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"When you're ra ing, it's life.

Anything that happens before or after is just

waiting." Steve M Queen as Mi hael Delaney in 'Le Mans'

iv

Abstra t
SI engines have the ability to meet the stri test emission standards.
data for

urrent vehi les show there is a

emissions.

2

Future requirements for redu tions in CO

vehi les might be met by using the HCCI

ombustion

more or less homogenous air/fuel mixture is

2 emissions than normal SI

leads to less CO

However,

lear need for further redu tions in CO

2

emissions from ground

on ept, in whi h a diluted,

ompressed to auto-ignition. This

ombustion due to its ability to burn

dilute mixtures, whi h is bene ial from a thermodynami

perspe tive, and low

ombustion temperatures have a positive impa t on exhaust emissions. However,
there are hallenges asso iated with this on ept, for instan e its limited operating
range and

ombustion

Residual gases

ontrol.

an be trapped with the intention to a hieve HCCI

ombustion

in SI engines using gasoline. This leads to a signi antly improved e ien y for
the part-load region, whi h is essential sin e the standardized drive
a

onsiderable amount of low-load operation.

y les involve

The operational range of HCCI

engines using residual gas trapping is limited for a low load and speed range. In
attempts to over ome this limitation and gain
this region a

on ept

ontrol over HCCI

ombustion in

ombining initial ame front propagation using a stratied

harge and subsequent HCCI

ombustion has been developed, and explored in

studies underlying this thesis.
Both opti al and onventional engine experiments have been ondu ted to develop
this

ontrol

on ept. The opti al experiments have shown that

harge strati a-

tion is important in many respe ts, notably it indu es air motions and generates
regions in whi h HCCI

ombustion is likely to o

ur, in addition to enri hing

the region near the sparkplug (thus making ame propagation possible). These
features have been used to redu e the minimum load a hievable for HCCI, with
little or no

X

ompromises in terms of e ien y or NO

the load range in whi h an engine

2

ombustion, and hen e enables CO

emissions. This extends

an be e iently operated,
emissions to be redu ed.

v

ompared to SI

vi
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Prefa e
In Homogenous Charge Compression Ignition (HCCI) fuel is
ferent manner from modes used in
busted by
fa tors for

ombustion is

onventional SI

an be over ome sin e the
ombustion than in SI

to those of Diesel engines
lassi

om-

ontrolled by

Diesel

hemi al kineti s. Thus, limiting

ombustion, su h as the lean limit for ame propagaombustion is not governed by ame propagation.

Hen e, dilution with EGR and/or ex ess air
HCCI

ombusted in a dif-

ars. Instead of being

onventional ame propagation it is ignited at multiple regions simul-

taneously sin e the
tion,

urrent passenger

an be used to greater degrees in

ombustion. For these reasons e ien ies similar

an be a hieved using HCCI

ombustion, but unlike

X

ombustion the dilute and homogenous mixture leads to low NO

and low soot levels. Thus, it

ombines the strengths of Diesel and SI

but with the downside that no dire t means of

ontrolling HCCI

ombustion,

ombustion are

urrently available.
In the introdu tory

hapter of this thesis the motivation for and obje tive of the

proje t it is based upon are briey des ribed.

The following

hapter gives the

reader ba kground information regarding legislative limits of hazardous emissions

2

and CO

emissions for passenger

ars. To demonstrate that there is a need to

make more e ient engines, data from present vehi les are also shown, and the
drive

y les used for evaluating emissions are des ribed. Furthermore, the piston

engine is analyzed from a simplied thermodynami
ba kground information regarding
The third

hapter des ribes HCCI

perspe tive, to give some

on epts that are thermodynami ally sound.
ombustion and reviews work

other authors regarding HCCI in general and other

arried out by

ontrol methods. Sin e HCCI

ombustion using trapped residuals by negative valve overlap aims to a hieve
HCCI

ombustion in SI

ombustion engines, in a

obje tive, this method of HCCI
The fourth

ordan e with the proje t's

ombustion is separately des ribed.

hapter provides information that was not do umented in the appen-

ded papers regarding the methods and equipment used to a quire the results.

3
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CONTENTS

Some further analysis is also in luded showing that the

ore data have su ient

reliability to provide valid representations and thus there is at least the potential
to obtain valid interpretations from the observations.
The fth

hapter highlights and summarizes the key results presented in the

papers, and further investigations probing the reliability and a

ura y of the

on lusions drawn in the papers. Ba kground results are also in luded showing
that there really is a need for in reased

ontrol in the low load region for an HCCI

engine using NVO. In addition, ba kground information is supplied regarding
results of investigations of other approa hes in whi h dilution is used, to allow
the reader to set HCCI into perspe tive.
Finally, the proje t and the overall results obtained are briey outlined, and
ea h paper is summarized in the eighth

hapter. Referen es

an be found in the

bibliography and Papers I-VIII are atta hed at the end.

Andreas William Berntsson

Chalmers University of Te hnology, Göteborg
2009

Chapter 1
Introdu tion
1.1 Motivation
Homogenous Charge Compression Ignition (HCCI)
to redu e the fuel
fuel

ombustion has been shown

onsumption of SI engines [1; 2℄. Thus, the need to redu e the

2

onsumption of SI engines to meet future legal CO

motivation to explore the possibility of a hieving HCCI
There are, however, several
being the la k of

limits provides ample

ombustion in SI engines.

hallenges asso iated with this

on ept, the main two

ontrol and its limited (to part loads) operational range.

1.2 Obje tive
The primary obje tive of the proje t this thesis is based upon was to develop
a

ontrol method that

tied
HCCI

ombines initial ame front propagation through a stra-

harge and subsequent HCCI

ombustion, in order to a hieve

ontrol of

ombustion in the lower load regions for HCCI in a passenger

ar SI en-

gine. The in reased

ontrol should allow the minimum load possible for HCCI

ombustion to be de reased, and the extension of the operational range should
allow fuel

onsumption to be redu ed, sin e HCCI

The low NO
marginally

X

emissions and high e ien y of HCCI

ompromised when applying this

ombustion is more e ient.
ombustion should only be

ontrol method. Further obje tives

of the proje t were to a quire general knowledge about HCCI
possible) identify, explore and develop other methods to
5

ombustion and (if

ontrol it.

6

CHAPTER 1.

INTRODUCTION

1.3 Delimitation
The proposed
steady state

on ept was only studied with the intention of gaining

ombustion. It might be useful to apply this

ontrol of

on ept during transient

operation too, but this possibility was beyond the s ope of the proje t.

Chapter 2
Ba kground
Ever sin e Karl Benz built his rst automobile with a piston engine for propulsion,
the

Motorwagen,

similar

on epts have been further developed and produ ed in

diverse shapes and sizes all over the globe. The use of automobiles has be ome
deeply rooted in the

ore of most modern

personal transportation.
downsides; the internal

ultures and is now a key element of

However, this mode of transportation also has some
ombustion engine generates emissions that

hazardous or harmful to the environment.

an be either

This fa t only begun to be addres-

sed, or at least re eived attention, long after the introdu tion of the te hnology.
California has been a pioneer in emission legislation and has set restri tions on
vehi les for several de ades, but other authorities have in reasingly followed suit,
and some examples of emission levels

an be seen in tables 2.1, 2.2 and 2.3.

2.1 Emission standards
Table 2.1: Californian emission standards for passenger

ars after 100000 miles

(LEV1 ) and 120000 miles (LEV2 ) [3℄, all values in g per mile measured in FTP75.

Category NMOG CO NOX PM(for Diesel) HCHO
TLEV1
0.156 4.2 0.6
0.08
0.018
LEV1
0.09
4.2 0.3
0.08
0.018
ULEV1
0.055 2.1 0.3
0.04
0.011
0.09
4.2 0.07
0.01
0.018
LEV2
ULEV2
0.055 2.1 0.07
0.01
0.011
SULEV2
0.010 1.0 0.02
0.01
0.004
7
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Table 2.2: European emission standards for passenger
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ars with petrol engines [3℄,

all values in g per km.

Category CO HC HC+NOX NOX
PM
EURO1 2.72 0.97
EURO2
2.2
0.5
EURO3
2.3 0.2
0.15
EURO4
1.0 0.1
0.08
EURO5
1
0.1
0.06 0.005 (DI)
EURO6
1
0.1
0.06 0.0045 (DI)
Table 2.3: European emission standards for passenger

ars with Diesel engines [3℄,

all values in g per km.

Category CO HC HC+NOX NOX
PM
EURO1 2.72 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
EURO6
0.5
0.17
0.08
0.0045
From tables 2.1, 2.2 and 2.3 it

an be seen that the stri t modern emission limits

are dramati ally lower than the older ones. It is also worth noting that European
emission limits for Diesel and petrol engines dier, but Californian limits are
the same for both kinds of engines (ex ept that limits are pla ed on parti ulate
matter, PM, emissions from Diesel engines). It is important to bear in mind that
when new

ombustion pro esses for passenger

ars are developed it is essential

to meet the relevant emission limits, sin e they are legally enfor ed, and it will
not be possible to use new

on epts that

annot meet them in passenger

ars (in

the respe tive markets). Thus, sin e the aim of the work underlying this thesis
was to investigate a new

on ept for

ombustion that is intended for passenger

ar use, a brief introdu tion to these legal emission limits is required.

2.2 CO2 emission legislation
In addition to the legal limits presented in tables 2.1, 2.2 and 2.3 other undesirable
spe ies are emitted from

ombustion engines and have been re eiving in reasing

attention, espe ially

arbon dioxide, whi h is dire tly

onne ted to fuel

onsump-

tion. The amount of

arbon dioxide that an engine emits has be ome in reasingly

2.2.
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important, espe ially sin e the legally restri ted hazardous emissions have reahed su iently low levels, in absolute terms, to make the environmental ee ts
of

arbon dioxide relatively important.

To redu e

2

arbon dioxide levels a proposal to limit average CO

2

all newly registered

ars in the EU to 130 g/km CO

emissions from

has been made by the

Commission of the European Communities [4℄. The manufa turers will all have
to meet individual targets, depending on the mass of the vehi les they produ e,
and the formula for the limit value is:
CO2

where
while

M
M0

·

= 130 + a (M − M0 )

(2.1)

is the average weight of the vehi les produ ed by the manufa turer,
and

a

are

onstants (1289 kg and 0.0457, respe tively).

200

CO2 [g/km℄

PSfrag repla ements
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100
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0

500

1000

1500
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2500

Weight [kg℄

2

Figure 2.1: CO

emission limits for

ars of manufa turers selling

ars in the EU

(from 2012) during NEDC operation versus vehi ular weight.
If the value for the average

ar of a manufa turer is above this limit line (see

¿

gure 2.1) then an ex ess emissions premium will be imposed. If the value ex eed

¿

¿

the limit by more than 3 g/km then the premium is 95
harges between 5
to 3 g/km.

and 25

per g/km if the value ex eed the target by 1

The values show that it will be

ostly for the manufa turers to

produ e and sell vehi les that generate high CO
osts will ultimately paid by the

per g/km and smaller

2

emissions, and the additional

ustomer, so it will be of great importan e for

the manufa turers to address this issue. However, manufa turers selling less than

10
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10 000 vehi les per year

BACKGROUND

an apply for individual targets, and there is also the

possibility to form a "pool" with other manufa turers to jointly meet their target.

2

Nevertheless, there will still be a great need to redu e CO

emissions overall.

2.3 Engines
The vast majority of passenger

ars on the market at the time of writing (2009)

are powered by piston engines based on the prin iples dened by either Nikolaus
August Otto [5℄ or Rudolf Diesel [6℄,
For petrol engines the introdu tion of

i.e.

petrol or Diesel engines, respe tively.

atalysts has played a key role in enabling

tailpipe emissions to be redu ed to the values shown in tables 2.1 and 2.2. The
ombination of a three way

atalyst and a lambda sensor allows the emission

levels to be redu ed to partial zero-emission vehi le (PZEV) levels. For example,
in 2002 Volvo Cars Corporation presented a Volvo S60

apable of a hieving PZEV

levels [7℄. The possibility of a hieving su h levels (and at a reasonable pri e) is
the main strength of

urrent Otto engines.

On the other hand, Diesel engines

have displayed greater e ien ies, whi h are seen as their main strength.

2.4 Car eets
The work this thesis is based upon fo used on te hniques designed to in rease
the

ontrol of HCCI

ombustion in engines for passenger

2

of a hieving lower CO

ars with the main goal

emissions. This se tion provides some ba kground infor-

mation on the passenger

ars in produ tion at the time of writing, to as ertain

if there really is a need to further improve present te hnology. All data in this
se tion are based on vehi les approved in Germany (in 2008) by the German
motor vehi le inspe tion agen y, TÜV [8℄, sin e 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 se tion is based on are listed in table
2.5.

As

an be seen, the numbers are large - with over 8000 versions in total

and over 4500 models with spe ied weights. The models are divided into four
groups:

ars with Diesel engines, petrol engines with port fuel inje tion, petrol

engines with dire t inje tion and hybrid vehi les.

2.4.
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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
572
Hybrid
7
-

2.4.1 Vehi le weight
Emissions from the dierent types of passenger

ars during NEDC operation and

highway operation are shown in gure 2.2. The vehi ular weights (for vehi les
with spe ied weights) ranged from around 800 to 2300 kg. In the gure trend
lines are plotted

y = axb + c

(2.2)

g repla ements
PSfrag repla ements
the least squares sense (see equation 2.3) to the

data

500

CO2 [g/km℄

400
300

this is a representative trend line.

