Furthermore, the spark ignition (SI) combustion strategy
used in the gasoline engine has not been seriously
challenged for most of its history, due in large part to its
relative simplicity. However, other more complex
strategies have been developed recently that are
competitive because of the low efficiency of the Sl
strategy, especially in part load, which is mainly due to
pumping losses caused by throttling of the intake air
flow, large heat losses from the high temperature
combustion and long burn durations.

One of the new strategies under development is the
homogeneous charge compression ignition (HCCI)
strategy. In contrast to SI combustion, in which a spark
is used to initiate combustion, auto-ignition is used in the
HCCI strategy. A close-to-homogenous charge of air,
fuel and residuals from the previous cycle is compressed
until the temperature is sufficiently high for auto-ignition
of the mixture to occur.

One way of realizing HCCI combustion is by closing the
exhaust valve early so that some of the hot residuals are
retained in the cylinder, which helps to further increase
the temperature during the compression stroke of the
following cycle, as explained by Willand et al. [4],
patented by Denbratt [5] and applied by Koopmans et al.
[6]. By controlling the time when the exhaust valves
close, one also affects the temperature of the mixture,
and hence the ignition timing. The intake valve is
opened late and a negative valve overlap between
exhaust valve closing and intake valve opening is
created. A pilot injection in the gas exchange phase can
also be used to increase and control the temperature of
the mixture, and thus adjust the ignition timing, as
discussed by Koopmans et al. [7]. HCCI can run with
wide open throttle (WOT), significantly reducing pumping
losses. Wall heat losses are high in this type of HCCI
combustion due to the high mean temperature over the
cycle caused by the compression in the negative valve
overlap. Nevertheless, although the mean cycle
temperature is high, peak temperatures are lower than in
conventional strategies, due to the large dilution ratio,
and thus NOyx emissions are low in HCCI combustion [6,
7]. In addition, burn durations are significantly shorter in
HCCI than in Sl combustion, so it more closely
resembles the ideal Otto-cycle, which further increases
its efficiency.

The operating regime for HCCI combustion in a 4 stroke
Otto engine is mainly limited to low loads and speeds. At
high loads the range of possible operating parameter
settings is reduced, because of misfires or very rapid
burning [8]. Rapid combustion leads to high pressure-
rise rates and, eventually, pressure oscillations causing

noise, similar to knocking combustion in Sl engines [9],
as illustrated in Figure 1.

There are several ways in which knock can be classified
in an engine by analyzing pressure traces (some of
which are described by Burgdorf et al. [10]). One way is
to define the knock intensity (KI) as the maximum
amplitude of the high-pass filtered pressure signal. This
method is used in this work, but to avoid discussions
about the validity of using the term “knock”, the results
presented here are expressed in more appropriate terms
of ringing intensity (RI). An example is shown in Figure
2, in which an unfiltered and high-pass filtered signal for
an HCCI cycle with severe ringing is plotted. In this
example the ringing intensity is 3.4 bar (cut-off
frequency, 4000 Hz).
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Figure 1. Traces showing typical load and pressure-rise increases
caused by increasing fuel amounts (in arrowed direction) in HCCI
combustion.
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Figure 2. Unfiltered pressure trace (top) and high-pass filtered
(HPF) pressure trace (bottom).

The effects of charge inhomogeneity on various relevant
variables, e.g. combustion phasing, ROHR and
emissions, have been widely studied [11-28]. Dec et al.
[16] argue that using fuel stratification to control the
combustion phasing is most effective for fuels with two-
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stage ignition characteristics, such as n-heptane, and its
effects are modest for fuels with single stage ignition
characteristics, such as iso-octane and (often) gasoline.
Sjoéberg et al. also showed that fuel stratification with a
primary reference fuel (PRF) including n-heptane can
effectively smooth the heat release rate and lower the
pressure-rise rate, [24]. Many studies have shown that
the rate of heat release (ROHR) can be reduced by
using a more inhomogeneous mixture, [19, 20, 22, 23,
25]. However, a typical single-stage ignition fuel was
used in few of these studies (in which cases it was
gasoline) [19 & 20]. Leach et al. [19] used NVO to
control internal EGR rates, but they did not focus on the
high load limit.

The study reported here investigated the possibilities to
use a stratified charge to reduce the maximum pressure-
rise rates and ringing intensity in an HCCI engine with
NVO operating at high loads with engine geometry
typical of gasoline engines for passenger cars. The
stratified charge was created by adding a late injection,
in the later part of the compression stroke, to the main
injection in the early part of the intake stroke, see Figure
3. When introducing a stratified charge it is clearly
contradictory to call the combustion HCCI. A more
appropriate acronym is SCCI, for Stratified Charge
Compression Ignition.

Late

Main *
-300 -200 -100 0 100 200 300

CAD atdc
Figure 3. lllustration of the SCCI strategy.

Pressure

A metal engine was used to study the effects of varying
the amount and timing of the late injection on pressure
trace-based combustion characteristics and emission
levels, and an optical engine was used to observe the
combustion phenomena when fuel stratification was
introduced. This was done by high speed video (HSV)
imaging of natural chemiluminescence and LIF of fuel
tracer, OH and CH,0. The PRF fuel used in the optical
experiments was also used in the metal engine
experiments (in addition to gasoline) for comparison.

EXPERIMENTAL SETUP & EQUIPMENT

ENGINE — A single cylinder AVL research engine was
used for both metal engine and optical engine
experiments. The geometry of the combustion chamber
was similar in both setups, with a flat piston and pentroof
head. The main difference was in the location of the
injector. In the metal engine setup the injector was
centrally placed perpendicular to the piston, while in the

optical setup the injector was offset from the center by a
small angle, see Figure 4. A multi-hole injector giving a
horse-shoe shaped spray pattern was used for the metal
engine setup while a hollow-cone piezo electric injector
was used for the optical setup. Since the hollow-cone
injector creates a more equally distributed spray than the
multi-hole injector the authors believe that it also creates
a more homogenous charge. The fuel pressure was set
to 150 bar in the metallic engine and 190 bar in the
optical engine. For the metal engine measurements two
different compression ratios were used to account for
the difference in the fuels’ octane numbers (keeping
auto-ignition timing at around TDC with approximately
the same valve-timings in tests with both fuels). Detailed
engine parameters can be seen in Table 1.

MEASURING EQUIPMENT - The emission measuring
instruments consisted of a flame ionization detector for
unburned HC, non-dispersive infrared radiation
detectors for CO and CO,, a chemiluminescence
analyzer for NOx, and a paramagnetic susceptibility
analyzer for O,. Propane was used to calibrate the HC
instrument. Soot/particles were measured using an AVL
415 smoke meter. The fuel flow was measured using a
Micro Motion meter, which obtains estimates of the fuel
flow by measuring the Coriolis force. Equivalence ratios
were measured using a lambda meter from Horiba. In-
cylinder pressure was measured during 299 cycles at a
resolution of 0.1 CAD around TDC and 1 CAD
otherwise, using a cooled Kistler 6061b pressure
transducer and a Kistler 6053 pressure transducer for
the metal and optical engine measurements,
respectively, connected (in both cases) to a Kistler 5044
charge amplifier. For data acquisition and real-time
combustion analysis an AVL Indimaster 670 system
connected to a PC with AVL IndiCom® 1.1 software was
used. For the post-processing combustion analysis
presented in this work an in-house MatLab® code was
used.

METAL ENGINE MEASUREMENTS - Since charge
stratification affects the combustion phasing, and the
combustion phasing affects the heat-release rate, it was
decided to keep the location of 50% burned (CAS0)
constant. The most convenient method to achieve this
was to regulate the temperature of the incoming air with
an electrical heater.

To obtain comparable starting points in each experiment
the engine was first run in HCCI mode, with only a main
injection, for each fuel. The duration of this injection was
increased until the load peaked (due to too much fuel
being injected, causing too early combustion phasing
and thus negative work on the piston). Efforts were
made to ensure that starting conditions for tests with the
two fuels were similar in terms of variables such as
IMEP, CA50, lambda, intake temperature and RI. The
adverse effects of ringing are greater at higher loads.
Therefore, the compression ratio and NVO were chosen
not to maximize the load but rather to facilitate ringing.
This gave a wider range of operating conditions and
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facilitated analysis of the problem since quite high
ringing intensity values could be tolerated.

The temperature of the engine coolant and oil was kept
constant at 90°C, with a conditioning system. A
reference point was used during the experimental
campaign to check for abnormalities in the engine’s
behaviour by comparing IMEP, location of 50% heat
release (CA50), temperature values, emission levels etc.
to those obtained in an earlier reference test. All the
measurements in the metal engine runs were repeated,
in random order, to eliminate time trends and to obtain
indications of the spread/deviation of the measurements.
Each measurement covered 299 cycles.

The effects of two parameters were investigated in the
metal engine tests: the proportion of fuel injected in the
late injection and the timing of this injection. The amount
of fuel injected in the late injection was 0, 2, 25 35 and
50% (w/w) of the total fuel amount, as approximated
using the Coriolis meter in single injections into a
motored engine at a cylinder pressure between that of
the main and late injections. The end of injection (EOI)
of the first injection was at 330 CAD bTDC, and two
settings for the end of the late injection were used; 30
and 50 CAD bTDC, see Figure 3. Increasing the
proportion of fuel and retarding the EOI of the late
injection reduces the time available for mixing and
should thus lead to a more stratified mixture.