All data
Average
Diesel
DISI
SI
Hybrid
Limit

200

400

All data
Average
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DISI
SI
Hybrid
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100

100
0
500

500
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a, b and c are tted in
(xdata and ydata), hen e

where

1000
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Figure 2.2: CO emissions during NEDC (a) and highway (b) operation of vehi les
approved in Germany in 2008 versus their weight.
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1X
1
(F (a, b, c, xdatai ) − ydatai )2
min |F (a, b, c, xdata) − ydata|22 =
a,b,c 2
2 i

(2.3)

In both NEDC and highway operation in reases in the vehi ular weight have
adverse ee ts on emissions, as

2

an be seen in the gure sin e all the trend lines

show an in rease in CO emissions with in reases in vehi ular weight. The average
ar weighing 1000 kg emits around 140 g CO
is almost half that of the average

2 per km in NEDC operation, whi

h

ar weighing 2000 kg. For highway operation

the dieren e between a 1000 kg vehi le and a 2000 kg vehi le in this respe t is
smaller; the average larger
of engine type, it

2

CO

2

ar emits around 70 % more CO in this

ase. In terms

an be seen that the traditional SI engines generate the highest

emissions for a

ertain vehi ular weight, while Diesel engines and hybrid

ars generate the lowest levels. The hybrid models for whi h data are in luded
in gures 2.2 (marked by stars) are listed in table 2.5. Lexus and Honda produ e
ars with hybrid te hnology in models for whi h traditional types of engine are
also available, and data for the

losest petrol models are also shown in the table.

Table 2.5: Hybrid

ar models and

omparison.

Model
Weight [kg℄ Power [kW℄
Honda Civi HYBRID
1300
70
Honda Civi (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
53
Toyota PRIUS II
1375
57
The hybrids perform well in

omparison to versions of other types with similar

weight. However, it should be noted that in luding hybrid te hnology in reases
the weight of

ars, thus a dire t

for whi h both hybrid and
ar body are

omparison is not ne essarily valid. When models

onventional petrol engines are available in the same

ompared (see table 2.5) then the mass addition asso iated with

the hybrid te hnology

an be estimated.

The Honda Civi

hybrid is around

10 % (110 kg) heavier than the traditionally powered version, and the Lexus LS
is proportionally even heavier with hybrid te hnology.

The in rease in weight

inevitably redu es the performan e of the hybrids, but their performan e is still
ompetitive

ompared to the average.

CAR FLEETS
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When petrol engines using dire t inje tion (DISI) are

2 emissions are

that their CO

2

CO

onsidered, it

an be seen

onsistently lower than those from average port fuel

inje tion engines. Furthermore, it

an be seen that the light DISI

ars display

emissions that are similar to those of diesel engines in both NEDC and

highway operation.
When the data are
tion 2.1, it

ompared to the proposed limit values, as dened by equa-

an be seen that generally there is a need for further improvements

for all types of propulsion units (see gure 2.2, where the dashed magenta line
indi ates the limit line).

2.4.2 Engine displa ement
The rst impression from the data presented in the previous se tion regarding
vehi les on the

2

urrent market is that (unsurprisingly) small, light vehi les ge-

nerate less CO
the vehi le

emissions than larger, heavier vehi les. However, the weight of
PSfrag repla ements
annot be the only parameter responsible for the dieren es in this

respe t between vehi les, sin e dierent sizes of vehi les may also be asso iated
with other

hara teristi s, su h as demands for performan e and engine displa-
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CO2 [g/km℄
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g repla ements
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Figure 2.3: CO emissions during NEDC (a) and highway (b) operation of vehi les
approved in Germany in 2008 versus their engine displa ement.
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ement.

Indeed, many parameters

2

gure 2.3 CO

BACKGROUND

hange with dieren es in vehi le sizes.

In

emissions in NEDC and highway operation are plotted against

vehi les' engine displa ements.

The apparent trend is for fuel

onsumption to

in rease as displa ement in reases, for vehi les with all types of engine. However, there are dieren es in the range of displa ement of the dierent types, and
the port fuel inje tion petrol engines show the greatest range (from 0.7 to 8.3
liter displa ements). For a given displa ement the port fuel inje tion SI engines

2

show the greatest CO

emissions in NEDC operation and the Diesel and hybrid

vehi les the lowest values. This trend is also apparent in highway operation, but
with smaller dieren es (and for vehi les with larger engines there is almost no
dieren e in this parameter between the Diesel, DISI and hybrids).

2.4.3 Engine power
2

In gure 2.4 the CO

emissions of vehi les with dierent kinds of propulsion

plant are plotted against their power.

The range of power is greatest for the

SI engines, some models with petrol engines have almost twi e the power of all
Diesel engines, and an obvious trend is that the greater the power the greater

2

the CO

emissions.

2

emissions from hybrid

PSfrag repla ements
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Figure 2.4: CO
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emissions in NEDC (a) and highway (b) operation of vehi les

approved in Germany in 2008 versus their power.
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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 vehi les there are only
modest dieren es in emissions between all the dierent engine types. As for the
vehi le weight, the ee t of power on emissions

annot be

ompletely separated

from other fa tors sin e it too is related to other parameters, for instan e a larger
vehi le will probably have a larger engine with more power.

2.4.4 Performan e
The weight to power ratio
of a vehi le.
an a

an be asso iated with the a

eleration performan e

A rule of thumb (found by the author's father) is that a vehi le

elerate from standstill to 100 km/h by slightly over the ratio in se onds

between its weight to power in kg per unit horsepower, thus a low weight to power

2

ratio leads to greater performan e. The CO emissions of vehi les with dierent
PSfrag repla ements
weight to power ratios an be seen in gure 2.5. For low performan e vehi les
(> 17 kg/kW,

orresponding to a

the hybrids show the lowest CO

2

eleration from 0 to 100 km/h in > 13 se onds)
emissions and the diesel and DISI engines show

similar emission levels in both NEDC and highway operation. For medium per-
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approved in Germany in 2008 versus their weight to power ratios.
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forman e vehi les (8-17 kg/kW), the DISI and diesel vehi les show more or less
identi al values for highway operation and the values are lower than those of the
hybrids. For high-performan e vehi les only petrol engines are available and for
those the DISI versions generate the lowest CO

2

emissions.

2.4.5 Weight and displa ement
As mentioned above, it is di ult to separate the parameters that inuen e CO

2

emissions. Large, heavy vehi les are likely to have larger, more powerful engines
than small, light

ars, all of whi h

shed more light on parameters of

2

ontribute to in reases in CO

emissions. To

2

urrent vehi les that lead to high CO emissions,

the vehi les' emissions are plotted against their weight to displa ement ratios in
gure 2.6. A low ratio will

orrespond to a vehi le that has a large engine relative

to its weight and vi e versa for high ratios. In NEDC operation this ratio appears
to be signi ant, but the dieren e between the dierent kinds of engine in this
respe t are relatively small, although the Diesel and low-performan e hybrids
PSfrag repla ements
seem to be somewhat better than the alternatives for a spe i ratio. In highway
operation the dieren es between the dierent types of engine are even smaller,
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Figure 2.6: CO

2 emissions from vehi
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les in NEDC (a) and highway (b) operation

of vehi les approved in Germany in 2008 versus their power versus their weight
to displa ement ratios.
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an be said about whi h type is most favorable, but the main trend is

2

that a low weight to displa ement ratio results in higher CO

emissions.

2.4.6 Dis ussion - Car eet
When

urrently produ ed passenger

parameter

ould be

to ea h other in a

2

ar models were studied, as in this se tion, no

ompletely separated and evaluated sin e they are
omplex manner. The lighter vehi les are more

in terms of CO , but exa tly how mu h of the emissions are
to the vehi ular weight is

hallenging to determine a

onne ted

ompetitive

onne ted solely

urately.

How mu h of

the redu tion was due to lower power or smaller engine displa ement has not
been pre isely determined. However, from the trends the following generalized
on lusion
a large

2

an be drawn; a light vehi le will generate less CO

emissions than

ar, espe ially if it has a small, low-powered engine, so the

ustomer's

hoi e will make a substantial dieren e.
In the attempt to separate the dierent kinds of propulsion unit it is di ult
to draw any

on lusions with statisti al signi an e. At rst glan e the Diesel

engines and hybrids appear to be most suitable. For a
ement they display lower levels of CO
if this is the main

2

ertain weight and displa-

emissions during NEDC operation. So,

riterion for sele tion, then assuming that a

to buy a vehi le of a

ustomer wants

ertain size and displa ement (variables that are related to

the vehi le's weight) then a vehi le with a Diesel or hybrid engine would be the
right

hoi e.

into a

However, if the additional weight and pri e of hybrids are taken

ount then the

is to meet

on lusion might be dierent. If the

ertain performan e spe i ations in terms of a

riterion for sele tion
eleration, whi h is

asso iated with the weight to power ratio, then the dierent propulsion units are
more equal, espe ially for vehi les that are operated mainly on highways. However, obviously there are models with high-performan e, large, powerful SI engines
and if a

ustomer

2 emissions for the

hooses any of these versions the average CO

eet will be in reased. Furthermore, SI engines have

2

CO

onsistently shown higher

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 resear h
aiming for further improvement of SI engines.
One fa tor that should be kept in mind when

omparing the results from hybrids

to other kinds of vehi les is the inuen e of start/stop te hnology. During standstill, unlike many other kinds of vehi les, the hybrids

an leave the

ombustion

engine o. However, this dieren e will disappear in the near future, sin e many
ar suppliers have announ ed that te hnology allowing the engine to be turned o

18
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ars. This will lead to redu tions

in dieren es between dierent types of engines in the future (similarly to the less
ompetitive results a hieved by the hybrids during highway operation, in whi h
this start/stop te hnology plays no role).

2.5 Drive y les
Vehi le owners' drive patterns naturally vary greatly, depending on numerous variables. However, in evaluations of passenger
two standard drive

ars' fuel onsumption and emissions

y les are often used.

2.5.1 NEDC
For the European market the New European Driving Cy le, NEDC, is used in
assessments of the fuel

onsumption and emissions of light duty vehi les on a

hassis dynamometer [9℄. A brief summary of the NEDC

an be found in table 2.6.

Table 2.6: NEDC data.

Chara teristi s
Value
Distan e [km℄
11
Duration [s℄
1180
Average speed [km/h℄
33.5
◦
Vehi le start temperature [ C℄
20
The

y le

onsists of four repeated urban se tions (ECE15) followed by an urban

se tion (EUDC). The torque needed (for a
y le (and FTP75)

ertain gear ratio) to perform this

an be seen in gure 2.7, based on geometry and weight

or-

responding to a large passenger vehi le using an engine with 3 liter displa ement.
The dashed green lines

orresponds to

onstant 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
y le is below 5 kW, thus for most (if not all) vehi les the powertrain is operated
at low loads during this

y le, making their part load e ien y important.

Sfrag repla ements
2.5.
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Figure 2.7: Examples of BMEP and engine speed for NEDC (bla k line) and
FTP75 (blue line) operation, for a vehi le with a manual gearbox and 3 liter
engine displa ement.

The 3 dashed lines

orresponds to 5, 10 and 15 kW of

power.

2.5.2 FTP75
For the Ameri an market a dierent test

y le is used: the Federal Test Pro edure

75 (FTP75). The vehi le speeds during FTP75 are similar to those in the NEDC,
but with a signi ant dieren e in gradients. The average speed for the
y le is around 34 km/h.

omplete

Due to the greater gradients in velo ity the power

required is higher, and the average power needed for the

omplete

y le is slightly

more than 6 kW for a vehi le that would require 5 kW during NEDC operation.
However, the power needed for FTP75 operation is still low in absolute terms,
making low load performan e highly important, this
In both the FTP75 and NEDC

an be seen in gure 2.7.

y les the vehi le spends

onsiderable amounts

of time at standstill, thus there is potential for redu ing fuel

onsumption if the

engine is stopped when the vehi le is at standstill. Te hnology allowing this was
introdu ed in 1998 by Volkswagen in their Lupo 3l [10℄, and many manufa turers
have announ ed intentions to use similar te hnologies in the near future.
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2.6 Thermodynami s
A simplied thermodynami

model of a re ipro ating engine was

onstru ted

with the intention to mathemati ally evaluate the ee ts of various parameters
(sin e the ee ts of many parameters
hen e, it
not).

annot be separated in a real engine and,

an be di ult to as ertain if

ertain parameters have any ee ts or

It should be noted that the model was

methods and does not a

onstru ted by the simplest of

urately des ribe reality, but the intention was merely

to fa ilitate identi ation of possible reasons for any dieren es that may appear
in measurements.

2.6.1 Polytropi Behavior
In a four-stroke

y le engine one revolution is used for

and one for gas ex hange.
volume inside the

During the

ylinder. During the period when the volume

ylinder is en losed, the

and a polytropi

ompression and expansion strokes the

ylinder is en losed and during the gas ex hange strokes valves

allow the uid to exit or enter the
inside the

ompression and expansion

fun tion is

hanges in volume lead to pressure

hanges,

ommonly used to des ribe the relationship between

the pressure and volume [11; 12; 13; 14℄.

pV n = constant
where

p

is the in- ylinder pressure,

oe ient. If the pro ess is
will be

κ

V

is the volume and

ompletely adiabati

cv

is the spe i

heat at

is the polytropi

then the polytropi

oe ient

However, the polytropi
ompletely adiabati .

cp
cv

(2.5)

onstant volume and

onstant pressure for the uid inside the
not

n

[15℄.