OPTICAL SETUP — The cylinder head used for the
optical measurements provided optical access through
two pentroof quartz windows. The laser planes entered
through one side, exited through the other, and were
parallel to the piston. An extended piston with a quartz
window in the center provided optical access to the
combustion chamber from below, where a 45° mirror
was mounted, as schematically shown in Figure 4. The
lines in the left image indicate boundaries of the laser
planes, which entered from the left.

Laser-
planes

Figure 4. Left: optical view of the combustion chamber through
the piston. Lines show boundaries of the laser planes. Right:
Schematic view of the optically accessible engine.

The optical methods were used simultaneously in the
following combinations:

HSV — formaldehyde LIF — OH LIF
HSV — formaldehyde LIF — fuel-tracer LIF
HSV — fuel-tracer LIF — OH LIF

Two laser systems were used: the third harmonic light
from a Nd:YAG-laser (A = 355 nm) to excite
formaldehyde molecules, and a dye-laser with
Rhodamine 590 pumped by the second harmonic of the
Nd:YAG-laser, generating tunable light with wavelengths
around 570 nm. This light was then frequency-doubled
to UV-light in the range 280-286 nm. To detect OH
molecules the light was tuned to the Q4(6) transition in
the A(v=1) — X(v=0) band, at 282.93 nm. The dye-laser
light was also used to excite 3-pentanone, which was
added as a tracer for fuel distribution imaging. The two
laser beams were spatially overlapped by dichroic
mirrors, and formed into a horizontal sheet passing
through the cylinder a few mm below the injector nozzle.
To avoid interference between light generated by the
two lasers, they were triggered a few microseconds
apart from each other. Images of fluorescent light and
emissions from the combustion were acquired through
the piston window via a mirror reflecting UV and visible
light. Two intensified CCD-cameras were used to detect
fluorescent light. OH-fluorescence was detected in the 0-
0 and 1-1 vibrational transitions around 305-315 nm,
using a dichroic mirror with maximum reflectivity at 308
nm to split OH-fluorescence to the first camera, while an
interference filter for transmission of light at 310+5 nm
was placed in front of the camera. When this camera
was used to detect fluorescence from the fuel tracer, a
semi-transparent mirror was used to split off a fraction of
the light and a long-pass WG360 filter was placed in
front of the camera. The second camera was used to
detect the fluorescence from formaldehyde using a long
pass GG420 filter, or from the fuel tracer using the
WG360 filter. In addition to the intensified CCD-
cameras, a high-speed video (HSV) CMOS-camera was
used to record the visible and near-infrared light emitted
by the flame. HSV images were recorded every 2 CAD.

OPTICAL ENGINE MEASUREMENTS - Since the
optical accessible head was not cooled, it made little
sense to attempt to regulate the combustion phasing by
varying the intake temperature. Each measurement,
which took approximately 30 seconds started with the
cylinder head temperature at ~100°C and ended at
~130-140°C, hence there was a time trend within each
measurement. During this time, pressure traces were
recorded continuously while LIF images and HSV were
recorded every 23 cycles for 10 cycles in total.
Formaldehyde/OH and fuel-tracer/OH measurements
were performed at -10 to 10 CAD aTDC, at 5 CAD
intervals, while formaldehyde/fuel-tracer measurements
were performed at -35 to 5 CAD aTDC at 10 CAD
intervals.

Three cases were examined in the optical engine: single
injection in the early part of the intake stroke (EOI=330
CAD bTDC), referred to as the homogenous case; and
split injections with 50% of the injection duration late, at
30 or 50 CAD bTDC (this was considered to equal
approximately 50% of the fuel amount in both cases,
since the fuel pressure was high compared to the
cylinder pressures at each of the EOIs).
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Table 1. Engine parameters and test data
Parameter Metal Engine Metal Engine Optical Engine
Gasoline PREF fuel PREF fuel

Intake valve opening 80 78 75

[CAD aTDC(gas exchange)]

Exhaust valve closing 76 78 75

[CAD bTDC (gas exchange)]

Intake valve duration [CAD] 120 120 120

Exhaust valve duration [CAD] 120 120 120

Bore [mm)] 84 84 83

Stroke [mm] 90 90 90

Compression ratio 11.3 9 10.2

IMEPnet 4 3.9 3

Engine Speed [rpm] 1200 1200 1200

CA50 [CAD aTDC] 2+0.3 1.1+04 ~0-6

Fuel Gasoline: CEC 50% n-heptane 50% n-heptane
legislative fuel, RF-  40% Iso-octane 40% lso-octane
02-03, 99.5 RON 10% 3-pentanone 10% 3-pentanone

RESULTS AND DISCUSSION

In this section results from the metal engine
measurements are first presented, then results from the
optical measurements.

METAL ENGINE — The results from the metal engine
tests indicate that it is possible to reduce the maximum
pressure-rise rate and the ringing intensity by using a
late injection close to TDC. This was done keeping the
combustion phasing constant and is valid for both PRF
fuel and gasoline (Figure 5). The maximum pressure-
rise rate was calculated by taking the maximum slope of
filtered individual cycles and averaging these values for
each measurement. The ringing intensity, RI, was
calculated by taking the maximum amplitude of the high
pass filtered (4000 Hz) pressure traces for each cycle
then averaging this value over all cycles. In all tests,
except when using the primary reference fuel with EOI at
50 CAD bTDC, both the ringing intensity and maximum
pressure rise rate consistently decreased, almost
linearly, with increases in the proportion of fuel in the
late injection. For PRF with an EOI of 50 CAD bTDC the
effects were strongest with a late injection amount
corresponding to 25% of the total amount. Increasing the
stratification further seems to increase both RI and the
pressure rise rate.

Figure 6 shows the influence of varying the charge
stratification on the burn duration. It clearly illustrates
that the burn duration increases with increasing amounts
of fuel in the late injection (except, again, when using
PRF with an EOI of 50 CAD bTDC; in this case the burn
duration is longest at ca. 25% stratification). Combining
the results displayed in Figure 5 and Figure 6 one can
conclude that an increase in burn duration decreases
the ringing intensity.
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Figure 5. Rl & maximum pressure-rise rate in tests using gasoline
(Gas.) and primary reference fuel (PRF) with stratification EOls at
30 and 50 CAD bTDC. Lines join average data points obtained
from repeated measurements.
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Figure 6. Burn duration (CA10-90) in tests using gasoline (Gas.)
and primary reference fuel (PRF) with stratification EOls at 30 and
50 CAD bTDC. Lines join average data points obtained from
repeated measurements.

To assess whether a stratified mixture yields the same
ringing intensity as a homogenous mixture with the
same burn duration the ringing intensity was plotted
against the burn duration of individual cycles, as shown
in Figure 7 and Figure 8 for gasoline and PRF tests,
respectively. For each value of CA10-90 the values of Rl
are averaged and displayed by bold lines. There are
three bold lines in each plot. The solid lines represent
data obtained with only main injections (no stratification)
from measurements performed when finding the
maximum load. They each represent 4186 individual
cycles and are used as a reference. The other bold lines
in each figure represent data obtained with EOIls of 30
and 50 CAD bTDC (and hence different levels of
stratification), in eight measurements, each with a total
of 2392 cycles. The thin lines indicate the standard
deviations from the mean. The ringing intensity clearly
increases dramatically with reductions in burn duration
when the burn duration is shorter than ~5 CAD. In
gasoline tests with early second injection the ringing
intensities appear to coincide with those observed in the
homogenous tests with only a main injection, but with
late second injection the ringing intensity seems to be
somewhat lower, at least for burn durations longer than
3 CAD. In tests with the primary reference fuel, the
ringing intensities in both stratified cases appear to be
lower than those observed for the homogenous case,
except for early second injection when the burn duration
is shorter than 3 CAD. These results indicate that there
are differences in this respect between homogenous and
stratified operation, but provide no further information to
verify or explain the differences.
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Figure 7. Ringing intensity versus burn duration in individual
cycles in gasoline tests. The lines represent all the measurements
obtained in the metal engine with gasoline: thick lines correspond
to mean values and thin lines to standard deviations from the
means.
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Figure 8. Ringing intensity versus burn duration in individual
cycles in PRF tests. The lines represent all the measurements
obtained in the metal engine with primary reference fuel: thick
lines correspond to mean values and thin lines to standard
deviations from the means.

The injection strategy has a major impact on the
combustion phasing. If the combustion phasing with
given injection parameters is too early, the intake
temperature needs to be decreased to counteract this
effect and vice versa. Hence, the intake temperature is
also an indicator of the impact of the injection settings on
combustion phasing. The intake temperature (measured
10 cm upstream from the cylinder head) required to
maintain a constant CA50 is shown in Figure 9. For
gasoline, the temperature interval required was only
about 20°C while for PRF it was about 70°C, indicating
that the effect on combustion phasing is much greater
with PRF, in accordance with findings reported by Dec et
al. [16]. Figure 9 also shows the effects on lambda,
mainly caused by the change in intake temperatures.
The intake temperature needed to be lower in PRF tests
with early injection and higher with late injection
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compared to the homogeneous case. An explanation for
this can be found by investigating the heat release
curves.
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Figure 9. Temperature in the intake manifold 10 cm from the
cylinder head and lambda in tests using gasoline (Gas.) and
primary reference fuel (PRF) with stratification EOls at 30 and 50
CAD bTDC. Lines join average data points obtained from repeated
measurements

In Figure 10 the cumulative heat release rate and rate of
heat release are plotted for each of the settings and
fuels. The upper two plots show the average net
cumulative heat release rate before the main
combustion, while the lower two show the heat release
rate for individual cycles selected to represent the
average behavior in ringing intensity, combustion
phasing, burn duration and maximum pressure rise rate.
Heat release calculations are described in the Appendix.