κ=
where

(2.4)

cp

is the spe i

ylinder under the spe i

oe ient is usually lower than
When this polytropi

κ

sin e the pro ess is

relationship is

the assumption that the en losed gases will behave in a

heat at

onditions.

ombined with

ordan e with the ideal

gas law [16℄

pV = mRT

(2.6)
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is the in- ylinder mass of the uid,

perature, then the temperature

R

its gas

onstant and

T

the tem-

an be des ribed as a fun tion of the in- ylinder

pressure, as:

T
p

n−1
n

= constant

(2.7)

Using this expression a pressure and temperature tra e

an be

the volume. In order to deliver me hani al work, an internal
must

ombust some fuel inside the

ombustion
in the

ombustion

ombustion

ylinder or

ombustion

hemi ally bound energy in the fuel is

al ulated from

ombustion engine

hamber. During the

onverted to heat in the uid

hamber. This heat inuen es the pressure inside the en losed

hamber and the thermodynami

work a hieved

an be

onverted to

me hani al work by using the piston motion. The addition of heat to the uid will
be a dire t
Here the

onsequen e of the

ombustion if adiabati

onditions are assumed.

ombustion is simulated as pure addition of heat to an ideal gas as

Q = mcn ∆T
is the amount of heat added,
rature in rease and

cn

m is

(2.8)

the mass of the uid,

the polytropi

spe i

cn = −cv

∆T

the resulting tempe-

heat [15℄ whi h is dened as

κ−n
n−1

(2.9)

To repli ate the behavior of ombustion this added heat will be added over a
PSfrag repla ements
dened period of time and with varying intensity, as indi ated by the example in

0.7
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Figure 2.8: The
equivalent
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75
50
25
0
-10

0

CAD

30

(b)

hosen rate of heat release as a fun tion of CAD (a) and the

onversion of the

hemi al energy to heat (b).
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gure 2.8, in whi h heat is added at the rate illustrated in gure 2.8(a), starting
from TDC for a duration of 20 CAD.

Sfrag repla ements
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Figure 2.9: Averaged in- ylinder pressure (dashed blue line) in a six- ylinder SI
engine during

ombustion throttled to 0.46 bar and the

al ulated polytropi

pressure (solid red line) for the same intake pressure as a fun tion of CAD (a)
and logarithmi

pressure as a fun tion of logarithmi

volume (b).

In gure 2.9 and table 2.7 results obtained from real measurements and the simplied polytropi
the
a

ombustion of a real

ura y.

the

model

an be seen. Even with this basi
y le in an engine

polytropi

approa h,

an be repli ated with reasonable

Even the gas ex hange phase is represented reasonably well, despite

rudity of the approa h, and realisti

valve events

an be used. However, the

ee t of the os illating pressure during the intake stroke is lost to some extent in
this simple model and the pump losses are thus slightly over-predi ted, as indiated in table 2.7. This model has been used to estimate the ee ts of various
hanges in parameters ( ompared to the measured
work,

W,

whi h is the en losed integral of the pressure,

W =

i.e.

ases) on the thermodynami

I

pdV

the area en losed by the pressure in gure 2.9(b).

p,

and volume,

V,

(2.10)
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Table 2.7: Parameters for the measured and
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Figure 2.10: S hemati
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C

20
Log pressure [bar℄

PSfrag repla

Parameter
Torque [Nm℄
Engine speed [rpm℄
IMEP [bar℄
PMEP [bar℄
Intake pressure [bar℄
Exhaust pressure [bar℄
Start of ombustion [CAD℄
Combustion duration [CAD℄
ements
n during ompression
n during expansion
Exhaust valve opening [CAD℄
Exhaust valve losing [CAD℄
Intake valve opening [CAD℄
Intake valve losing [CAD℄

al ulated pressure tra e.

A
46

Log volume [ m3 ℄

diagram of logarithmi

533

pressure as a fun tion of logarith-

volume.

2.6.2 Polytropi iso hori behavior
Here the s enario is simplied even further merely to highlight the main parameters that inuen e the thermodynami
are assumed to be polytropi
polytropi

work. If the

oe ient, and the addition of heat o

then an arti ial

ompression and expansion

and reversible, for an ideal gas with a
urs under iso hori

y le as illustrated in gure 2.10

onstant

onditions,

an provide an adequate re-
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after
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onditions prior to

ompression,

ompression, after addition of heat and after expansion, respe tively. Sin e

the addition and subtra tion of heat o
volume) the volume

V

onditions (at

onstant

an be des ribed at ea h point as

VA = VD
so all volumes

ur under iso hori

,

VB = VC

VA
= rC
VB

and

(2.11)

an be des ribed by the displa ement of the "engine" and its

ompression ratio,

rC .

The thermodynami

work,

W , as dened in equation 2.10,

an be simplied as

W =
for this iso hori

pA V A − pB V B + pC V C − pD V D
n−1

situation. The

(2.12)

onditions at point B will be inherited from the

onditions at point A sin e the pro ess is polytropi . From equation 2.4 and 2.11
the

onditions at point B

an be determined as

pB = pA rCn

and

TB = TA rCn−1

Equation 2.8 des ribes heat addition under polytropi
ri

heat addition the spe i

instead,

cV .

So the

heat will be the spe i

onditions at point C

(2.13)

onditions, and for iso hoheat under

an be des ribed by the

onstant volume
onditions from

the previous point as

TC = TB +
The

onditions at point D

Q
mcV

and

pC =

TC
pB
TB

an be des ribed by polytropi

(2.14)

expansion of the

ondi-

tions at point C to

pD =

pC
rCn

With this expression, all points are des ribed by the

(2.15)

onditions from the previous

point, so if the information from equation 2.13 is used in 2.14 and then in 2.15 all
points

an be des ribed, based on the

onditions at point A. If this is then used

in equation 2.12 and simplied the thermodynami

work,

W,

an be expressed

as

W =

pA QVA (1 − rC1−n )
mcV TA (n − 1)

(2.16)
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The mass will vary, depending on how the engine is ventilated, but if the simplest
approa h is used, whi h assumes a volumetri
then the mass

e ien y of unity and ideal gas,

an be dened as in equation 2.17

pA V
RTA

(2.17)

RQ(1 − rC1−n )
cV (n − 1)

(2.18)

m=
then equation 2.16

an be redu ed to:

W =
From equation 2.18 it

an be noted, in addition to the obvious feature that the

added heat is proportional to the work, that the ee t of the
will depend on the polytropi
iso hori

onditions the thermodynami

the spe i
work.

oe ient.

heat for

Sin e the

ompression ratio

ombustion o

urs under

work will be inversely proportional to

onstant volume, hen e redu ing

cV

will lead to in reased

Furthermore, the properties of the medium pumped also inuen e the

work a hieved sin e it is proportional to the gas

onstant for the medium, whi h

depends on the mole ular weight of the medium (for instan e the gas
a stoi hiometri

onstant of

fuel/air mixture with iso-o tane is about 5 % lower than that of

air, and the gas

onstant 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

Spe i

heat at

8 18
N2
O2
CO2
H2 O
C H

onstant pressure

cp [J/kgK℄

Mole ular weight
M

[kg/kmole℄

Gas
R

onstant

[J/kgK℄

1590

114

73

1047

28

297

913

32

260

909

48

189

1000

18

462

Equations 2.19 to 2.21 express

ombustion of: a stoi hiometri

mixture of iso-

o tane and air, a mixture of iso-o tane and air with 50 % ex ess air (lean
bustion), and a stoi hiometri

om-

mixture of iso-o tane and air with 30% dilution by

exhaust gases ( ombustion with EGR), respe tively.
C8 H18

C8 H18

+ 12.5(3.77N2 + O2 ) −→ 9H2 O + 8CO2 + 47N2

+ 18.75(3.77N2 + O2 ) −→ 9H2 O + 8CO2 + 71N2 + 12.5O2

(2.19)

(2.20)
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−→ 11.7H2 O+10.4CO2 +61N2
(2.21)

Table 2.9: Properties of the gases before (indexed A) and after
dexed B) for the

ombustion (in-

ases in equations 2.19 to 2.21.
RA

cp,A

cv,A

RB

cp,B

cv,B

275

1052

777

291

1092

801

Lean (eq. 2.20)

279

1040

761

289

1065

776

EGR (eq. 2.21)

280

1061

781

291

1092

801

Case
Stoi hiometri

[J/kgK℄ [J/kgK℄ [J/kgK℄ [J/kgK℄ [J/kgK℄ [J/kgK℄
(eq. 2.19)

In table 2.9 the properties before and after
ases des ribed in equations 2.19 to 2.21.

ombustion
After

an be seen for the three

ombustion the gas

for the mixtures are more or less identi al for the three
ombustion the gas

onstant in the stoi hiometri

ases. However, prior to

ase is lower than in both the

lean and EGR

ases. In addition, the spe i

spe i

onstant pressure is lower for the lean

heat at

onstants

heat at

onstant volume and the
ase.

2.6.3 Dis ussion - Thermodynami s
From equation 2.18 it was noted that the thermodynami
to the gas

work is proportional

onstant. For instan e, iso-o tane fuel vapor has a signi antly higher

mole ular weight than air, so if an over-stoi hiometri

medium (with ex ess air)

was pumped then the average mole ular weight would be lower than that of a
stoi hiometri
medium, thus

medium.

This would lead to an in reased gas

onstant for the

ontributing to an in rease in the thermodynami

work. Hen e,

te hniques that allow the engine to be operated lean appear to be bene ial in this
respe t. Dilution with air leads to lean operation, but dilution with exhaust gases
is another s enario that does not lead to lean operation. The gas

onstant for the

exhaust gases from a stoi hiometri iso-o tane and air mixture is also signi antly
lower than that of the gases in an unburned stoi hiometri

iso-o tane and air

mixture. By adding exhaust gases to the mixture of air and iso-o tane vapor the
average mole ular weight will be redu ed, leading to in reased thermodynami
work, similar to dilution with air.

Hen e, a

ombustion

on ept that involves

dilute operation, using either air or exhaust gases, will have inherent features
that

ould in rease the thermodynami

work.

The dieren es in gas

resulting from dilution by air and exhaust gases
equation 2.18 it

onstant

an be seen in table 2.9.

an also be noted that the thermodynami

In

work is inversely

2.7.
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proportional to the spe i
value for the gas

heat at

onstant volume, so in addition to a high

onstant a low value of

cv

is bene ial. The stoi hiometri

with and without EGR display similar values for
ombustion sin e the
However, the value for
for the

onstituent

cv

cv ,

ases

and identi al values after

omponents and relative ratios are the same.

both prior and after

ombustion is signi antly lower

ase with ex ess air. This indi ates that there is additional potential for

in reasing the thermodynami

work if ex ess air is introdu ed. However, it should

be noted that the values in table 2.9 are

al ulated from values under ambient

onditions. More realisti ally, these would

hange with time due to

hanges in

pressure and temperature, but the intention here is merely to identify ways that
ould in rease thermodynami

work rather than determine any absolute value.

2.7 Con lusions
For the main passenger

ar markets there are stri t emission standards di tating

maximum levels of hazardous spe ies that

2

mit values for CO

an be emitted, and there are also li-

emissions. The levels set for CO

2

emissions for the European

market are stri t, and manufa turers of vehi les emitting more than the limit
values will be penalized with emission premiums. Data from the present
indi ate that some models emit CO

2

inuen e the CO

2 levels that ex

emissions and the

ustomer's

ar eet

eed the limits, various fa tors

hoi e inuen e them to a great

extent. Further, only a very limited proportion of models

urrently meet emission

limits that will be introdu ed in the near future, so generally a signi ant improvement is required. SI engines appear to need the most improvement and their
ontinued produ tion is motivated by their ability to meet the stringiest emission
levels, so resear h aiming to in rease the e ien y of SI engines is required, and
this is the main obje tive of the proje t this thesis is based upon.
The emission levels and fuel
dardized drive

onsumption are measured during operation in stan-

y les, with low average vehi le speeds, and even for relatively

large vehi les only small amounts of power are needed to perform the
pe ially the European

2

CO

y le, es-

y le. Hen e, part-load e ien y important for meeting

emission requirements. So, even if HCCI is limited to part load it may play

an important role, sin e the drive
A thermodynami

y les mainly involve part load operation.

mathemati al model was

reated to allow mathemati al eva-

luation of dierent parameters for an arti ial engine, and it was shown that the
model

ould be used to repli ate empiri ally determined pressure tra es with only

minor dis repan ies. An analyti al expression was also derived for the thermo-
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work obtained from

ombustion under iso hori

BACKGROUND

onditions. From this

analyti al expression it was shown that it makes sense thermodynami ally to use
dilution. Dilution with either EGR or air was identied as measures that
potentially lead to in reased thermodynami

work. So, from this perspe tive one

2 emissions from passenger

way to redu e the CO

ars

ould be to apply

using dilution, su h as HCCI, sin e in reasing the thermodynami
in rease the overall e ien y of the engine.

ould

on epts

e ien y will

Chapter 3
HCCI engines
3.1 Prin iple
In an HCCI engine a homogenous air/fuel mixture is
If the

onditions within the

ompressed to auto-ignition.

ombustion hamber are homogenous in terms of pres-

sure, temperature and equivalen e ratio (whi h is not the
the mixture within the
ombustion will be

ombustion

ontrolled by

hemi al kineti s [1; 17℄. The temperature and

PSfrag
ements will in rease during the
pressure
ofrepla
the mixture
a

ase in a real engine), all

hamber will ignite at the same time, and the
ompression stroke, giving rise to

ertain ignition delay and if this ignition delay is su iently short to prevent

the mixture expanding and

ooling during the expansion stroke the mixture will

ignite, see gure 3.1.

100

Ignition delay [ms℄

CAD

φ=1

10
1
0.1

Calc. 13.5 bar
Calc. 41 bar
Exp. 13.5 bar, Cieski

0.01 600
Figure 3.1:

Exp. 41 bar, Cieski

1000
800
1200
Temperature [K℄

1400

Cal ulated and measured ignition delays for stoi hiometri

heptane/air mixtures.
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The temperature and mixture will not be
ombustion
where the

hamber, so the

ompletely homogenous within the

ombustion will start at

ertain spatial lo ations

onditions are most favorable for auto-ignition, for instan e hot spots

near the exhaust valves or in ri h regions.
the whole

HCCI ENGINES

ombustion

If the

hamber and all the fuel

ombustion o

urred within

ombusted simultaneously the

pressure rise would be ex essively steep and the peak pressure would be too high.
Fortunately,
this will not o
PSfrag
repla ements

ur in pra ti e and the fuel will be

ombusted during

a short period of time rather than instantaneously, see gure 3.2. However, the

0
20

high rates of heat release asso iated with HCCI

ombustion

an lead to problems

with higher than optimal pressures and noise.

RoHR [J/CAD℄

80

HCCI PRF50

Main heat release

60
40
20

Cool ames

0
-20

-10

0
CAD

10

20

Figure 3.2: Illustrative rate of heat release (RoHR) tra e of an HCCI

ombustion

of PRF50.

3.2 Emissions
X

The produ tion of nitrogen oxides, NO , is strongly dependent on temperature [11℄. If the temperature

X

an be kept low only small amounts of NO

will

be produ ed. The HCCI engine normally operates with a diluted mixture, leading to more mass being introdu ed to the
SI operation with stoi hiometri

ombustion

hamber than in throttled

mixtures, and thus temperature in reases are

lower sin e more mole ules are exposed to equal amounts of energy.
engines, whi h also operate under globally lean
o

urs around the spray

and

i.e.

the ames develop in regions with ri h

onsequently ame temperatures are high.

zone is spatially larger than in a
the HCCI

onditions, diusion

In diesel

ombustion
onditions

In HCCI engines the rea tion

omparable diesel engine. These dieren es give

ombustion a real advantage over "traditional"

disadvantage of the SI engine is that the

ombustion modes. A

ombustion is initiated prior to TDC

3.2.
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PSfrag repla ements
by a ame propagating during

X

are major

ontributors to NO

HCCI engine, sin e the
the

ompression, leading to high temperatures that
emissions.

This tenden y is not present in a

ombustion duration is short, providing s ope to phase

ombustion in su h a way that the main heat release o

urs after TDC.

6

Equivalen e ratio [φ℄

5

mole fractions
0.001

0.001
0.0005 4
0.0001
3
mole fra tions

0.0005

0.0001

2
1

0
1000
Figure 3.3:

2500

1500
2000
Temperature [K℄

Mole fra tions of NO

X

and soot as fun tions of temperature and

equivalen e ratio for a mixture of Diesel fuel (C14 H28 ) and air. Courtesy of Valeri
Golovit hev [18℄.
Soot or parti ulate matter, PM, is produ ed in ri h regions, notably in diesel
engines with diusion
also o

ombustion, see gure 3.3, however soot produ tion

an

ur in dire t inje ted SI engines due to inadequate mixing. If the mixture

is more or less homogenous and lean there will be virtually no soot produ tion,
thus HCCI

ombustion is in many

ases

Unburned hydro arbon (HC) emissions o
ted [11℄. There are various

In HCCI

ur when some of the fuel is not ombus-

auses of this, su h as ri h mixtures with insu ient

oxygen for the hydro arbon fuel to
ylinder walls or

onsidered soot-free.

reate

arbon dioxide, quen hing near

ombustion the mixture within the

homogenous, so the mixture rea hes the

ool

ombustion

hamber is more or less

ylinder walls as well as the

between the piston top and the top of the piston rings. This, in
the lean mixture, whi h requires more heat to
metri

mixture,

fuel leaving the

ool

revi es, oil lms, liquid fuel on walls, partial burns or misring.

an result in de reased
ombustion

ombust

revi es

ombination with

ompared to a stoi hio-

ombustion e ien y and some of the

hamber unburned.

In addition, the

ylinder wall

ools the mixture in a boundary layer beside it to su h an extent that it fails to
ignite during the

ombustion

y le and thus quen hes

ombustion. The depth of

this layer and the proportion of the mixture that is quen hed both in rease as
the leanness of the mixture in reases.

PSfrag repla ements
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mole fractions
0.2

Equivalen e ratio [φ℄

5

mole fra tions

0.15

4
0.1

3
2
1
0
1000

1500
2500
2000
Temperature [K℄

Figure 3.4: Mole fra tions of CO as a fun tion of temperature and equivalen e
ratio for a mixture of Diesel fuel (C14 H28 ) and air. Courtesy of Valeri Golovithev [18℄.

Carbon monoxide (CO) formation is normally strongly dependent on the mixture's equivalen e ratio, see gure 3.4.

Operation during ri h

onditions, for

instan e during full load in SI engines, leads to large amounts of CO being generated. A standard diesel engine operates with globally lean
CO emissions are generally low [11℄.

However, in

onditions and the

ases with lean mixture and

low temperature, su h as in diesel engines operated with high amounts of exhaust
gas re ir ulation (EGR) or in HCCI

ombustion, signi ant amounts of CO for-

mation are formed. This is be ause low temperature, below 1500 K [19℄, leads to

2

the generation of too few OH radi als to oxidize all the CO to CO .

3.3 Challenging areas
The HCCI engine diers from traditional SI and diesel engines in terms of
bustion
to

ontrol, be ause after the inlet valve is

ontrol the

level the
means for

ombustion; when the pressure and temperature rea h a

ombustion starts.
ontrolling the

om-

losed there is no dire t means
ertain

In SI engines the spark timing provides a dire t

ombustion and in diesel engines the fuel is inje ted

into an environment in whi h the temperature and pressure ex eed requirements
for

ombustion to start. The la k of

as one of its three main

ontrol over HCCI

ombustion is re ognized

hallenges, the others being its limited operating range

and NVH (Noise Vibration and Harshness) issues.

3.4.

CONTROL METHODS

The timing of the HCCI
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ombustion is a

nufa turer needs to develop means to
mer ially produ ed.

ru ial parameter that the engine ma-

ontrol before HCCI engines

The CA50 timing

an be

an be

om-

onsidered an indi ator of the

ombustion phasing [11℄.
HCCI

ombustion has a limited operating range [2; 20℄.

The upper load limit

is restri ted by noise emissions due to rapid in reases of pressure during short
periods of time, in

omparison to the time needed for pressure relaxation, leading

to ringing or kno k, and by ex essive rates of heat release and high peak
pressures. The lower load limit is limited by
ness of

ombustion phasing and

de reases, with

y le-to- y le variations, the late-

ombustion e ien y both de lining as the load

onsequent in reases in HC and CO emissions sin e the thermal

environment is inadequate for HCCI
HCCI

ylinder

ombustion is

ontrolled by

ombustion.

hemi al kineti s [1; 17℄, so slight

temperature, pressure or mixture will all ae t the

hanges in

ombustion pro ess. When an

engine is operated in HCCI mode and the load is varied it will need signi ant time
to stabilize sin e the

ylinder wall, valves and piston must thermally equilibrate

and the gas ex hange must stabilize at the
HCCI

ombustion. There is a need to

hanged load in order to stabilize the

ontrol the ignition timing for HCCI [21℄.

Sin e the HCCI pro ess is more sensitive to the
than either SI or traditional CI
ontrol system that
make HCCI

ombustion.

an inuen e the HCCI

ombustion engines

onditions within the

Thus, there is a

ylinder

lear need for a

ombustion over short time s ales to

ommer ially viable.

3.4 Control methods
Key aims of the proje t this thesis is based upon were to explore and develop
means to

ontrol HCCI

ombustion, and in this se tion some potential

methods found in the s ienti

ontrol

literature are briey dis ussed.

3.4.1 Temperature
The ignition delay is highly dependent on the mixture temperature [22℄, so a
straightforward way of phasing the

ombustion is to adjust the inlet air tempera-

ture. A further advantage of this approa h is that the surrounding air is used to
ool the internal

ombustion engine in a road vehi le, so large amounts of thermal

energy are wasted that

ould be used for this purpose. However, exploiting this
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energy in pra ti e is not straightforward sin e heaters with high thermal inertia
will not be able to make adjustments su iently qui kly to

ompensate for rapid

hanges in load. Several authors [23; 24; 25; 26; 27℄ have heated the in oming air
to inuen e the

ombustion, and a so- alled "fast thermal management", FTM,

system has also been applied [28℄. Alternatives to inlet heaters designed to inrease

harge temperatures (and thus phase the

ombustion) by

ontrolling the

oolant temperature have also been proposed [29℄. This approa h has the advantage that it only requires minor modi ations to a produ tion engine and
used in

ombination with a

ould be

ontrol method that provides more rapid responses.

The thermal energy in the exhaust gases

an also be re y led to inuen e the

mixture temperature, as dis ussed in a separate paragraph.

3.4.2 Compression
The temperature needed for autoignition de reases as the pressure in reases [22℄,
and even though an internal
stroke will of

ompression

ompression ratio provides a powerful way of

ontrolling

ombustion, sin e both temperature and pressure are ae ted. The transient

responses of this

ontrol method are only limited by the me hani al response time

of the system. Other positive features of this
for

the

ourse give rise to in reases in both pressure and temperature,

so varying geometri
the

ombustion engine is not adiabati

ombining HCCI

ombustion with SI

produ tion-oriented; an ordinary engine
parts must be added, whi h is

ontrol method in lude its s ope

ombustion.

The major drawba k is

annot be used, sin e additional physi al

ostly. Furthermore, when the

ompression ratio

is in reased the surfa e to volume ratio in reases, leading to higher heat losses.
Several authors have su
ratio systems to

essfully implemented geometri ally variable ompression

ontrol HCCI

have been mass produ ed for

ombustion [30; 31; 32; 33; 34℄, but no su h systems
ommer ialization.

3.4.3 Fuels
Fuel properties also play important roles in the timing of autoignition,
ignition delay at a
dierent fuels.

i.e.

the

ertain pressure and temperature varies dramati ally between

Thus, another approa h for

vary the fuel parameters. In several studies

ontrolling HCCI

ombustion is to

[34; 35; 36℄ this has been done by

using two fuels with distin tively diering o tane numbers (either iso-o tane and
n-heptane or ethanol and n-heptane) and varying their proportions. This allows
mixtures to be introdu ed with appropriate ignition temperatures to adjust the
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as desired.
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ombustion and appropriate amounts of fuel to adjust the load

The approa h provides a wide range of

be operated over a wide load range.

ontrol and the engine

an

The transient response is only restri ted

by the inje tion systems, whi h have shown good transient responses in pra ti e,
the drawba k of

ourse is the requirement for two fuel systems with variations in

onsumption of the two fuels depending on the driving

y le.

3.4.4 Homogeneity/Strati ation
The homogeneity of the mixtures has been found to have modest ee ts on the
ombustion pro ess [37℄, although the
small

ited study only examined the ee ts of

hanges in heterogeneity. However, if the

mixture), whi h

harge is stratied (in terms of

an be regarded as inhomogeneity on a large s ale, the variation

between dierent regions will give rise to variations in ignition delays depending
on the equivalen e ratio, pressure and temperature.
the HCCI

ombustion

ould be stabilized by using

At the lower load limit

harge strati ation [38℄ and

at the higher load limit the strati ation was limited by the high-pressure rise
rate. Varying the heterogeneity have also been shown to ae t the
duration [39℄. [40℄ used strati ation to stage the

ombustion

ombustion in su h way that the

rate of heat release was smoothed, thereby allowing the load to be in reased. It
was found that single-stage ignition fuels showed less sensitivity to lo al variations
in equivalen e ratios.

3.4.5 Fuel Additives/Rea tion Suppressors
Fuel additives provide additional s ope to inuen e the ignition delay of primary
referen e fuels [41℄.
butyl-peroxide

For instan e, adding 2-ethyl-hexyl-nitrate or di-tertiary-

an in rease the rst stage

ombustion heat release, and hen e

redu e the ignition delay. The same tenden y is observed if the molar ratio of
n-heptane is in reased, but the ee ts are larger for the additives due to their
lower a tivation energy.

Additives

an also be added for various purpose, e.g.

to in rease mass, de rease temperature or in rease ignition delay. For example,
inje ting water in HCCI
the

ombustion retards ignition timing [42℄.

However, in

ited study this also in reased the amount of HC and CO emissions, whi h

even in normal HCCI operation

an be problemati , so the s ope for phasing the

ombustion by adding water is limited in pra ti e.
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3.4.6 Valve Timing
The valve timing

an inuen e the

by hanging the ee tive
valve

harge temperature and mixture

omposition

ompression or trapping residuals. By varying the intake

losure (IVC) the ee tive

ompression

an be

ontrolled and by

losing

the exhaust valve before the intake valve opens a negative valve overlap (NVO)
is introdu ed that
been used to

an inuen e the amount of trapped residuals.

apture su ient residual mass from the pre eding

NVO have

y le to rea h

auto-ignition [43℄.

3.4.7 Spark assistan e
If the HCCI engine is equipped with a spark plug then it
the

ombustion by

ombining initial ame propagation

and subsequent HCCI

ombustion within the same

thermal environment at the end of

ompression

ame propagation, providing in reased

an be used to inuen e

aused by spark dis harge
y le.

In this manner the

an be inuen ed by the initial

ontrol of the HCCI

ombustion sin e it

is inuen ed by the thermal environment. A drawba k is that
ombustion has shown lower thermodynami
but if the intention is to in rease
idea

ould still be useful. This

between HCCI and SI

onventional SI

e ien ies than HCCI

ontrol of the HCCI

ombustion,

ombustion then this

on ept has been used to promote the transition

ombustion [28; 44℄. It has also been used to expand the

HCCI operational range [45; 46℄.

3.4.8 Spark assistan e with harge strati ation
The proposed

on ept explored in the work underlying this thesis involves the use

of spark assistan e in ombination with harge strati ation. The thermodynami
and

hemi al state within the

ylinder will depend on the way HCCI

is a hieved, but generally all HCCI

ombustion

on epts involve dilution (with air, EGR

or both), whi h makes ame propagation

hallenging.