It was, unfortunately, impossible to use the rate of heat
release to investigate the low temperature reactions
(cool-flame) since the noise was too great. Cumulative
heat release results are of greater value, but care must
be taken when interpreting these plots. The values for
the ratio of specific heats (y) have been chosen to be
representative of the mixture once all the fuel is injected.
Before that, y is underestimated and the curve is shifted
upwards. This probably explains at least some of the
differences shown in Figure 10 between cumulative heat
release curves obtained in tests (using both fuels) with
the latest injection and the homogeneous case.

No low temperature heat release can be seen in the
gasoline curves that could explain the required reduction
in intake temperature. All that is noticeable is the
temperature drop caused by the evaporation of the fuel.
In contrast, the PRF curves show significant low
temperature heat release. For the early injection cases
the low temperature heat release is larger than for the

homogenous case, explaining the reduction in intake
temperature required to keep the combustion phasing
constant. There also appears to be more low
temperature heat release (or less cooling effect) in the
25% late injection case than in the 50 % case, which
may explain why the intake temperature was lowest for
the 25% case. The large amount of low temperature
heat release may necessitate a lower intake temperature
which increases the amount of air, resulting in a globally
cooler and more dilute mixture that burns more slowly,
accounting for the lower pressure rises and RI values
shown in Figure 5. An interesting finding is that for the
late injections the energy required for the fuel
evaporation seems to oppose or even completely
counter the low temperature heat release, especially for
the 50% case. This may explain why an increase in
intake temperature is required to keep CA50 constant.
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Figure 10. Average net cumulative heat release (CUHRnet, upper
two plots) and net heat release rate (lower two plots) taken from
individual cycles representative of the average behavior in terms
of RI, CA50, CA10-90 & maximum pressure rise rate in tests with
both gasoline and PRF.

Introducing a stratified charge also showed potential to
increase the combustion stability. This is illustrated in
the upper plot of Figure 11, which shows that the
standard deviation of IMEPnet is generally minimal with
25-35% stratification. Increasing the stratification amount
further seems to decrease combustion stability slightly.
The lower plot shows the standard deviations of the
combustion phasing, which show no apparent
correlation with the IMEPnet standard deviations.
Further, while the standard deviation of CA50 decreases
with increases in stratification amount in tests with PRF
it increases in tests with gasoline.
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Figure 11. Standard deviation of IMEPnet and CA50 in tests using
gasoline (Gas.) and primary reference fuel (PRF) with stratification
EOIs at 30 and 50 CAD bTDC. Lines join average data points
obtained from repeated measurements.

Obvious drawbacks of dividing the injection into an early
main injection and a late stratified charge injection are
the accompanying increases in NOx and CO emissions.
Figure 12 shows CO-, NOx-, & HC-emissions obtained
in tests with both fuels and the two late injection timings.
NOyx values are high even when using only a main
injection, because of early and rapid combustion. When
introducing the smallest amount of stratification these
values are unaffected, but when the amount of
stratification is increased to about 25%, NOyx values
increase two to three fold. Further increases in the
stratification amount do not have a strong impact on
NOx levels. Since NOx levels peak at a slightly leaner
than stoichiometric AFR [3], this implies that the
maximum proportion of the charge with that AFR is
reached at 25% stratification.

At these high loads, levels of HC are fairly low and the
introduction of charge stratification does not have a
strong effect. However, the type of fuel is of greater
importance: gasoline yields ca. 50% higher levels of HC
than PRF. This is probably an effect of the higher
compression ratio for gasoline leading to more fuel in
crevices and/or more wall-wetting because of the piston
being 2.5 mm closer to the spray.

CO emission levels increase dramatically with a high
amount of stratification, especially for the late EOI. Thus,
since CO levels increase when there is a lack of oxygen
to form CO,, the high levels obtained when injecting half
the fuel late implies that the mixture is burning locally
rich. This effect is strongest when the fuel is injected at
the latest timing since this gives the least time for mixing.
These findings also implicitly verify that increasing

and/or retarding the second injection creates more fuel
stratification.

The bottom plot in Figure 12 displays the levels of soot
measured. Generally the values are low, close to the
detection limit of the instrument. Hence soot emission is
not a limiting factor when using these moderate
stratification levels. The only tests in which higher soot
levels were consistently observed were gasoline tests
with the smallest amount of second injection (2 %; the
smallest amount that could be injected with the
equipment used), in which incomplete sprays may have
been created with large droplets. This could also explain
why HC emission levels were highest with 2% late
injection.
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Figure 12. CO, NOx, HC & soot levels measured in tests using
gasoline (Gas.) and primary reference fuel (PRF) with stratification
EOIs at 30 and 50 CAD bTDC. Lines join average data points
obtained from repeated measurements.

It is difficult to draw any conclusions regarding fuel
consumption from the reported experiments since the
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spread in the measurements are large, especially in
relation to the relative difference between the different
settings. As can be seen in Figure 13, fuel consumption
seems to be almost unaffected by the stratification
amount or timing, especially for gasoline, although it
may be slightly lower at 25 and 35 percent stratification
than at other stratification levels. These patterns could
be correlated with the combustion stability and
combustion efficiency patterns shown in Figure 11 and
Figure 13 (lower panel), respectively. When the
stratification amount is too high both combustion
efficiency and combustion stability are reduced. In tests
with PRF the combustion efficiency is lowered even with
the lowest stratification amount, but this seems to be
offset by the large improvement in combustion stability.
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Figure 13. Indicated specific fuel consumption and combustion
efficiency in tests using gasoline (Gas.) and primary reference fuel
(PRF) with stratification EOIs at 30 and 50 CAD bTDC. Lines join
average data points obtained from repeated measurements.

OPTICAL ENGINE — Table 2 summarizes results of the
combustion analysis of the pressure traces obtained
from the optical engine experiments. These are
averaged values of all the measurements: 299x15 for
the homogenous case and the late EOI case, and
299x10 for the early EOI case (CH,O/fuel LIF
measurements were not performed for the early EOI
case). Since the optical engine was not running under
thermally stabilized conditions (the combustion phasing
could not be kept constant due to the effects of warming)
and the different measurements were taken on different
days this table only provides indications of general
trends. However, both RI and maximum dP/d6 clearly
decrease, while the burn duration increases, when a late
injection is introduced, and its effect is strongest at the
latest injection timing. In contrast, combustion phasing is
advanced when a late injection is introduced, but the
effect is strongest with early timing. These results
correlate with the trends seen in the metal engine,
except that the late injection case should give an even
later phasing than in the homogenous case. In addition,
the increase in burn duration is not as distinct in the

optical engine as in the metal engine when using a late
injection. This is probably an effect of the earlier
combustion phasing caused by the stratification, and it
partially offsets the effects of the charge stratification.

Table 2. Average results of combustion analysis from pressure
traces in the optical engine.
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RI [bar] 1.95 1.01 0.7
Max dP/d6 [bar/CAD] 8.08 7 6.34
CA10-90 [CAD] 3.03 3.1 3.36
CAS50 [CAD atdc] 6.15 0.21 2.54

All images displayed in this section were originally
monochromic, but in order to distinguish the different
types of measurements readily, different color schemes
have been used.

Figure 14 and Figure 15 show images of fuel-tracer-LIF
(upper two images) and formaldehyde-LIF (lower two
images) distributions obtained during homogenous
combustion tests, and for the case with a late second
injection containing 50% of the total fuel amount. The
images shown are mean images acquired during ten
cycles at 25 and 15 CAD bTDC. Disregarding the fact
that the intensity of the laser plane was not homogenous
for the fuel-tracer-LIF measurements, Figure 14
indicates that both fuel and formaldehyde were evenly
distributed throughout the combustion chamber for the
homogenous case. In the stratified case (Figure 15) a
large concentration of fuel appears at the center of the
combustion chamber. Five CAD after the injection, the
formation of formaldehyde has not yet been affected by
the inhomogeneous fuel distribution, but 15 CAD after
the injection an increase in formaldehyde also appears
at the center.

Similar images of events closer to TDC do not provide
representative indications of either the fuel distribution or
formaldehyde distribution, since concentrated zones
appear more randomly, and thus averaged images show
apparently homogenous distributions, even for the
stratified case. Figure 16 therefore shows single images
taken 5 CAD bTDC, which verify that concentrations of
both fuel and formaldehyde are indeed homogenous in
the homogenous case, and that this is not an averaging
effect. For the stratified case, shown in the two right
images in  Figure 16, higher formaldehyde
concentrations clearly appear at locations where the
concentration of fuel is higher at this late point after the
injection.
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Figure 14. Average images of fuel-tracer LIF (top) and
formaldehyde LIF (bottom) at 25 and 15 CAD bTDC obtained in
homogenous case tests.
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Figure 15. Average images of fuel-tracer LIF (top) and
formaldehyde LIF (bottom) obtained at 25 and 15 CAD bTDC in
stratified case (50% fuel injected at EOI 30 CAD bTDC) tests.
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Homogenous EOI: 30 CAD bTDC

Image: 5 CAD bTDC Image: 5 CAD bTDC

Figure 16. Simultaneous measurements of fuel-tracer LIF (top) and
formaldehyde LIF (bottom) at 5 CAD bTDC for the homogenous
case (left) and stratified case (right, 50% fuel injected at EOI 30
CAD bTDC).