Hen e the role of the

strati ation is to supply a region in whi h the situation for ame propagation
is less

hallenging, thereby enhan ing the ee t of the initial ame propagation

and in reasing the degree of
In this proje t this

an be a hieved.

on ept has been investigated during steady state operation.

As previously mentioned,
dynami

ontrol that

onventional SI

e ien ies than HCCI

ombustion has shown lower thermo-

ombustion. However, extending the HCCI ope-
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ombining

ombustion within the same
ien y than pure SI

onventional SI

ombustion and subsequent HCCI

y le may at least deliver signi antly higher e-

ombustion due to the higher e ien y of HCCI. Thus, it may

be ee tive, in e ien y and emission terms, to use SI
tion with HCCI

ombustion in

ombina-

ombustion during steady state operation within the boundaries

of the HCCI mode. Furthermore if a greater operational range is a hieved less
mode

hanges would be needed during normal operation, whi h is desirable.

3.5 HCCI using NVO
HCCI

ombustion

an be a hieved in many ways. For instan e, laboratory fuels

an be used to a hieve HCCI
engine

ombustion at

ertain loads with more or less any

ongurations. However, that will not ne essarily provide a solution that

leads to fuel

onsumption redu tions for any vehi le eet in the near future. To

take HCCI te hnology

loser to mass produ tion it is important to develop a

solution that oers similar power output to
du ed fuel

onsumption. Furthermore, few

urrent powertrains, but with rehanges should need to be made to

urrent hardware, be ause if substantial additional equipment is needed to adopt
a solution then the probability of its introdu tion will be greatly redu ed.

3.5.1 Prin iple
A method to trap residual gases in order to a hieve HCCI
ribed in [47℄, involving

ombustion was des-

losing the exhaust valve before TDC and thus trapping

residuals. This method has been shown experimentally [48℄ to allow HCCI
bustion in SI engine geometry using

ommer ially available fuels in

with simulations [49℄. Using this approa h HCCI
for part load and for higher loads the engine

ombustion

onjun tion

ould be a hieved

ould be operated as a

SI engine, thus similar power output to that of a

om-

onventional

onventional powertrain

potentially be a hieved, while the SI engine's poor part-load e ien y

ould

ould be

in reased by HCCI operation in those regions.

3.5.2 NVO
Various

ar manufa turers use dual valv lift or, like BMW, variable valve lift

systems [50℄. If su h te hnologies are used on both intake and exhaust

amshafts
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then a so- alled negative valve overlap, NVO,

an be implemented. S hemati

examples of in- ylinder pressure tra es obtained in motored
lift, short duration

amshafts and high lift, long duration

in gure 3.5. The short duration

HCCI ENGINES

onditions with low

amshafts

an be seen

amshafts allow the exhaust valve to be

losed

before TDC and the intake valve to open after TDC, leading to a negative valve
overlap, in

ontrast to

onventional valve timing, where the intake valve opens

before the exhaust valve

loses, and hen e there is a positive valve overlap (solid

Valve lift [mm℄

PSfrag repla ements

Pressure [bar℄

line versus the dashed line in gure 3.5).

High lift
Low lift

20
10
0
10

0

NVO
0

-180

180
CAD

360

Figure 3.5: In- ylinder pressure tra es during motored

540

onditions with two dif-

©

ferent valve timings (top), and the lift proles for the two valve timings (bottom).
Reprinted with permission from SAE Paper No. 2007-24-0012
ternational.

2007 SAE In-

3.5.3 Control
During

ombustion the redu ed

and sin e the exhaust valve
ordan e with the basi

amshaft duration leads to a redu ed mass ow

loses prior to TDC residuals will be trapped, in a -

on ept, allowing the temperature within the

hamber to be in reased to su h an extent that gasoline
only within a modest load region for a given setting.

ombustion

an be auto ignited, but
To in rease this region,
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ombustion must be a hieved, and to do this means to inuen e

the thermal and/or

hemi al environment within the

ombustion

hamber.

Valve timing
If the engine is equipped with a valve train that allows the phasing of the
shafts to be adjusted then a dire t means of ontrolling the
sin e the amount of residuals
mass ow).

timing for the valves of all

hanging the

amshaft usually sets the intake

ylinders (or half the

ther sets the exhaust timing of all of the
possible to

ombustion is available

an be inuen ed [48℄ (in addition to

Unfortunately, however, a single

ylinders in v-engines) and ano-

ylinders. Thus, it will probably not be

ontrol the amount of trapped residuals individually for ea h

(whi h would be highly desirable sin e both the thermal and geometri
dier between individual

ylinders, so

be ideal). Furthermore, it

ylinder individual

ylinder

states will

ontrol systems would

an be assumed that the valve timing me hanism will

not display su iently fast responses to handle real drive
for hydrauli

am-

y le transients, at least

amshaft phasing systems.

Inje tion strategy
During the period when the exhaust and intake valves are

losed prior to TDC,

there is a pressure in rease during the traditional gas ex hange phase (see gure 3.5). A method of inuen ing the

ombustion by using this pressure in rease

was pioneered and des ribed in [51; 43℄, in whi h dire t inje tion of fuel during
this period was used to inuen e the
amount of

ontrol over

this in reased

ombustion. In these studies the in reased

ombustion was experimentally veried. The reason for

ontrol is dis ussed in both the

ited studies, [51℄ highlights the

ee t of the fuel reformation indu ed by inje ting the fuel during this pressure
rise in the NVO. In [43℄ simulations were
two sequen es, one in whi h only fuel

arried out using detailed

2

2

2

omponents, N , O , H O, CO , CO and H

formed during the NVO were used as input for the
ombustion and one in whi h all

2

omponents with

al ulation during the main

ombustion. In this way, using detailed

the ee ts of the radi als formed during the NVO

2

-8

on entrations ex eeding 10

in mole fra tion formed during the NVO were used as input for the
during the main

hemistry in

hemistry

al ulation
al ulations,

ould be estimated. With this

approa h it was found that radi al formation played a signi ant role in the ee ts
observed when fuel was inje ted during the NVO. The simulations also showed
that exothermi

rea tions o

urred during the NVO due to this fuel inje tion

during the NVO, whi h also inuen ed the main

ombustion, however this was
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thermi

rea tions o

ited studies. It was also

urred [51℄, and the
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on luded that exo-

on lusion was experimentally validated

to some extent by opti al analyses, in whi h signs of light were observed during
the NVO using high speed video. However, very little ba kground information
regarding the opti al setup is do umented, for instan e the spe trum studied is
not mentioned so little is known about the light seen. The role of

hain bran hing

on ignition and the ignition sequen e in HCCI engines was found to be dominated

2 2 through kineti analysis [52℄. Ignition o urs when
temperature for H2 O2 is rea hed, at approximately 1000 K.

by the de omposition of H O
the de omposition

The relative importan e of the exothermi
fuel or radi al formation in [51; 43℄

rea tions and the reformation of the

an be debated. Did the ee t

aused by the

inje tion in the NVO mainly result from the de omposition temperature being
rea hed at an earlier point due to the exothermi

rea tions? Or was it mainly

2 2

due to greater amounts of radi als, for instan e H O
Further indi ations of exothermi
thor in [53℄, manifested by

at the point of ignition?

rea tions were found experimentally by the au-

hemilumines en e of the OH radi al and by both LIF

of OH and pressure tra e analysis [54℄. In the studies des ribed in Paper VI [55℄
pressure tra e analyses showed that observed

hanges in

ombustion phasing

au-

sed by varying amounts of fuel inje ted during the NVO were mainly due to the
exothermi

rea tions during the NVO di tating the temperature during the

pression stroke, and thus

ontrolling the

om-

ombustion phasing.

Hen e, fuel inje tion during the NVO, pilot inje tion, provides a means to in rease
ontrol over the

ombustion. More importantly the

in shorter time s ales and in individual
inje tion and variable valve timing
signi ant load and speed range, by

ombustion

ylinders.

ontrol of

By

an be inuen ed

ombined use of a pilot

ombustion

an be a hieved over a

rude adjustments via settings of the valve

timing and ne tuning via appropriate pilot inje tions.

3.5.4 Hardware requirements
The hardware requirements of a system that

an ee tively redu e emissions

to meet legal standards will di tate if it will be
solutions that use

ommer ially applied or not;

heap, known te hnology and only require a small additional

volume will have a higher probability of

ommer ialization. The spa e taken up

by any proposed te hnologi al system should also be
of all

omponents is be oming in reasingly

hallenging (no empiri al eviden e to

support this statement will be presented, but skepti s
ten year old

ar and

onsidered, sin e pa kaging
an open the bonnet of a

ompare what they see to the innards of a new

guess how tight the pa king will be ten years from now).

ar then
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To implement the use of NVO to a hieve HCCI

ombustion, systems allowing

dual valve lift proles (or variable lift) are needed, whi h are already available
(often

urrently applied to just one

amshaft, but it is assumed that only small

modi ations would be needed to allow both intake and exhaust proles to be
adjustable). The same applies to the requirement for variable valve timing, many
manufa turers already use variable valve timing (in phasing) on either intake or
exhaust

amshafts (or both). Hen e, only a small step, me hani ally, is needed

to introdu e this te hnology. In order to

ontrol the

ombustion via the pilot in-

je tion, a slightly greater step is required. The fuel needs to be dire tly inje ted,
however it is assumed that dire t inje tion systems will not be unusual features
of engines in the near future. Indeed, dire t inje tion systems have been available
for many years, ever sin e Jonas Hesselman demonstrated the Hesselman engine
using dire t inje tion and spark ignition in 1925 [56℄. Dire t inje tion was only
introdu ed in mass produ ed engines, by Mitsubishi, in 1996
ompared to other solutions to a hieve HCCI
as the one needing the least modi ation (if

ombustion this method is seen
an be

onventional SI engine fun tionality, thereby providing an a
died HCCI using this

ombined with

eptable power to

ars or engine manufa turers have stu-

on ept. GM have studied HCCI or

(CAI) using short duration

However,

ommer ially available fuels are to

be used) and thus the most promising, espe ially sin e it
weight ratio for the powertrain. Various

[57℄.

ontrolled auto ignition

amshafts to a hieve a NVO and inje ting fuel during

the NVO [58℄ and have presented demonstration vehi les using this te hnology.
Bos h have also studied similar on epts involving use of dire t inje tion and short
duration valve events to a hieve the NVO [59; 60℄ with estimated redu tions in
fuel

onsumption of 15 % for NEDC operation of a middle- lass vehi le with a

2.0 l engine [59℄. Mahle powertrain have presented a solution, also with negative
valve overlap, that is

laimed to be fo used on produ tion feasibility and

fe tiveness [61℄. VW have also used NVO to a hieve HCCI
only using shorter duration on one
des ribed above, and have su

ost ef-

ombustion, however

amshaft rather than both of the measures

essfully applied the approa h in a demonstration

vehi le [62; 63; 64℄.

3.5.5 Operational window
To a hieve HCCI by trapping residuals, low lift and short duration

amshafts are

used, whi h leads to less air being pumped than when high lift and long duration
amshafts are used. So, if the air pumped by the engine is the only oxidizer then
less fuel
volumetri

an be

ombusted when these valve events are used due to the redu ed

e ien y. Thus, HCCI with NVO

speed and load ranges than SI

an only be a hieved over smaller

ombustion without NVO. This

an be seen as the
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on ept's strength and weakness, sin e full load SI operation shows high e ien y
and there is not ne essarily a need to improve this value, rather the need is to
a hieve similar absolute values in e ien y over a greater speed and load range.
This is where this limited range of HCCI operation is suitable, due to the redu ed
mass ow 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 assistan e with harge strati ation for HCCI
with NVO
Sin e this

on ept of a hieving HCCI with NVO is intended for use in SI engines,

in whi h a spark plug is present, spark-assistan e

an be used to in rease

ontrol.

Furthermore, if pilot inje tions are used then the engine must also use DI te hnology, therefore the additional hardware demands for applying spark-assistan e
with

harge strati ation will be minimal; the only additional requirement for

the inje tor being that it should be
gure 5.18 it

apable of

an be seen that HCCI

displays marginally better e ien y than SI
HCCI

reating a stratied

harge. From

ombustion near the higher load limit only
ombustion, but for the lower loads

ombustion shows signi antly higher e ien y, so for this region a

bination of SI and HCCI
than SI
hardware

om-

ombustion would probably lead to greater e ien y

ombustion. In other words, the minor additional requirements for the
an be justied if they extend the operational window of HCCI, espe-

ially for lower loads sin e the low load limit is normally above idle load for HCCI
using NVO [20℄.
The thermodynami

and

hemi al states for low HCCI loads with NVO are not

ideal for ame propagation, as shown by the global stoi hiometri
gure 5.20, whi h indi ate that

ratios in -

onditions are signi antly lean in these

ases.

There is also dilution with trapped residuals beside ex ess air, see gure 5.19.
So, a hieving ame propagation under these
thermore it has been shown in experiments

onditions

hallenging. Fur-

ondu ted by the author with several

olleagues (Paper VIII [65℄) and in [66℄ that the
ring the

an be

harge motion is very weak (du-

ompression) when NVO is used, whi h also in reases the

hallenge of

a hieving ame propagation. So, the degree of inuen e of spark-assistan e alone
depends on the setup; in [67; 68; 69℄ no ee t on

ombustion was seen when

spark-assistan e was used and in [20; 70℄ some ee t was observed on HCCI with
NVO. So, for HCCI with NVO it

an be

the ame to propagate and here the

ru ial to make it less

hallenging for

ombination of spark-assistan e and

harge

strati ation is promising. In initial tests do umented in Papers I [71℄ and II [72℄
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onventional valve timings were used and
HCCI

harge heating was used to a hieve

ombustion. In the studies des ribed in Paper IV, the method was imple-

mented in an engine using NVO to a hieve HCCI
that the lowest possible load without misre
using spark-assistan e in

ombination with

ombustion and it was found

ould be redu ed signi antly by

harge strati ation.
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Chapter 4
Experimental methods
The experimental apparatus and methods used for ea h published study are desribed in detail in ea h paper, but this

hapter summarizes and adds some addi-

tional information regarding the methods used.

4.1 Single ylinder engine
The main published experiments were

arried out using a single- ylinder AVL

resear h engine.

orresponds to that of a

passenger

Its displa ed volume

ar engine. In all experiments prototype

geometry similar to that of SI engines.

ontemporary

ylinder heads were used with

The engine parameters

an be seen in

table 4.1.
Table 4.1: Engine parameters.

This engine

Bore

83 mm

Stroke

90 mm

Swept Volume

487

Compression ratio

8-12.3:1

Conrod length

139.5 mm

onjun tion with a quartz window in the piston

ess to most of the

The pent roof side walls
to the

3

an be arranged as an opti al engine with an extended piston housing

a mirror that provides, in
opti al a

m

ombustion

rown,

hamber from below (see gure 4.1).

onsist of quartz windows, whi h provide opti al a

learan e volume in the

ess

ombustion hamber. Sin e some metalli material
45
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has been repla ed by quartz glass there are naturally some

onsequen es.

The

opti al engine is restri ted to low engine speeds sin e the elongated piston leads
to great fri tion, espe ially at higher engine speeds. Furthermore, quartz glass
is mu h less durable than, for instan e, aluminum and even small temperature
gradients or rough handling
that su h engines

an

an tolerate,

material. Furthermore,

ause it to fail. This limits the peak pressure

ompared to engines built purely of

ylinder heads were used that did not have

onventional
ooling and

thus intermittent operation was needed. This leads to variations in the thermal
state, whi h

an make pre ise measurements

Studies IV-VIII [53; 54; 55; 73; 65℄ a referen e
was used until a

ertain

hallenging.

For this reason, in

ombustion spe i

for ea h study

ylinder head temperature was rea hed, then the settings

sele ted for the respe tive study were applied, to standardize the initial thermal
onditions for all measurements in the measurement
whi h mainly fo used on enhan ing

ampaign. For this proje t,

ontrol of HCCI near the lower limits of HCCI

operation, the short omings of the opti al engines were not major

onstraints due

to the low loads (at whi h the rate of temperature in rease is small) and relatively
low peak pressures asso iated with low-load HCCI.

Sparkplug

Piezo inje tor

PSfrag repla ements

Figure 4.1: The opti ally a
opti ally

©

essible

ombustion

hamber. The diameter of the

overed zone was 76 mm. Reprinted with permission from SAE Paper

No. 2007-24-0012

2007 SAE International.

4.2.

OPTICAL SETUP

47

4.2 Opti al setup
4.2.1 Chemilumines en e measurements
Opti al measurements have been key elements of the experiments for this proje t
and all studies, ex ept Study II [72℄, involved opti al measurements in some form.
It was essential to initially validate the proposed idea of
propagation and HCCI

ombustion within the same

as intended). A pressure transdu er
the

ombustion

ombining initial ame

i.e.

y le (

that it worked

an naturally measure the pressure within

hamber, but it will only provide a mass-averaged representation

of the rea tions o

urring within the

rea tion dete tion

an make it di ult to dete t su h small and slow additions

of heat

ombustion

hamber.

The threshold for

aused by the initial ame propagation. However, with opti al a

threshold for dete ting rea tions

ess the

an be redu ed signi antly, espe ially for ame

propagation. Sin e the propagating ame leaves a region with higher temperature
and thus lower density behind it, the geometri al area
be great even when small portions of the fuel are

overed by the ame will

ombusted by ame propagation

due to the dieren e in density between the unburned and burnt regions ( ompare
the mass fra tion burnt and the area

overed by the rea tion zone in gure 4.3).

In order to study the ame front a lter was used to isolate the emitted light from
the OH radi als, sin e they are asso iated with the rea tion zone. A s hemati
diagram of the setup is presented in gure 4.2.
H

Camera

+ OH = H2 O + hν

Filter

PSfrag repla ements

Figure 4.2: S hemati

setup for

hemilumines en e measurements.

(4.1)

48

CHAPTER 4.

EXPERIMENTAL METHODS

The rea tion gives intensity peaks for the emitted light at wavelengths between
306 and 309 nm [74℄. The

hemilumines en e from the OH radi als was isolated

by using a Melles Griot 03FIV119 narrowband lter with a

enter wavelength of

310 nm and a full width at half maximum (FWHM) of 14 nm. This pro edure
was used for the

hemilumines en e measurements of OH presented in Papers I

and IV [71; 53℄
For the study of the ee t of

harge strati ation without spark-assistan e des-

ribed in Paper III [75℄, the fo us was slightly dierent
ame propagation was investigated. In this
rea tions

overed by a high speed

span was measured, to allow the
ombustion pro ess in single

The opti al setup for

hemilumines ent

amera and its traditional lens wavelength
amera to a quire as mu h light as possible,

thereby permitting use of a high frame rate and the
the

ompared to when initial

ase light from all

apture of many images of

y les.

hemilumines en e measurements requires only minimal

equipment and less opti al a

ess

res en e (LIF), where opti al a

ompared to, for instan e, laser-indu ed uo-

ess is needed for both ex itation and emission

rather than just for the emission, as in

hemilumines en e measurements. Some

weaknesses are lower signal intensity, whi h often requires

ompensation by in-

reasing exposure times. In addition, rea tions other than the rea tion of interest
may generate hemilumines en e with similar wavelengths, making the separation
problemati . It

an be di ult to pre isely determine what is measured and if no

lters are used then disturban es from, for instan e, IR thermal radiation from
water vapor may be

aptured during the later part of the

ombustion. Another

disadvantage is naturally the obvious one, that not all rea tions generate

hemi-

lumines ent light. Despite these disadvantages good representations of the ame
front

an be obtained using

where LIF of OH is

hemilumines en e imaging, as shown in gure 4.3

ompared to

2 and the resemblan

hemilumines en e of CO

between the two (within the measured laser plane)

an be

e

learly seen.

4.2.2 LIF measurements
LIF measurements were a quired in Studies IV-VIII [53; 54; 55; 73; 65℄. LIF measurements require more

omplex setups than

as illustrated by the s hemati

hemilumines en e measurements,

setup in gure 4.4. For LIF opti al a

ess is nee-

ded for both emission and ex itation light, provided by the laser plane in this
ase. LIF aords the possibility of measuring various parameters that
assessed by

hemilumines en e measurements and

annot be

an dete t ame radi als at
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MFB [%℄
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Figure 4.3: Mass fra tion burned and timing of measurements for OH and the
hemilumines en e of CO
the

2

(top). LIF image of OH (left) and a video image of

2 (right) obtained simultaneously in the same

hemilumines en e of CO

y le.

very small levels [76℄. Another advantageous feature (for PLIF, for instan e) is
that information is a quired about events in a single plane, unlike

hemilumines-

en e measurements whi h provide line of sight representations of the ongoing
rea tions. Furthermore, exposure times
required for

an be redu ed to mere fra tions of those

hemilumines en e measurements sin e the emission de ays rapidly

after the end of the indu ing laser pulse and there is thus no need to prolong
the exposure time any further after the emission has de ayed. This
pra ti al

ases make the inuen e of

The proposed
the use of
gate.

an in many

hemilumines en e negligible.

on ept explored in the proje t involved, as mentioned above,

harge strati ation through whi h an initial ame should propa-

To validate that a stratied

harge was

reated and that the ame pro-

pagated through it, the initial use of LIF involved the fuel tra er 3-pentanone,
together with measurements of HCHO (whi h represents the low temperature
rea tions [77℄), as des ribed in Paper IV [53℄. The reason for using fuel tra er
and PRF fuel instead of

onventional gasoline, whi h

an give strong LIF signals
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Opti s
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Figure 4.4: S hemati

©

setup for LIF measurements. Reprinted with permission

from SAE Paper No. 2007-24-0012

2007 SAE International.

with ex itation in the UV band was that the spe ies that leads to the uores ent
signal is not known [78℄.

Both of these spe ies

using a Nd:YAG laser sin e the fuel tra er
moni

an be

onveniently measured

an be ex ited using the fourth har-

light and HCHO by the third harmoni

(see the ex itation spe trum to

the left in gure 4.5), sin e they have a wide ex itation spe trum. For the studies
des ribed in Papers V-VIII [54; 55; 73; 65℄, LIF of OH was measured. The requirements for ex itation of su h a small mole ule dier from those of, HCHO for
instan e, for LIF of OH a spe i

ex itation wavelength is required ( ompare the

ex itation spe tra in gure 4.5). For this reason a tune-able ex itation sour e is
needed, whi h signi antly in reases the

omplexity 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(ν =1) - X(ν =0) band at a wavelength of 283 nm
was used for ex itation (the reason for this

hoi e and the adopted pro edure is

des ribed further in the papers). Sin e a pre ise wavelength is required thorough
alibration of the wavelength is needed; this was done by using a referen e burner
and a photomultiplier.
The only quantitative LIF measurements that were published were measurements
of lo al air equivalen e ratio in Paper IV [53℄, and more attention is here dire ted
towards these measurements for evaluation of the ee t of lo al temperature. The
temperature distribution within the

ombustion

hamber is unknown, whi h

an

lead to the lo al air equivalen e ratio being slightly in orre tly al ulated sin e the
lo al temperature

an dier between the measured

ases and the referen e

ases.

The ee t of temperature on the LIF of 3-pentanone was investigated in [80℄
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51

80

200

60

150

Intensity [au℄

Intensity [au℄

4.2.

40
20
0

275

100
50

350
300
325
375
Ex itation wavelength [nm℄

0
281

284
282
283
285
Ex itation wavelength [nm℄

Figure 4.5: Ex itation spe trum of formaldehyde (left) from a uvette at atmos◦
pressure and 90 C and simulated absorption spe trum of OH (right) using

pheri

LIFBASE [79℄ (Reprinted with permission from SAE Paper No. 2008-01-0037
2008 SAE International.).
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and it was found that the absorption spe trum is red-shifted as temperature
in reases. For the ex itation wavelength used here this will mean that the a tual
air equivalen e ratio will be lower for regions with lower temperatures.

So, if

there are greater amounts of evaporation in the ri her regions in gure 5.4, then
these regions may have lower temperatures than the same geometri al regions in
the referen e images with homogenous mixtures. Hen e the air equivalen e ratio
may be over-estimated.

Four LIF images of

dierent air equivalen e ratios are shown, and it
onne tion between the fuel

ombustion events observed with
an be seen that there is a strong

on entration and signal.

This

an be seen both

dire tly from the images and by analyzing the signal strength along a line through
the images. In gure 4.6( ) it
of ex ess air. This strong

an be seen that the signal is related to the amount

orrelation suggests that the dis repan y between the

al ulated air equivalen e ratio and a tual air equivalen e ratio will be low, but
it will still depend on the absolute level of the temperature dieren e.

It was

found in [80℄ that a temperature in rease of 150 K (from 383 to 533 K) led to a
relative uores en e intensity dieren e of around 17 % at 20 bar. Estimating the
degree to whi h the evaporation

aused by the strati ation inje tion de reases

the temperature of the stratied region is problemati , but if 100 K is used as an
example and similar trends are valid, as found in [80℄, then the air equivalen e
ratio would be over-estimated by around 0.02 for these measurements.
measurement a
a stratied

ura y was a

harge was

equivalen e ratio.

This

eptable, sin e the main aim was to validate that

reated and to obtain a rough estimate of the lo al air
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Figure 4.6: Average LIF images of 3-pentanone for four dierent air equivalen e
ratios at -40 CAD (a), its signal strength along a line (b) and average signal
strength for the dierent air equivalen e ratios.

4.2.3 Simultaneous multi-spe ies LIF, PIV and Video measurements
For the last measurement

ampaign in this proje t several dierent measurement

te hniques were used simultaneously, as des ribed in detail in Paper VIII [65℄. A
s hemati diagram of the setup
to the engine

an be seen in gure 4.7 and the laser beams' paths

an be seen in gure 4.8. This pro edure was

hosen sin e there are

disadvantages of performing ea h measurement separately and then

omparing

averaged values obtained using the dierent te hniques. If it is possible to measure many parameters simultaneously then the drawba ks of averaging
redu ed and the

onfounding ee ts of variations in

sin e all simultaneously measured parameters

ombustion

an be

an be redu ed

orrespond to the same

y le. Basi-

ally, 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
a quired simultaneously, and they were

ould be

omplemented by separate simultaneous

measurements of LIF of OH, LIF of 3-pentanone and pressure. All of these te hniques were used sin e all of the measured parameters were thought to inuen e
events when initial ame propagation through a stratied
with subsequent HCCI
VIII [65℄.

harge was

ombined

ombustion, as more fully reported and dis ussed in Paper
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Figure 4.8: The paths for the laser beams to the engine.

4.2.4 PIV measurements
Parti le Image Velo imetry (PIV)
a measured plane and the basi

an be used to

al ulate velo ity elds over

prin iple of PIV measurements is simple; the

displa ement of a parti le over a known period of time

orrelates to its velo ity.

As many opti al methods PIV is non-perturbing [76℄ and no probe disturbs the
ow.

For these measurements two laser pulses, with a known period of time

between them, provided by a dual

avity Nd:YAG laser, were used to illuminate

seeded parti les. The displa ement of the parti les was measured using a

amera

apable of taking two images with small time separation between them, whi h
allows two images (one for ea h laser pulse) of the illuminated parti les to be
taken.