To provide a better overview of the differences in fuel
distributions between the three cases the fuel-tracer LIF
images taken simultaneously with the OH LIF images
are presented in Figure 17. In the figure, all ten
individual images taken at 10 CAD bTDC are shown for
the homogenous case (left column), the early second
injection case (middle column) and the late second
injection case (right column). Again, the fuel distribution
is clearly homogenous in the homogenous case, with no
significant variations between cycles. The distribution is
less homogenous in the early second injection case and
highly heterogeneous in the late second injection case.
These results indicate that a later second injection gives
greater fuel stratification. The authors believe that the
amount of fuel injected in the second injection would
also have influenced the fuel distribution, as shown in a
similar study by Persson et al. [30], where a larger
amount of fuel in a late DI injection relative a PFI
injection caused more heterogeneity of the fuel
distribution.

Figure 18 shows images in a similar layout to those in
Figure 17, but of OH LIF images taken 10 CAD aTDC.
At first glance the OH distribution does not appear to be
homogenous in the homogenous case. However, this is
partly because the intensity of the laser plane was
uneven, being stronger in the upper part and the lowest
part, and weaker in the right parts (probably due to
variations in light collection efficiency across the cylinder
in combination with possible absorption of the laser
light). Bearing this in mind it is still obvious that the OH
intensity is less homogenous in the two stratified cases,
in which islands of high OH concentration and voids with
low OH concentrations appear. These effects are most
pronounced with the latest second injection.

Figure 19, Figure 20 and Figure 21 present
simultaneous measurements (obtained from
homogenous case, early second injection and late
second injection cases, respectively) of
chemiluminescence (from HSV), formaldehyde and OH-
radicals. Each row corresponds to a measurement in
one cycle. The first four images in each row show
chemiluminescence captured with the high speed video
camera. The sequence intervals are chosen so that no
“light” appeared before the first image. The number in
each of these images indicates the crank angle degree
after top dead center at which the camera chip was read
out, hence the images show the cumulative light
emission during two CAD up to the CAD indicated. The
fifth image in each row shows LIF of formaldehyde and
the sixth image shows LIF of OH-radicals. These are
simultaneous images captured at the CAD aTDC shown
in the images. Two differences in chemiluminescence
separate the homogenous case from the two stratified
cases: the intensity is stronger and the distribution more
unequal in the stratified cases. A shared feature is that
the number of images from first light emission detection
until maximum light emission seems to be the same.
This is not surprising since difference in burn duration
was small relative the HSV inter-frame time.
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Figure 17. Single fuel-tracer LIF images acquired in homogenous
case (left column), early second injection (middle column) and late
second injection (right column) tests. All images were taken 10
CAD bTDC.

As also seen previously in Figure 14 - Figure 16, the
concentration of formaldehyde is homogenously
distributed in the homogenous case while it is highly
inhomogeneous in the two stratified cases, in which the
concentrations are highest at the center of the
combustion chamber.

Images in row five in Figure 19 and row three in Figure
20 and Figure 21 shows that formaldehyde is consumed
where OH-radicals appear and where
chemiluminescence is first detected. This co-existence
of OH and formaldehyde, albeit in spatially distinct
areas, is typically seen soon after initiation of high-
temperature chemistry. As shown in Figure 19, it can
even be observed for the homogeneous case, although
a homogeneous OH distribution is rapidly established,
as shown in Figure 18.

Unfortunately, it is difficult to precisely capture the
ignition event (the onset of the high-temperature
reaction) since LIF-images can only be captured once
per cycle, and HSV-images are averages over a

OH
EOI: 30 CAD bTDC
Image: 10 CAD aTDC

OH
EOI: 50 CAD bTDC
Image: 10 CAD aTDC

OH
Homogenous
Image: 10 CAD aTDC

Figure 18. Single OH LIF images acquired in homogenous case
(left column), early second injection (middle column) and late
second injection (right column) tests. All images were taken 10
CAD bTDC.

relatively long time, here 2 CAD, to obtain sufficient
signal intensity. Therefore, too few images are available
to be able to draw definitive conclusions about whether
the point of ignition is correlated with the
fuel/formaldehyde distribution. On one hand it could be
argued that the temperature may still be lower in areas
with a high fuel concentration due to the heat required
for its evaporation. On the other hand the heat released
in the low-temperature reactions (associated with the
formaldehyde formation) may be sufficient to offset the
initially lower temperature, and instead a higher
concentration of radicals and higher temperature may
promote ignition. There seems to be a high probability
that the chemiluminescence and OH radicals will first
appear close to the center, where high fuel and
formaldehyde concentrations were generally observed
(although not in the cycle illustrated in the HSV
sequence shown in the upper row of Figure 21, in which
the formaldehyde distribution did not show the normal
maximum just left of the centre at 10 CAD bTDC).
However, in order to determine the point of ignition with
certainty, more images with smaller time steps between
them need to be taken and analyzed.
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Figure 19. From the left in each row: high-speed video (first four
columns), formaldehyde LIF and OH LIF images acquired in a
single homogenous case cycle. HSV images were read out and
LIF images taken at the CAD aTDC displayed in the images.

Figure 20. From the left in each row: high-speed video (first four
columns), formaldehyde LIF and OH LIF images acquired in a
single stratified case (50% at EOI 50 CAD bTDC) cycle. HSV
images were read out and LIF images taken at the CAD aTDC
displayed in the images.

SUMMARY AND CONCLUSIONS

SCCI was investigated as a means to reduce the
maximum rate of pressure rise and ringing intensity, and
thus potentially extend the practical load range of an
HCCl-engine. The charge  stratification  was
accomplished by using a split injection. Part of the fuel
was injected early in the intake stroke and the remainder
was injected late in the compression stroke. The results
show effects of SCCI on ringing intensity and can be
used as guidance for further work in developing a
method for increased upper load range of HCCI
combustion.

Figure 21. From the left in each row: high-speed video (first four
columns), formaldehyde LIF and OH LIF images acquired in a
single stratified case (50% at EOI 30 CAD bTDC) cycle. HSV
images were read out and LIF images taken at the CAD aTDC
displayed in the images.

A metal engine was used to investigate the effects of
varying the proportion of fuel injected and the EOI of the
late injection. A more stratified charge was found to
reduce the maximum rate of pressure rise and ringing
intensity when using either gasoline or PRF, and this
was mainly an effect of the longer burn duration caused
by the stratification. The standard deviation of IMEPnet
was also reduced by charge stratification, especially at
moderate stratification levels.

CO- and NOgx-emission levels increased with a more
stratified charge, but no adverse effects of stratification
were detected on either HC- or soot-emissions. Charge
stratification was found to have only a small impact on
fuel consumption, especially when gasoline was used.
The high levels of NOx obtained with the stratified
charge limit the applicability of this technique, since one
of the major advantages of HCCI is the low NOx
emission levels.

An optically accessible engine was used to characterize
the combustion when using a stratified charge. Fuel
tracer LIF was used to verify that the charge was
stratified. Slightly after the late injection, a higher
concentration of formaldehyde was found at locations
where the fuel concentration was higher. Late timing of
the late injection gave a higher degree of fuel and
formaldehyde stratification.

High speed video images of combustion events showed
that the flame luminescence was more intense and more
inhomogeneous when using charge stratification than in
the homogeneous case. Similarly, the OH distribution
was found to be inhomogeneous when using a stratified
charge, and the degree of inhomogeneity was higher
with a later injection timing.

Reprinted with permission © 2009 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

ATDC: After Top Dead Center
CA10-90: Burn Duration

BTDC: Before Top Dead Center
CAb50: Location of 50% heat release
CAD: Crank Angle Degree

CUHR: Cumulative Heat Release
EOI: End Of Injection

EVC: Exhaust Valve Closure

HCCI: Homogeneous Charge Compression Ignition
HPF: High Pass Filtered

HSV: High Speed Video

IMEPnet: Net Indicated Mean Effective Pressure

ISFC: Indicated Specific Fuel Consumption

IVO: Intake Valve Opening

Kl: Knock Intensity

LIF: Laser Induced Fluorescence

NVO: Negative Valve Overlap

P: Pressure

PFI: Port Fuel Injection

PRF: Primary Reference Fuel

RI: Ringing Intensity

ROHR: Rate Of Heat Release

SCCI: Stratified Charge Compression Ignition

Sl: Spark Ignition

TDC: Top Dead Center

APPENDIX

Pressure trace analysis was carried out using an in-
house Matlab code. Values of parameters such as CA50
and CA10-90 were calculated for individual cycles (from
low pass-filtered pressure traces at a cutoff frequency of
4000 Hz) then averaged over the 299 cycles monitored

for each case. The following equation was used in the
net heat-release rate analysis:

¥ PdV+ 1 _dP

do =~ _p— +
Q, y—1" do y+1 dé

To estimate y, a function based on the assumption that it
decreases linearly with temperature was used, in
accordance with Christensen [29]:

_ 0.08(T —300)
0 1000

where yj is the y value at the reference temperature 300
K. The temperature was calculated assuming that the
gas follows the ideal-gas equation of state:

_Pr
mR

T

where the gas constant was taken as the value for air
(287 J/kgK). The mass percentage of residuals trapped
by the NVO was estimated, using Ricardo Wave
simulations, to be ~35%. yo was set to a constant value
of 1.37, which was representative for the gas mixture
once all the fuel had been injected but before the
combustion [3].
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Abstract

Future requirements to reduce exhaust emissions and fuel consumption might be met
by adopting Homogenous Charge Compression Ignition (HCCI). In this study the
feasibility of combining charge stratification and spark-assisted ignition with HCCI to
lower the minimum operational HCCI load was studied. Low lift short duration
camshafts were used to obtain a negative valve overlap, NVO, and thus trap enough
residuals to achieve HCCI in SI engine geometry. To investigate the phenomena
occurring near Top Dead Centre (TDC), several optical techniques were used
simultaneously in an optical engine, including: laser-induced fluorescence (LIF) of
OH and HCHO, particle imaging velocimetry (PIV) and High Speed Video imaging,
combined with LIF analysis of the fuel tracer 3-pentanone in addition to conventional

cylinder pressure and emission measurements.