In gure 4.9 illustrative images of illuminated parti les obtained with

dierent seeding densities
To

an be seen.

al ulate the displa ement of the parti les the information from the image is

divided into smaller regions, so- alled interrogation areas [81℄. The size needed
for ea h interrogation area depends on the seeding density, examples of seeding
density

an be seen in gure 4.9, sin e it is essential to have information from

parti les inside this area, preferably from large numbers of parti les. To illustrate
how this displa ement is
ding density is

al ulated by the PIV system a

ase with very low see-

hosen due to the simpli ity of illustrating similarities in intensity

between the two images, as shown in gure 4.10.
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(a)

(b)

( )
Figure 4.9: Images of illuminated parti les with seeding densities ranging from
very low (a), moderate (b) to high ( ).
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For this example (gure 4.9) two distinguished intensity peaks (

i.e.

parti les,

marked A and B) with similar shapes rise above the surrounding noise.
displa ement in this interrogation area

an be

The

al ulated from the dieren e in

position of these peaks between the two images [81℄. When this displa ement in
pixels is

al ulated an average velo ity for this interrogation area

an be found

by relating the displa ement in pixels to a geometri al distan e, whi h is then
divided by the time between the two images, giving the velo ity.
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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 gure 4.11 an additional example is shown of the intensity over an interrogation area, but with the dieren e
realisti

ompared to the examples in gure 4.10 that a

seeding density is shown. Multiple parti les within the interrogation area

allow more robust measurements, sin e the average displa ement for the interrogation area provides a more a

urate assessment if it is based on the displa ement

of several parti les. There will also be parti les that only appear in one of the
images be ause of their speed perpendi ular to the measured plane.
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Figure 4.11: Image intensity over an example interrogation area with realisti
seeding density.

Seeded parti les
In Study VIII [65℄ PIV measurements of seeded parti les were performed in order
to

al ulate the ow eld.

Sin e the PIV measurements

of the seeded parti les they must have uid dynami

al ulate the velo ity

properties that allow them

to follow the ow and hen e represent the velo ity of the ow.

In Paper VIII

the Stokes number is used to evaluate whether the parti les follow the ow or
not. This will be slightly more thoroughly des ribed here sin e the measurement
a

ura y is strongly

onne ted to the extent to whi h the parti les follow the

ow, hen e it is essential to estimate how well they ree t it. The Stokes value
is dened as [82℄:

StV =
where

τV
τF

(4.2)
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T
U

(4.3)

ρp D 2
18µC

(4.4)

τF =
and

τV =
T

is the distan e between the piston and the

of the ow.

D

ylinder head and

is the seeded parti le's diameter,

vis osity of the gas and

ρC

ρp

its density,

U is the velo ity
µC the dynami

is the density of the gas. So, if the response of the

parti les to the ow near TDC is of interest then

T

will be the height of the

learan e volume and the stru tural integrity of the seeded parti les is su ient
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 velo ities (U ) o

urring

near TDC, as noted in the paper.

Table 4.2: Properties of seeded parti les at -30 CAD and near TDC.

T
D
ρp
µC
ρC

21 mm
18-28

15 mm

µm

18-28

3

60±5 kg/m
−5
3.7×10
Pa s
3
5.7 kg/m

µm

3
60±5 kg/m
−5
4.15×10
Pa s
3
9 kg/m

To more pre isely estimate how well the seeded parti les follow the ow the
equation of motion for a spheri al parti le in a gas [82℄ is applied:

dv
1
πD 2
ρC (U − v)|U − v|
m = CD
dt
2
4
m is the mass of the parti le, v is its velo ity and CD
relative Reynolds, Rer , number an be dened as:

where
The

Rer =
The mass of the parti le

ρC D|U − v|
µC

is the drag

oe ient.

(4.6)

an be dened as:

πD 3
m=
ρp
6
Equation 4.5

(4.5)

an then be simplied to:

(4.7)
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dv
6 CD Rer µC
=
(U − v)
dt
8 D 2 ρp

(4.8)

and even further with the momentum response time to:

1 CD Rer
dv
=
(U − v)
dt
24 τV

(4.9)

CD Rer
is lose to unity, for moderate
24
relative Reynolds numbers this representation will under-predi t the drag oeFor low relative Reynolds numbers the fa tor
ient. In this

ontext, this means that su h a representation will indi ate that the

parti les have slower responses to the ow than they really would in high relative
Reynolds number

ases. But in su h

ases equation 4.9

an be analyti ally solved

to:

− τt

v = u(1 − e

V

)

(4.10)

This means that if the parti les are suddenly exposed to a

hange in the surroun-

ding air ow they will adopt 90 % of that speed within 0.5 CAD at

onditions

near TDC. This is promising, but only valid for low relative Reynolds numbers
whereas if Lapple's expression for

CD =

CD

[83℄

24
(1 + 0.125Re0.72
r )
Rer

(4.11)

whi h is valid for Reynolds numbers below 1000, is used in equation 4.5 and then
numeri ally solved some additional results

an be a hieved, as shown in gure 4.12

where the rea tion time for the parti les to adapt to the ow
this example data for two gas velo ities are shown, with
point of inje tion and at TDC. The parti les
sin e they rapidly adapt to any
operational
ow eld

In

onditions at both the

an be stated to be

hanges (at least

onditions) in the gas ow.

an be seen.
orre tly

hosen

hanges under the measured

This is of great importan e sin e the

al ulations are based on the movement of the seeded parti les, and if

they had not followed the ow properly none of the
orre tly represented the gas ow.

al ulated data would have

Thus, the assumption underlying the PIV

measurements, that the parti les follow the ow, appears to be valid in this

ase.
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Figure 4.12: Parti le velo ity as a fun tion of time (CAD) for
CAD and TDC with two sudden

onditions at -30

hanges in velo ity of the ow elds (3 and 10

m/s). The two lines for ea h ow eld velo ity and set of

onditions orrespond
3
to hanges in velo ity des ribed by the lightest, smallest(ρp =55 kg/m and D =18
3
µm) and the heaviest, largest parti les (ρp =65 kg/m and D =28 µm).

4.3 Post-pro essing
4.3.1 Pressure tra e analysis
Rate of heat release and ombustion phasing
The

ylinder pressure tra e measurements were post-pro essed, in all

ases, using

MatLab. Pressure tra es were re orded by a Kistler 6061B or 6053C piezo ele tri

pressure transdu er, with a sampling rate between 1 and 10 samples per

CAD using an AVL Indimaster. The data were

onverted to ASCII-format and

imported to MatLab.
The rate of heat release was
is

lose to an adiabati

al ulated by assuming that the

isentropi

pV γ = const
and

ombustion pro ess

pro ess.

(4.12)

4.3.

POST-PROCESSING

61

γ=
Then the heat release

cp
cv

(4.13)

an be written [11℄

dQ
γ
dV
1
dp
=
p
+
V
dθ
γ − 1 dθ
γ − 1 dθ
if the

onve tive heat transfer and the

(4.14)

revi e 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
hapter, in many

γ

remained

ases the behavior

onstant. However, as des ribed in earlier

ould not be assumed to be

lose to adiabati

and isentropi , hen e a more representative representation was to assume that
the pro ess was polytropi .
oe ient,

n

In su h

ases

γ

was repla ed with the polytropi

in equation 4.14.

Filtering
In any experiments noise and other disturban es are always present in addition to
measurement errors. These noises

an sometimes signi antly ae t the measure-

ments, so to limit their ee ts all measured pressure tra es were ltered. For this
purpose the remezord fun tion in MatLab was used, whi h applies the algorithm
suggested in [84℄. This fun tion

an be used for highpass, lowpass or bandpass

lters and setting the input parameters provides the possibility to

ontrol the

passband frequen y (the frequen y at whi h the lter starts to intera t), the
stopband frequen y and the tolerable ripple for the passband and stopband. Figure 4.13 illustrates the ee ts of applying lters with various parameters.

In

all examples the same stopband lter frequen y (3000 Hz) has been applied, the
two bla k lines originate from appli ation of the same passband frequen y, but
with dierent stopband ripple. The dieren e between the solid bla k and grey
line is in the passband frequen ies and the dashed grey line arises from a higher
passband ripple

ompared to the other

that these parameters provide su ient

ases. From these examples it

ontrol of the lters, however use of lters

with small dieren es between passband and stopband frequen ies
minor ripple, whi h were

an be seen

ombined with

onsistently used, demands signi ant post-pro essing

time, but for the presented studies this time was not limiting.
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Figure 4.13: Examples of ee ts of lter parameters for the lters used.

An example of a pressure tra e and its asso iated information

an be seen in

gure 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 gure 4.14(a)
20 sampled pressure tra es are plotted (however, the individual tra es strongly
oin ide with ea h other, making it impossible to see ea h tra e). The pressure
tra e will

ontain information below 36 kHz, sin e information

quired at half the sampling rate, this is

an only be a -

alled the Nyquist frequen y [85℄, or less.

Preferably a low pass hardware lter should be applied for the analog signal below
this Nyquist frequen y before sampling, this

an often be done using the

harge

amplier for the pressure transdu er. In gure 4.14(b) the dis rete Fourier transform of the pressure tra es

an be seen as the intensity of the signal at dierent

frequen ies and, as expe ted, the main information is obtained at low frequen ies
ompared to the Nyquist frequen y (the engine was rotating at 20 Hz).
In gure 4.14( ) the ee t of low pass ltering with four ltering frequen ies (1,
3, 8 and 15 kHz)

an be seen, the top line

orresponds to the signal obtained

with the lowest ltering frequen y and the one at the bottom to the highest. For
representation, the pressure tra es with the dierent ltering frequen ies were
separated in an absolute s ale (ltering with a low frequen y will naturally not
elevate the pressure). In this example it

an be seen that the disturban es

aused

by the EVC (at around 270 CAD) was ee tively removed when the low pass lter
with a ltering frequen y of 1 kHz was used.

However, it is

learly important

to only eliminate noise and not the signal of interest. In gure 4.14(d) the same
lter frequen ies were used but in a highpass sense. It

an be seen that with the

lowest lter frequen y (at the top) most of the disturban e at EVC is
the highpass lter, but some of the information regarding the

e.g.

aptured (

the signals

the signal that arises at TDC). Hen e,

orre tly so the

aptured by

ombustion is also

are must be taken to lter

orre t information is retained. One way of doing this
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Figure 4.14: Twenty pressure tra es sampled at ea h 0.1 CAD for an example
with HCCI

ombustion using NVO (a), the amplitude of dierent frequen ies for

the pressure tra es (b), ee ts of lowpass ( ) and highpass (d) ltering of the
pressure tra es using 1, 3, 8 15 kHz lters.
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is to use dierent lter frequen ies for dierent regions in the pressure tra e, in
this example the region around EVC
a lower frequen y

ould be ltered using a low pass lter at

ompared to the region with

ombustion. This approa h was

mainly applied to data a quired from the prototype 6- ylinder Volvo engine. The
disturban es

aused by the valves

an also be used to estimate the valve timing,

sin e the valves indu e high frequen y noise in the

ylinder head, whi h

an be

separated using a highpass lter as shown in gure 4.14(d) where the timing of
the intake and exhaust opening and

losing is marked. All frequen y analysis and

ltering was done using MatLab.

4.3.2 Image analysis
During the opti al measurements several dierent
the information.

ameras were used to gather

All post-pro essing of the images was performed in MatLab

beside the PIV measurements in [65℄ where FlowManager (Dante ) was used
to

al ulate the ow elds from the images.

using image-intensied LaVision Dynamight

All LIF images were
ameras (see the blue

aptured
ameras in

gure 4.15), providing 1024x1024 resolution, equipped with LaVision DaVis 6.2
software.

These images were then imported into MatLab for post-pro essing.

Image intensi ation leads to dierent amounts of noise due to the high intensiation of the weak signals, and thus post-pro essing of the images was essential.

Figure 4.15: Cameras used for opti al measurements.
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This ltering pro ess was thoroughly studied in order to verify that the lter
worked properly and thus redu ed the extremely high gradients in the images
while maintaining the proper signals. The noise or sharp gradients in intensity
aused by the image intensi ation was studied in images on- and o-resonan e
as well as in regions in the
a

ombustion

hamber and regions outside the opti ally

essible region to obtain knowledge about these disturban es.

two unltered, intensied LIF images of HCHO and OH

an be seen (with typi-

ally grainy appearan e). The intensity along a line in the image
along this line the noise

In gure 4.16
an be seen and

i.e.

an be estimated, outside the laser plane (

outside

the measured region) between 0 and 100 and above 400 pixel numbers (lo ations)
the noise outside

an be estimated. From these regions the ba kground noise

an

be estimated.
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Figure 4.16: Examples of unltered LIF images of HCHO (left) and OH (right)
and

orresponding signals along a line in the image (bottom).

In gure 4.17 identi al information to that shown in gure 4.16 is presented,
following ltration in MatLab using a 2-dimensional median lter (medlt2 [86℄)
to limit the noise that arose from the intensi ation. Naturally, great
be taken sin e proper signals
about the pro edure
is

are must

an be inuen ed by ltering (more information

an be found in the Appendix to Paper VI [55℄). Sin e noise

ompletely sto hasti , averaging leads to redu tions in ba kground noise, but

if time-resolved information is required this method

an be pra ti ally unfeasible.
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Figure 4.17: Examples of ltered LIF images of HCHO (left) and OH (right) and
orresponding signals along a line in the image (bottom).
Dire t imaging was also performed in the studies, and for this a mono hrome
Vision Resear h Phantom V 7.1 high speed video
amera in gure 4.15) was used to

amera (see the green/gray

apture the propagation of the rea tion zones

with multiple images within the same

y le. When ba kground light was required

a Deda ool 250 W oodlight was used to illuminate the

ombustion

hambers.