The low load limit was extended by using the proposed concept. It was found that the
charge stratification, in addition to enriching the region near the sparkplug, induced

air motions that contributed to the initial flame propagation and provided a region



with conditions more suitable for HCCI combustion, thus promoting the transition

from flame propagation to HCCI.

Introduction

Future requirements to reduce exhaust emissions and fuel consumption are prompting
the development of more advanced combustion concepts. Diesel engines have
displayed high efficiency, but with the drawback of generating high amounts of NOx
and/or particles, necessitating the use of complex and expensive after-treatment
systems. In contrast, traditional gasoline engines have shown the capacity to meet
stringent emission standards, but with lower efficiency than diesel engines. Naturally,
the aim is to combine high efficiency with the possibility of meeting ultra low
emission levels. One promising concept to achieve those goals is Homogeneous
Charge Compression Ignition, HCCI [1]. In an HCCI engine the combustion is
controlled by chemical kinetics [1, 2], and heat is released more rapidly than with
normal flame propagation. Thus, it can approach the ideal air standard SI cycle (the
most efficient of the ideal cycles since combustion occurs at constant volume) [3].
The rapid heat release of HCCI combustion and its ability to burn dilute mixtures,
thereby requiring less throttled operation, results in greatly improved efficiency
compared to SI combustion [4]. HCCI combustion also yields low NOx and PM

emissions [5] as a result of the lean homogenous mixture.

However, several challenges associated with the HCCI concept must be overcome
before it can be commercially applied, notably ways must be found to control ignition

timing [6], expand its limited operating range [5] and limit the rate of heat release [7].



Combustion phasing — which can be monitored using the CAS50, the timing when
50 % of the fuel is combusted — is one of the crucial parameters to control in HCCI

combustion [3].

The ability to create charge stratification in DI engines allows various control
methods to be adopted to increase the control of HCCI combustion. The authors
previously described a hybrid combustion mode in which spark-initiated combustion
of a stratified charge is followed by HCCI combustion [8-10]. The charge
stratification was shown to affect the maximum rate of heat release as well as

combustion phasing for fuels which displayed low temperature reactions [11, 12].

One promising way of initiating HCCI combustion is to retain large quantities of
exhaust gases (EGR), thereby retaining sufficient thermal energy to initiate the HCCI
combustion. Short duration and low valve lift profiles, and negative valve overlap
(NVO), have been used for this purpose [13-15]. This solution offers the possibility to
achieve HCCI combustion for part load operation in a traditional SI engine, and when
combined with DI-technology a pilot injection can be used to further enhance the
combustion control [15]. The concept described in [8-10] appears to be compatible
with the NVO concept and its greatest potential will be to achieve HCCI at idle. In the
study presented here further information was acquired on the combustion processes,
and associated phenomena, that occur when conventional flame propagation and
HCCI combustion are combined in the same combustion cycle, thereby extending our

understanding of the concept.

Experimental methods



To obtain a greater understanding of the phenomena that occur when flame front
propagation and HCCI combustion are combined in the same cycle, various optical
measuring techniques were used to evaluate selected properties during combustion.
The optical techniques used were: particle imaging velocimetry (PIV), with seeded
particles to estimate the in-cylinder flow; laser-induced fluorescence (LIF) analysis of
formaldehyde to locate low temperature reactions; LIF of hydroxyl to locate high
temperature reactions; LIF of the fuel tracer 3-pentanone to measure fuel
concentrations; and high speed video imaging to locate the flame front. These optical
techniques were combined with conventional pressure trace and emission
measurements. A schematic diagram of the setup can be seen in figure 1. The optical
studies were performed in two sequences: one in which the flow field, formaldehyde,
hydroxyl and high speed video images were captured simultaneously; and one in

which hydroxyl ions and the fuel tracer were measured simultaneously.

The engine used in the study was a single-cylinder optical research engine, equipped
with quartz windows as pent roof side walls and a quartz piston top to allow optical
access to the combustion chamber. The glass pent roof side walls enabled optical
access to the clearance volume, which was especially important since most HCCI
combustion occurs near TDC and all laser sheets used in the study passed through the
engine 5 mm beneath the sparkplug. The engine specifications can be seen in table 1.
In previous studies the optical engine’s behaviour when using primary reference fuel
has been found to be similar to that of a conventional engine using gasoline, when the

intake air temperature is increased for the optical engine to compensate for its lower



compression ratio [19]. An outward-opening, hollow cone, piezo-actuated fuel

injector was used in these studies.

OH LIF

Laser-induced fluorescence of OH has been used by various authors to investigate
combustion. OH concentrations was quantitatively measured in diffusion flames in
both 1-D, using the S,;(8) transition, and 2-D, using the Q;(8) transition [16]. LIF of
OH has been used to study: the reaction zones in an SI engine [17]; charge
inhomogeneities in an HCCI engine [18]; and, in previous work by the authors of the

present study, combustion during negative valve overlaps [19].

In the present study, planar laser-induced fluorescence was applied to detect and
image OH molecules, using the Q;(6) transition in the A(v=1) - X(v =0) band at a
wavelength of 283 nm for excitation. This transition was selected since it provides
high signal strength with relatively low dependence on rotational population changes
due to temperature variations. The Q;(6) transition overlaps with several weaker
transitions in the Q,, Q1 and Q,;-branches. This contributes to the signal strength,
although these excitations are from low rotational states and their relative strengths
decline somewhat at higher temperatures. An absorption spectrum, shown in figure 2,
was simulated by LIFBASE [20]. In order to avoid scattered laser light entering the
detectors, fluorescence light from the A(v =0) - X(v =0) and A(v =1) - X(v =1) bands
in the 300-320 nm-range was used for detection. The tuneable UV-light was generated
by a nanosecond dye laser pumped by the 2nd harmonic light of a Nd:YAG laser. The

Rhodamine 6G dye provided light in the 560-600 nm wavelength range, the frequency



of which was subsequently doubled to obtain the desired wavelength. The pulse
energy of the UV light was about 12 mJ out of the laser. In order to calibrate the
wavelength of the laser, the beam could be sent through a propane flame and
fluorescence from OH molecules in the flame could be detected by a photomultiplier
tube. The images were taken using an image-intensified LaVision Dynamight 2000
camera, providing 1024x1024 pixels resolution, equipped with LaVision DaVis 6.2

software.

HCHO LIF

LIF of formaldehyde has been used by various authors to investigate the low
temperature reactions in HCCI engines [21-22], and by the authors of the present
study to locate low temperature reactions during both combustion and NVO in
previous work [8]. Here, the third harmonic (355 nm) light from a Nd:YAG Spectra
Physics laser was used to excite formaldehyde, in order to analyze the location of low
temperature reactions during early combustion phases. The laser intensity was
adjusted to 90 mJ to provide sufficient signal strength and allow the quartz window’s
lifetime to be sufficiently long for the measurements to be practically feasible.
Excitation and emission spectra of formaldehyde from a cuvette can be seen in figure
2. It can be seen that the third harmonic light of the Nd:YAG excites weak transitions

(as noted in [21]), but the high laser intensity makes the signal sufficiently strong.

Fuel tracer LIF



Ketones are suitable as fuel tracers since their sensitivity to oxygen quenching is
limited [23], and 3-pentanone was chosen since it has a similar boiling point to iso-
octane and n-heptane. The fuel tracer 3-pentanone was excited by laser light with the
same wavelength as for the OH measurement, i.e. when the OH and the fuel
distributions were measured simultaneously only one excitation source was used and
the emissions were measured with two LaVision Dynamight cameras. This procedure
was adopted due to its simplicity, compared to the setup in previous work, in which
the more intense fourth harmonic light of the Nd: Y AG was used for excitation [8],
and the fuel concentration could be measured only by changing the mirrors and filters
to direct emission from OH and the tracer to separate cameras. When fuel-LIF was
applied fuel tracer was added at a concentration of 15 % in terms of volume. The

excitation and emission spectra for the fuel tracer can be seen in figure 2.

PIV

Particle image velocimetry has been used to investigate in-cylinder flow fields by
various authors. Flow fields in motored conditions with NVO valve settings have been
studied and quantitatively compared to flow fields obtained with traditional valve
settings [24]. However, the flow field measurements carried out in the cited study did
not cover the later part of the compression, and the structure of the flow obtained
during the induction deteriorated rapidly compared to flow fields with normal valve
settings, leaving the flow velocity low during compression with NVO. For this study
the focus was on the flow field just prior to, and during, the combustion and
connecting acquired information about it with information obtained by the other

measurement techniques.



Frequency-doubled light (532 nm) from a Spectra Physics dual cavity Nd:YAG laser
was used as the illumination source for the PIV measurements. Images of the
illuminated particles were captured by a Kodak MegaPlus ES1.0 camera, with
1018x1008 resolution, and processed in FlowManager (Dantec). The interrogation
area over which the flow field was calculated was chosen depending on the seeding

density that was achieved; 16x16 pixels was used for the presented flow fields.

In fluid-particle flows the Stokes number is a very important parameter [25] and when

related to the particle velocity it can be defined as:

Sty = i
T

where 1, is the momentum response time for the particle and tr is a characteristic time

of the flow, which can be approximated (in the clearance volume) for this setup by:

=~
|
c|H

where T is the distance between the piston and the cylinder head and U is the velocity
of the flow. For Sty<<1 the seeded particles will follow the flow since there will be
ample time to achieve velocity equilibrium. The momentum response time for

spherical particles can be expressed by:



where D is the diameter, p, is the density of the particles and pc is the dynamic
viscosity of the gas. In the experiments the flow was seeded with plastic micro
balloons (diameter 18-28 pm, density 60+5 kg/m”), to allow the flow to be measured
during the early stages of the combustion since they were first depleted (to a great
extent) after the main HCCI combustion. The Stokes numbers of the balloons of the
chosen sizes were far lower than unity under conditions near TDC, hence they could

be assumed to follow the flow.

High speed video

A monochromatic Vision Research Phantom v7.1 high-speed CCD camera was used
to capture the natural luminosity of the combustion by direct imaging and to obtain
several images per combustion cycle (thus capturing the flame propagation prior to
and after the complementary, simultaneously recorded LIF and PIV images). The
resolution of the camera was set to 256 by 256 pixels, and images were captured

every other CAD.

Optics and filters

The pulse energy from the dye laser needed for the OH LIF was assumed to be the

limiting factor, and thus great care was taken to minimise losses of its intensity as

well as the OH emission signals. The 283 nm beam was introduced as close as



possible to the sheet-forming optics system and dichroic mirrors were used to limit
losses, see figure 1. Between the laser and the sheet optics, one-inch dichroic mirrors
intended to provide 266 nm light were used, but the angle of attack was changed to
suit 283 nm, and to isolate the emission signal efficiently a three inch dichroic mirror
intended for use with excimer lasers at 308 nm was used. To further isolate the
emission of OH from scattered laser light a WG305 filter was placed in front of the
camera. To validate that the setup detected an appropriate wavelength band, the dye
laser was tuned to on- and off-resonance of transitions in the OH-molecule. The order
of extraction of the emission signals was dictated not only by their respective signal
strengths and wavelengths, but also by the need for proper optical coverage of the
detectors with their specific lenses. The detectors for the OH and HCHO
measurements were identical and set at equal optical distances from the cylinder of
the engine. To ensure that the detector for the PIV measurements provided the desired
resolution of the combustion chamber, the signal from the seeded particles was
extracted next, using a three-inch 532 nm dichroic mirror to reflect the light scattered
by the seeded particles to the PIV detector and to allow light of other wavelengths to
proceed. An interference filter centred at 532 nm was also used to further isolate the
light scattered by the particles. Next, a mirror was used to reflect the emissions from
HCHO to the detector and a GG420 filter combined with a wideband BG2S5 filter was
used to isolate the emissions and separate the scattered laser light. Finally, a mirror
was used to reflect the rest of the light to the high speed video camera, angled slightly
differently from the light directed to the other cameras so it passed just over the mirror
reflecting the emissions from the HCHO. The light had been reflected by several

mirrors by that point, and large proportions of it had been directed to other detectors,



so the signal strength was limited, hence the sampling rate was limited to 3600 frames

per second to ensure there was sufficient exposure time for reasonable signal strength.

When fuel tracer LIF and OH LIF were measured simultaneously the OH setup was
kept identical, but the filters for the formaldehyde detection were replaced by a

WG360 filter to isolate the emission from 3-pentanone.

Triggering

In order to limit scattered laser light entering the detectors, measurements by each
technique were separated in time, in addition to using filters. This temporal separation
also limited the demands on the filters’ performance, i.e. less steep gradients were
needed and stronger signals could be obtained at the detectors. However, the temporal
separation was very short, typically 1-2 us, in comparison to the timescale of the
combustion or the flow field, thus the images acquired by the different techniques
could be assumed to describe phenomena happening at single points in time. An

AVL 4210 instrument controller was used as the main trigger to set the CAD of
interest. This signal was sent to the LaVision computer and to a Stanford Research
Systems delay generator. The LaVision computer controlled the timing of the
Dynamight cameras, while all other equipment was controlled by delay generators.
This procedure was adopted due to the high temporal accuracy of the delay generators
and the full control of all pulses thus provided. When a measurement was carried out,
the Phantom camera was set to wait for the initial Q-switch signal of a 30-pulse burst
for the PIV measurement at 2 Hz repetition rate. The 283 nm and 355 nm lasers for

the OH and HCHO measurements were run at 10 Hz (to obtain stable pulse energy)



and the cameras were triggered by the DaVis software every 2.2 s (due to the long
read-out time of the cameras). To identify the cycle in which each set of
measurements by all techniques was simultaneously acquired, the laser pulses for the
PIV measurements were measured with a photodiode and logged (since the signal
corresponded to a PIV image and the first burst indicated the trigger of the Phantom
camera) by an AVL Indimaster data acquisition system and an AVL Indicom
indicating system line. The output signal from the intensifiers of the Dynamight
cameras was also logged. Logged cycles with signals from the photodiode and output
signals from the intensifiers, in which measurements by all techniques were acquired

simultaneously, could each be coupled to a specific pressure trace.

Results and discussion

Phenomena at three distinct operational settings were studied, starting from the
minimum load achievable (without any misfire) with HCCI combustion using only
pilot and main injections (no charge stratification and no spark-assist). This case is
designated A and represents the highest load applied in this study (2 bar IMEP). The
load was then decreased slightly by injecting a smaller total amount of fuel, but
adding a small additional injection in order to create a stratified charge during the
compression combined with spark-assist (case B). For this case the initial flame
propagation allowed HCCI combustion to occur at a lower load (1.65 bar IMEP) than
in case A. For case C the stratification injection was increased, but the total amount of
fuel was reduced compared to case B, and the greater stratification injection allowed
the initial flame to have a greater impact and thus HCCI was achieved at an even

lower load (1.3 bar IMEP). The operational settings applied in the study are listed in



table 2. Great care was taken to ensure that increases in NOx emissions were modest
when flame front combustion and HCCI combustion were combined, since a major
advantage of HCCI combustion (which should not be compromised) is that it yields
low NOx emissions. The CO emissions for the three cases were similar, but slight

increases in HC emissions were observed for the cases with reduced load.

In figure 3 averaged pressure traces can be seen for each of the studied cases and the
derived mass fractions burned (MFB). The pressure trace for the traditional HCCI
combustion case (A) shows a retarded combustion phasing (typical for low load
HCCI), with a steep rise in pressure, leading (in combination with the relatively high
load compared to the other cases) to the in-cylinder pressure being higher than in the
other cases. In the cases with initial flame front propagation (B and C) slow initial
conversion was followed by a gentler rise than in case A, once the combustion had
transitioned to HCCI combustion. Case B also yielded lower NOx emissions (in molar
ratios) than HCCI combustion, while case C yielded slightly higher NOx emissions
(but still low absolute values). The higher NOx values for case C, compared to case B,
were due to the stronger initial flame propagation, through a richer stratified charge,
and to the requirement (for the specific load) for more advanced combustion phasing

to achieve HCCI combustion.

Results from averaged images

To obtain an overall picture of the phenomena occurring in each case averaged images

(each based on information from ten individual images) were calculated to

complement the analysis of the simultaneous measurements from individual cycles.



Figure 4 shows images (and corresponding timings) of average LIF signals from the
fuel tracer 3- pentanone acquired for cases A - C. In case A the fuel was
homogeneously distributed within the combustion chamber until the combustion
started to convert the fuel. The images for cases with charge stratification (B and C)
clearly show local regions with stronger signals from the fuel tracer during the
compression, i.e. a stratified charge created in the vicinity of the sparkplug, located
just left of the centre in the images. Near TDC spots with reduced intensity indicate
regions where fuel was consumed. Images for the late timings displayed lower overall
intensity. Besides fuel conversion, several other effects contribute positively or
negatively to the signal strength. The compression induces a higher molecular density
in the laser plane, which increases the intensity, while increases in pressure and

temperature are both expected to reduce fluorescence yields [26].

In figure 5 averaged LIF signals from OH at different timings around TDC can be
seen. Significant OH signals were observed during the period of fuel conversion for
the conventional HCCI case (A). In this case no significant averaged OH signal was
observed at TDC, and the derived mass fraction burned (MFB) values (figure 3)
indicate that only very modest reactions had occurred at TDC. At 10 CAD the
averaged MFB values indicate that the vast majority of the fuel had been converted, as
also indicated by strong LIF signals. The high levels of OH at this timing, in
combination with the chosen excitation wavelength (at which absorption is strong
absorption, to allow OH to be detected at low concentrations), led to the signal
strength being reduced as the laser sheet propagated through the combustion chamber,

from left to right in the image. Inhomogeneity in the intensity distribution across the



laser light sheet from the dye laser was also manifested in variations in the intensity at
different heights in the image. For cases B and C, the initial flame front propagation
can be seen in the averaged images as increasing regions of intensity from the LIF of
OH, starting with modest signals close to the spark plug from -10 CAD, strengthening
substantially from TDC onwards. The combustion phasing difference between the two
cases, as seen in the MFB values, was also seen in the OH images. At TDC the
average image for case B shows the OH signals from the propagating flame front, but
for case C OH signals from both the propagating flame and HCCI combustion were
captured. At 10 CAD the OH signal for case B was still weaker than for case C, since
the combustion was almost complete at this point for case C, while full fuel
conversion had still not been reached in case B, hence there was a weaker signal in the

average image.

Averaged images from formaldehyde LIF can be seen in figure 6. The intensity of the
formaldehyde signal is initially weak, at -20 CAD, and increases thereafter. For the
traditional HCCI combustion case (A) the HCHO signal reached maximum intensity
when only modest amounts of the fuel had been converted at TDC, and was
completely depleted at 10 CAD. The total absence of OH and presence of HCHO
throughout the cylinder at TDC, and vice versa at +10 CAD, show that the high-
temperature combustion had not yet started at TDC, but had reached all parts of the
cylinder at +10 CAD. For the cases with charge stratification, strong intensity was
seen for an extended period, especially in the rich regions just prior to TDC. Clearly,
therefore, the spark-initiated flame induced a temperature increase that contributed to

fuel decomposition and HCHO formation. At -10 CAD, and especially at TDC,



evidence of the flame was manifested in a reduced HCHO signal in regions where OH

was present, although the complete separation cannot be seen in averaged images.

Averaged in-cylinder flow fields during the late part of the compression can be seen
in figure 7. For traditional HCCI the air motion in the studied plane could be
considered to be quiescent or in the order of accuracy of the measurements, as shown
by the flow field in figure 7 (top). This is consistent with observations by Wilson et
al. [21], who found that the low lift profiles they applied induced strong air motion
early in the cycle that subsequently decayed. However, for the cases with charge
stratification, air motion was induced by the stratification injection, as shown in figure
7. At -20 CAD (prior to any significant flame propagation) weak air motion was
observed for case B, and for case C (in which greater stratification injections were
used) a clear motion induced by the stratification injections was recorded. Later
during the compression the air motion was similar, but not identical, to that at the
previous timing. For case B differences in intensity and direction of the air motion
were observed in regions in which the flame propagated and an expanding, vortex-like
structure had developed at TDC. For case C, the air motion induced by the
stratification injection was slightly less intense in the measured plane at -10 CAD than
at -20 CAD, but it generally retained its direction, while at TDC some similarities in
the shape of the motion induced by the injection were still present, but changes in
both direction and intensity in regions were observed where the flame propagated.
The difference between the flow fields at -20 CAD and at TDC, are represented in
figure 7 (bottom), which indicates that the average flow fields prior to any combustion
at -20 CAD were influenced by a centrally located expanding source leading to the

average flow fields seen at TDC. The flow fields seen at TDC are thus a result of both



the stratification injection and the propagating flame (which cause this central

expansion).

Results from simultaneously recorded images

To further investigate the combustion sequence, simultaneous results were studied in
addition to the averaged results. This was of particular interest for ignition sequences
in which initial flame front propagation transitioned into HCCI combustion, at timings
close to the transition, since averaging during this phase of rapidly changing

conditions could lead to unrepresentative results.

In figure 8 the flow field, LIF of OH and an iso line for a threshold luminosity value
(indicative of the flame front) from one of the high speed video images for case B
from the same cycle at TDC can be seen. The exposure time for the high speed video
was 2 CAD, but despite this and the fact that only line-of-sight views of the
combustion events were acquired, only small discrepancies were found between the
images captured by the high speed camera and the OH images for the propagating
flame. Accordingly, the high speed video images displayed the reaction zone of the
flame, although the wavelength band that was transmitted to the camera was not
complete (see figure 1), and the chemiluminescence of CO, was the main contributor
to the video images. The flow field in figure 8 from this cycle differed from the
average field (figure 7) in both intensity and direction; generally the intensity was
slightly greater than the average in the measured plane (a natural consequence of

averaging a stochastic parameter such as the flow velocity during flame propagation).



Figure 9 shows the flow field and the threshold luminosity iso line (dashed, red) from
the high speed video images acquired in the same case B cycle, at TDC, displayed in
figure 8. The other iso lines represent the threshold values of the reaction zone in the
high speed video images acquired at -4, -2, 2 and 4 CAD (white, green, cyan and
magenta lines, respectively), hence the iso lines represent the reaction zone just prior
to, during and after the flow field was measured (in addition to measurements by the
other techniques). The latest iso line also captured the transition into HCCI
combustion, as indicated by the large expansion of the reaction zone. In addition, the
average signal from LIF of the fuel tracer is presented (measured at the same timing,
but not simultaneously). Correlations between the flame propagation and the flow
field were also observed; notably the flame propagated in the direction of the air
motion in the region indicated by the numeral 1 in figure 9, and in the opposite
direction in region 2. Analysis of the high speed video images from the flame
propagation (relative to a fixed geometrical point) showed the flame speed to be quite
similar in the two regions, 6 m/s in region 1 and 7.5 m/s in region 2. However, when
the flame speed was calculated in relation to the air motion, it was found to be
significantly higher in region 2, in which the flame propagated towards richer (or less
lean) regions (9.6 m/s), than in region 1, where it propagated towards leaner regions
(3.3 m/s). From the high speed video images it was also noted that the transition to
HCCI first appeared in the rich regions. This can be seen in the difference between the
cyan and magenta lines in the lower left region, since the latter covered a much
greater area although there was only a 2 CAD difference in their timings, indicating
the transition in combustion. There was also an increase in the rate of the mass
fraction burned at the end of recording of the video image, denoted by the magenta

line, i.e. at 4 CAD. This transition can also be seen in the shift from weak indications



of reactions arising in front of the flame to the left in the video image at 2 CAD to

strong signals at 4 CAD from the same region (represented by the iso line).

Figure 10 represents corresponding information to that shown in figure 9, but for the
case C at TDC. The average MFB values for the studied cases in figure 3 indicate that
combustion was significantly more advanced in case C, on average, and it was also
advanced in the specific cycle illustrated in figure 10. At TDC in this cycle slightly
less than 50 % of the mass had been combusted and the combustion had just
transitioned into HCCI combustion (in contrast to case B, where the transition
occurred when 20-30 % of the mass had been combusted). As for case B this can be
seen in the abrupt increase in the area covered by the red dashed iso line
(corresponding to TDC) compared to the area covered by the green line just before
TDC (-2 CAD), and in the video images in which a signal-emitting region can be seen
in front of the flame to the left, and there is a sudden increase in area in the lower
right region between -2 CAD and TDC. As in case B, the flame appears to follow the
flow in region 1 and to propagate in the opposite direction to the flow in region 2
(where the mixture is richer) in case C. The flame propagation speed is 12 m/s in
region 1 and 4 m/s in region 2 when related to a fixed geometrical point, but 8.6 m/s
and 7 m/s, respectively when related to the flow. Thus, for case C, in which the flame
is fully developed at TDC, there is less difference in propagation speeds towards
leaner and richer regions. This might be because this corresponds to the later stage of
flame propagation, in which the flame is propagating close to the boundaries of the
stratified charge with smaller differences between the richer and leaner regions than at

TDC in case B, where the flame propagation continues for several CAD after TDC.



In figure 11 the LIF of formaldehyde at TDC and iso lines obtained from the high
speed video near TDC can be seen. The transition in combustion from propagating
flame to HCCI for case B (cyan to magenta iso line) first occurred in the regions with
the highest amounts of formaldehyde. The regions that displayed the highest amounts
of formaldehyde could be strongly connected with the regions that displayed high
amounts of fuel vapour, i.e. the stratified region in the lower left quadrant for case B.
For case C the transition had just started when the simultaneous image was taken,
however HCCI combustion also developed in regions where formaldehyde signals

were strong (between the dashed red and cyan lines).

Conclusions

This study investigated the feasibility of combining initial flame front propagation
with subsequent HCCI combustion in order to reduce minimum achievable HCCI
loads. Charge stratification was combined with spark-assist to reduce the minimum
load of HCCI obtained using NVO with pilot and main injections without any
significant increases in NOx emissions. With a minor stratification injection and
modest flame propagation the lower load limit was reduced slightly, and with
increased stratification injection and flame propagation the lower load limit was

decreased significantly.

PIV measurements showed that conventional HCCI achieved with NVO led to a very
weak charge motion near TDC. When charge stratification and flame propagation
were used both the stratification injection and the flame contributed to a considerably

higher charge motion at TDC.



The charge stratification injection enriched the region near the sparkplug, and thus
allowed flame propagation to occur and increased the flame propagation speed during

the initial stages of flame propagation.

The delicate transition between initial flame propagation and HCCI was captured by
simultaneous LIF measurements and video recordings in single cycles. This transition
would be difficult to capture by analysing averaged results alone. The transition to
HCCI was initiated in regions with high levels of formaldehyde, which also displayed
higher fuel concentrations. Thus, the charge stratification itself played a major role in
supplying a region with conditions suitable for HCCI combustion, thereby promoting
the transition in addition to enriching the region near the spark plug to such a degree

that flame propagation could occur.
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Table 1 Engine parameters

Parameter Value
Bore 83 mm
Stroke 90 mm
Swept volume 487 cm’
Compression ratio 10:1
Intake valve lift 3 mm
Exhaust valve lift 3 mm
EVO 150 CAD
EVC 270 CAD
IVO 450 CAD
IvC 580 CAD
Fuel 80 % iso-octane

20 % n-heptane

Fuel with fuel tracer

67 % 1so-octane
18 % n-heptane

15 % 3-pentanone

Engine speed 1200 rpm
Intake air temperature 100 °C
Fuel pressure 200 bar




Table 2 Operational settings for the test cases.

Case A Case B Case C
Indicated load 1.3 kW 1 kW 0.8 kW
IMEP 2 bar 1.65 bar 1.3 bar
ISFC 282 g/kWh 270 g/kWh 268 g/kWh
A 1.21 1.27 1.30
HC (C3) 1725 £ 50 ppm 2525 £ 250 ppm 2275+ 170 ppm
CO 0.5 - 0.6 Y%voume 0.5 - 0.6 Y%voume 0.5 - 0.6 %voume
NOx 16 =2 ppm 10+ 1 ppm 22+ 9 ppm
Pilot injection

1.6 CAD 1.1 CAD 1.2 CAD
duration
Main injection

1.0 CAD 1.1 CAD 0.6 CAD
duration
Stratification

No stratification 0.8 CAD 1.0 CAD
injection duration
Spark timing No spark -26 CAD -26 CAD
EOI main -310 CAD -310 CAD -310 CAD
EOI pilot 310 CAD 310 CAD 310 CAD
EOI stratification No stratification -30 CAD -30 CAD

List of Figure captions

Figure 1 Schematic diagram of the setup, showing the signals from emitted species

directed to each detector when all measurement techniques were used simultaneously.




Figure 2 Emission spectrum of OH from the optical engine (a), simulated absorption
spectrum of OH using LIFBASE [20] (with the chosen excitation wavelength marked)
(b), emission spectrum (c) and excitation spectrum (d) of formaldehyde from a cuvette
at atmospheric pressure and 90°C, emission spectrum (e) and excitation spectrum (f)

of 3-pentanone from a cuvette at atmospheric pressure and 100°C.

Figure 3 Averaged pressure traces (with injection timings) and averaged mass

fractions burned for the three studied cases.

Figure 4 Averaged LIF images of the fuel tracer 3-pentanone for the three studied
cases (A, upper row; B, middle row; and C, lower row). The columns, from left to
right, show images recorded at 30, 20, 10 and 0 CAD before TDC, respectively. The
optically accessible combustion chamber (right), X corresponds to the sparkplug

position.

Figure 5 Averaged LIF of OH images for the three studied cases (A, upper row; B,
middle row; and C, lower row). The columns, from left to right, show images
recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X corresponds

to the sparkplug position.

Figure 6 Averaged LIF of formaldehyde for the three studied cases (A, upper row; B,
middle row; and C, lower row). The columns, from left to right, show images
recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X corresponds

to the sparkplug position.



Figure 7 Averaged flow fields (from data acquired during 30 individual cycles) for
cases with charge stratification (B and C) between -20 CAD and TDC and at TDC for
case A. The differences in flow fields between -20 CAD and TDC for cases B and C
are also shown. X corresponds to the sparkplug position. Reference arrows

corresponding to 1, 2 and 3 m/s are shown at the top left.

Figure 8 Mass fraction burned and timing of measurements for case B, top, and
(below) LIF of OH, flow field and luminosity iso line (indicating the flame front)
from one of the high speed video images, all three based on data acquired
simultaneously at TDC. X corresponds to the sparkplug position. A vertical reference
arrow corresponding to 3 m/s is shown to the right of the flow field, and dimensions

of the optical coverage and laser plane width are shown in black.

Figure 9 Mass fraction burned and timing of measurements for case B (top). The
timings of the video images correspond to those of the iso lines acquired from video
images. Averaged LIF of the fuel tracer, cycle-resolved flow field and iso lines from
the high speed video images obtained in the same cycle for case B near TDC
(middle). X corresponds to the sparkplug position. A vertical reference arrow
corresponding to 3 m/s is shown to the right of the flow field. The iso lines (white,
green, dashed red, cyan and magenta) represent threshold values from the video
images prior to, during and after TDC (-4 to 4 CAD). Video images from -8 to 10

CAD (bottom).

Figure 10 Mass fraction burned and timing of measurements for case C. The timings

of the video images correspond to those of the iso lines acquired from video images



(top). Averaged LIF of the fuel tracer, cycle-resolved flow field and iso lines from the
high speed video images obtained in the same cycle for case C near TDC (middle). X
corresponds to the sparkplug position. A vertical reference arrow corresponding to 3
m/s is shown to the right of the flow field. The iso lines (white, green, dashed red and
cyan) represent threshold values from the video images prior to, during and after TDC

(-4 to 2 CAD). Video images from -8 to 10 CAD (bottom).

Figure 11 LIF of formaldehyde images at TDC and iso luminosity lines (from high
speed video images acquired prior to, during and after TDC) obtained in the same

cycle for cases B and C at TDC. X corresponds to the sparkplug position.

Definitions

CAS50: The timing when 50 % of the fuel is combusted
CAD: Crank Angle Degree

CO: Carbon monoxide

CO,: Carbon dioxide

DI: Direct Injection

EGR: Exhaust Gas Recirculation

HC: Hydrocarbons

HCCI: Homogenous Charge Compression Ignition
HCHO: Formaldehyde

IMEP: Indicated Mean Effective Pressure

LIF: Laser Induced Fluorescence

MFB: Mass Fraction Burned

Nd:YAG: Neodymium: Yttrium Aluminium Garnet



NVO: Negative Valve Overlap
NOx: Nitrogen Oxides

OH: Hydroxyl

PIV: Particle Image Velocimetry
PM: Particulate Matter

SI: Spark Ignition

TDC: Top Dead Centre

UV: Ultra Violet
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Figure 1 Schematic diagram of the setup, showing the signals from emitted species

directed to each detector when all measurement techniques were used simultaneously.
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Figure 2 Emission spectrum of OH from the optical engine (a), simulated absorption
spectrum of OH using LIFBASE [20] (with the chosen excitation wavelength marked)
(b), emission spectrum (c) and excitation spectrum (d) of formaldehyde from a cuvette
at atmospheric pressure and 90°C, emission spectrum (e) and excitation spectrum ()

of 3-pentanone from a cuvette at atmospheric pressure and 100°C.
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Figure 3 Averaged pressure traces (with injection timings) and averaged mass

fractions burned for the three studied cases.
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Figure 4 Averaged LIF images of the fuel tracer 3-pentanone for the three studied
cases (A, upper row; B, middle row; and C, lower row). The columns, from left to
right, show images recorded at 30, 20, 10 and 0 CAD before TDC, respectively. The
optically accessible combustion chamber (right), X corresponds to the sparkplug

position.



Figure 5 Averaged LIF of OH images for the three studied cases (A, upper row; B,
middle row; and C, lower row). The columns, from left to right, show images
recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X corresponds

to the sparkplug position.

Figure 6 Averaged LIF of formaldehyde for the three studied cases (A, upper row; B,

middle row; and C, lower row). The columns, from left to right, show images
recorded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X corresponds

to the sparkplug position.
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Figure 7 Averaged flow fields (from data acquired during 30 individual cycles) for

cases with charge stratification (B and C) between -20 CAD and TDC and at TDC for

case A. The differences in flow fields between -20 CAD and TDC for cases B and C

are also shown. X corresponds to the sparkplug position. Reference arrows

corresponding to 1, 2 and 3 m/s are shown at the top left.
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Figure 8 Mass fraction burned and timing of measurements for case B, top, and

(below) LIF of OH, flow field and luminosity iso line (indicating the flame front)
from one of the high speed video images, all three based on data acquired
simultaneously at TDC. X corresponds to the sparkplug position. A vertical reference
arrow corresponding to 3 m/s is shown to the right of the flow field, and dimensions

of the optical coverage and laser plane width are shown in black.
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Figure 9 Mass fraction burned and timing of measurements for case B (top). The
timings of the video images correspond to those of the iso lines acquired from video
images. Averaged LIF of the fuel tracer, cycle-resolved flow field and iso lines from
the high speed video images obtained in the same cycle for case B near TDC
(middle). X corresponds to the sparkplug position. A vertical reference arrow
corresponding to 3 m/s is shown to the right of the flow field. The iso lines (white,
green, dashed red, cyan and magenta) represent threshold values from the video
images prior to, during and after TDC (-4 to 4 CAD). Video images from -8 to 10

CAD (bottom).
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Figure 10 Mass fraction burned and timing of measurements for case C. The timings
of the video images correspond to those of the iso lines acquired from video images
(top). Averaged LIF of the fuel tracer, cycle-resolved flow field and iso lines from the
high speed video images obtained in the same cycle for case C near TDC (middle). X
corresponds to the sparkplug position. A vertical reference arrow corresponding to 3
m/s is shown to the right of the flow field. The iso lines (white, green, dashed red and
cyan) represent threshold values from the video images prior to, during and after TDC

(-4 to 2 CAD). Video images from -8 to 10 CAD (bottom).
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Figure 11 LIF of formaldehyde images at TDC and iso luminosity lines (from high

speed video images acquired prior to, during and after TDC) obtained in the same

cycle for cases B and C at TDC. X corresponds to the sparkplug position.



	Avhandling091111.pdf
	Avhandling091111.pdf
	Avhandling091111.pdf
	Avhandling091111.pdf
	Avhandling091111.pdf
	Avhandling091111.pdf
	Avhandling091111.pdf
	main_komprimerad.pdf
	tomt_blad.pdf
	blad_paper1.pdf
	Paper I.pdf

	tomt_blad.pdf
	blad_paper2.pdf
	Paper II.pdf

	blad_paper3.pdf
	Paper III.pdf

	tomt_blad.pdf
	blad_paper4.pdf
	Paper IV.pdf

	blad_paper5.pdf
	Paper V.pdf

	tomt_blad.pdf
	blad_paper6.pdf
	Paper VI.pdf

	blad_paper7.pdf
	Paper VII.pdf

	blad_paper8.pdf
	Paper VIII.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