The post-pro essing of the dire t images was limited to ltering and ame propagation speed
images of the

al ulations. An AVL Visios ope was also used to
ombustion in

been published.

olor, but no images

aptured by this

apture dire t
amera have

Chapter 5
Results
In this

hapter some of the results do umented in the papers and some additional

results are presented and interpreted in the
Results that highlight the

ontext of the proje t obje tives.

hallenges for the dierent regions in the operational

range of HCCI are also presented to provide ba kground information (as are
results related to other, rival

on epts besides HCCI in whi h dilution of the

ombustion mixture is applied).

5.1 Initial ontrol studies
The initial published study was an essential rst step in validating the feasibility of
the

on ept of

ombining initial ame propagation through a stratied harge and

subsequent HCCI

ombustion. From the presented results, the main

relevant to the obje tive was that it is possible to
HCCI

ombustion in one

results a quired by

y le,

i.e.

the

on lusion

ombine ame propagation and

on ept appears to be feasible [71℄. The

hemilumines en e imaging indi ated that there is initially a

propagation region and pressure tra e analysis showed that the rapid heat release
typi al of HCCI

ombustion o

urs in the later part of the

ombustion.

For

the following study it was essential to evaluate the levels of emissions generated
when the

X

on ept was applied, espe ially the NO

examined in the proje t was that NO
ombustion

levels [72℄.

A hypothesis

X levels similar to those generated in HCCI

ould only be a hieved using this

ombined

ombustion

on ept if

hydrogen was used as the strati ation fuel (sin e the wide ammability limits of
the hydrogen would allow the ame to propagate through a very dilute mixture,
thereby redu ing the ame temperature and thus restri ting the NO
67

X levels).

The
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results showed that there is potential to add this ontrol method to a HCCI system

X

without any major in reases in NO

if the parameters are

hosen wisely. More

importantly, they showed that the initial hypothesis was in orre t; NO
similar to those of HCCI

ombustion

X

levels

ould be a hieved when using the proposed

on ept even without hydrogen. In terms of making this

ontrol method usable

in a real vehi le, this is bene ial sin e the hardware requirement is redu ed if
only one fuel is to be used. Furthermore, the amount of hydrogen needed for the
stratied

harge would have been high, whi h would have made it

hallenging to

a hieve su h levels with, for instan e, onboard reforming. Only one fuel was used
in all subsequent studies for this reason.

5.1.1 The role of harge strati ation
In the third published study the
set aside, sin e interesting ee ts

on ept of using initial ame propagation was
aused by the

harge strati ation alone were

found for some operational settings during some experiments, whi h were further
investigated and do umented in Paper III [75℄. Sin e the
of

 ation alone. To allow a lower HCCI load, in a
the

on ept involves the use

harge strati ation, it was essential to evaluate the ee t of the
ontrol method should allow the

ordan e with the key obje tive,

ombustion to be phased earlier sin e a re-

du tion in load will retard the phasing. However, by using
alone the rate of heat release and pressure rise rates
maximum load for HCCI
proje t,

ombustion

harge strati-

harge strati ation

ould be redu ed (hen e the

ould be in reased). So by this point in the

ontrol methods potentially allowing both an in rease of the maximum

and redu tion of the minimum HCCI load had been identied.

Extending the

HCCI operational range would allow use of the more thermodynami ally sound
HCCI

ombustion (relative to SI

ombustion) in a vehi le to a greater extent

and thus enable redu tions in fuel

onsumption, whi h was the main goal of the

proje t.
In the studies I to III, [71; 72; 75℄,

onventional SI valve lift proles, intake air

heaters and PRF and hydrogen fuels were also used to indu e HCCI
These are not the most likely methods of a hieving HCCI
ars; a more likely

on ept for

ombustion.

ombustion in passenger

ommer ialization is to use NVO. So, even if

methods for both high and low loads had been identied at this point, they were
not ne essarily dire tly

ompatible with the more produ tion-feasible solution

of a hieving HCCI with NVO. Therefore, further studies were all
engines using NVO.

ondu ted in
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5.2 Control of HCCI using NVO
5.2.1 HCCI using NVO and an SI Stratied Charge
In HCCI using

onventional SI valve lift proles and intake air heating (as des ri-

bed in Papers I to III) substantially lower levels of trapped residuals are applied
than in HCCI using NVO (as des ribed in Papers IV-VIII), thus, the
in whi h ame propagation must o
PSfrag repla ements
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Figure 5.1: Averaged rates of heat release when spark ignition was (solid line)
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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

ombustion to be a hieved in real SI engine geometry with

ommer ially available gasoline (see the previous hapter for further information).
So, the

on ept is ompatible with a produ tion-feasible solution to a hieve HCCI,

and although PRF was used to allow opti al measurements to be performed it is
likely that the

ontrol

on ept

sin e realisti (for NVO

IV fa
In Study IV [53℄ a 2

an be used with HCCI a hieved by applying NVO

on epts) valve proles and

ompression ratios were used.

torial design s heme was used to evaluate four variables

in two dierent states, and averaged rates of heat release for the dierent
are shown in gure 5.1.

The solid tra es

were used and the dashed tra es to

orrespond to

ases

ases in whi h sparks

ases in whi h no spark was used. There is a

lear initial gentle rate of heat release, indi ating the presen e of a propagating

70

CHAPTER 5.

ame, in

RESULTS

ases in whi h a spark is used (solid tra es) and the subsequent more

rapid heat release

orresponds to HCCI

ombustion.

This

on ept was then

used to redu e the minimum load and three ases were thoroughly studied, see
PSfrag repla ements
gure 5.2. The full impli ations of this redu tion in load for the operation of a
PSfrag repla ements
real engine will depend on many parameters, but the key nding is that for a
ertain

onguration the indi ated load

ould be de reased by almost half and

the results obtained from (for instan e) tests with the 6- ylinder engine indi ate
that there is a

lear need for additional

ontrol at lower load, and this possibility

of redu ing the minimum load will be very wel ome. Other important ndings

20 the possibility of a hieving NO
relevant to a hieving the main obje tive were

X

and indi ated fuel
when the

onsumption levels similar to those of HCCI

on ept was used to signi antly redu e the minimum HCCI load.
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Figure 5.2: Loads and rates of heat release for the three operating
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10

20

onditions used

in the opti al studies des ribed in Paper IV. Reprinted with permission from SAE
Paper No. 2007-24-0012

2007 SAE International.

Furthermore, the fundamental aspe ts of the

i.e.

that a stratied

harge was

propagated through it.

on ept were validated in this study,

reated, see gure 5.3 and 5.4, and that the ame

The lo al air equivalen e ratio was also measured and

found to be slightly lean. So these results fully validated the basi
ontrol method.

idea of the

Sfrag repla ements
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Figure 5.4: Average LIF image of the fuel tra er 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 ndings that were not dire tly related to the main obje tive
but shed light on fundamental aspe ts of existing
nes en e images were
the

ontrol methods. Chemilumi-

aptured in order to lo ate the propagating ame during

ompression, but they also indi ated that high temperature rea tions o

ur-

red during the NVO, these rea tions were further investigated to experimentally
examine the underlying reason for the
lot inje tions in
the NVO

ontrol that

an be a hieved by using pi-

ombination with NVO. The signs of

hemilumines en e during

an be seen in gure 5.5, with weak signals at 350 CAD, and slightly

stronger signals at TDC during the NVO.
In addition to the high temperature rea tions asso iated with

hemilumines en e

of OH, low temperature rea tions manifested by signals of formaldehyde were
also noted (see gure 5.6 where LIF from formaldehyde is shown). Formaldehyde

Sfrag repla ements
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Figure 5.5: Average images (from 10 separate

y les), and

RESULTS

orresponding timings,

ase B (Paper IV) of the hemilumines en e 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

ombustion, as ex-

pe ted sin e LIF of formaldehyde during the NVO was dete ted in [87℄, and the
generation of formaldehyde during the main

ombustion pro ess has been well do-

umented by various authors, for instan e [88℄ for SI
HCCI

ombustion and in [89; 90℄ for

ombustion. The initial propagating ame is manifested by an expanding

region of OH

hemilumines en e signals in the later part of the

gure 5.5). This ame

ompression (see

an also be seen in the formaldehyde signals (gure 5.6),

sin e the ame leaves a region with low intensity, in whi h the rea tions have
passed beyond the low temperature stage. So, at this point the fundamental idea
of the proposed
stratied

on ept had been validated; initial ame propagation through a

harge

an be

ombined with subsequent HCCI, and the

on ept

an

redu e the minimum a hievable HCCI load.

5.2.2 Rea tions during the NVO
In the following experiments, reported in Papers V and VI [54; 55℄, fundamental
aspe ts of the

ontrol that

an be obtained by using pilot inje tions were tho-

roughly studied. These studies were not dire tly
on ept, but the dis overies made
ted in Paper IV [53℄

on erning

onne ted to the main proposed

ombustion during the NVO repor-

ould not be ignored sin e 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 inje tions is a key element of
obtaining (and ontrolling) HCCI using NVO. The rea tions during the NVO were
analyzed both by

onventional pressure tra e analysis and opti al measurements.

In gure 5.7 the rea tions dete ted by analysis of pressure tra es obtained from
both the opti al and multi ylinder engines

an be seen. Heat-generating rea tions
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TDC
y les), and

orresponding timings,

ase B (Paper IV) of LIF from formaldehyde. Reprinted with permission from

SAE Paper No. 2007-24-0012

2007 SAE International.

were dete ted using the pressure transdu ers for both engines, and the quantity
of heat generated using ea h tested pilot to main inje tion ratio was analyzed
to evaluate how mu h this variable inuen ed the temperature prior to the main
ombustion. Other ndings that are important in terms of the

redibility of all

results obtained from the opti al engine, are the small dis repan ies between the
results from the multi- ylinder HCCI engine using gasoline and the opti al engine
using elevated intake air temperatures and PRF. Hen e (provided the settings are
arefully

hosen) the results obtained from the opti al engine

an repli ate the

results in a multi- ylinder engine using gasoline even for a deli ate

ombustion

mode, su h as HCCI, and for rea tions during the NVO (as illustrated by the
rates of heat release during the NVO in the two engines shown in gures 5.7( )
and 5.7(d)).
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Figure 5.7: Rate of heat release and a

umulated heat release during the NVO

obtained with various pilot to main inje tion ratios in tests with the 6- ylinder
HCCI engine with 160 CAD NVO (a) and (b), with 180 CAD NVO in the 6-

©

ylinder HCCI engine ( ) and the opti al engine (d). Reprinted with permission
from SAE Paper No. 2007-01-0037

2008 SAE International.

As previously mentioned, pilot inje tions

an be used to

ontrol the

ombustion.

In these experiments the relative proportion of the pilot inje tion was in rementally in reased from 25 % to 40 %, whi h advan ed

ombustion phasing by around

5 CAD, see gure 5.8(a). The inuen e of the heat-generating rea tions measured
during the NVO on harge temperature

an be seen in gure 5.8(b).The dieren e

in temperature at 10 CAD before TDC is 45 K, based on polytropi

al ulations

from the pressure tra es. Gas-phase temperature was studied during HCCI

om-

bustion by using Coherent Anti-Stokes Raman Spe tros opy (CARS) [91℄, to
analyze HCCI

ombustion with similar amounts of EGR, but at slightly higher

loads. It was found in the
of 7 K would
ratios of

hange the

ited study that a dieren e in temperature at TDC

ombustion phasing (CA50) by around 1 CAD. Similar

hanges in the CA50 timing to

hanges in temperature were found in

this study and the temperature at the start of
the two

ases. Thus, it was

ombustion (SOC) was similar for

on luded that the dieren e in heat generated by

the two dierent pilot to main inje tion ratios was the major

ontributor to the

PSfrag repla ements
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dieren e in

ombustion phasing between the two

These results validate the
do o

75

ases.

on lusion drawn in [51; 43℄ that exothermi

rea tions

ur and provide indi ations of their impa t on ombustion phasing. However,

the role of the radi als formed during the NVO should not be negle ted.
results indi ate that the observed

5

in reased rates of exothermi

The

hanges in phasing were largely due to the

rea tions during the NVO asso iated with higher

relative amounts of pilot inje tions, but in reases in levels of radi als may play a
Sfrag repla ements
major role in promoting HCCI ombustion.
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Figure 5.8: IMEP, air equivalen e ratio and

ombustion phasing observed in tests

with 160 CAD NVO and dierent pilot to main inje tion ratios (a). Standard
deviations are indi ated by dots. Pressure tra es and

al ulated mass-averaged

temperatures in tests with 25% and 40% pilot inje tions, with 160 CAD NVO
(b). Dashed lines

©

orrespond to 40% pilot and solid lines to 25%. Reprinted with

permission from SAE Paper No. 2008-01-0037

2008 SAE International.

Eviden e of low temperature rea tions during the NVO was found and signs
of high temperature rea tions were also seen in the studies des ribed in Paper
IV [53℄. However the high temperature rea tions were dete ted by observing the
hemilumines en e of OH, whi h

an be misleading sin e emissions from spe ies

generated in rea tions other than the target spe ies may inuen e the measurements, see earlier

hapter. For this reason LIF of OH was measured sin e it

an isolate OH signals from those of spe ies generated in other rea tions that
emit

hemilumines ent light in the measured wavelength band.

LIF signals of
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OH were observed during the NVO, see gure 5.9.

RESULTS

Further, the signal arose

at identi al timing to the heat-generating rea tions dete ted by pressure tra e
analysis ( ompare the LIF signals in gure 5.9 and the rate of heat release in
gure 5.7(d)). However, OH was present within the

ombustion

hamber for a

short period after the peak of rate of heat release. These results validated the

previous indi ation of high temperature rea tions reported in Paper IV [53℄ and
Sfrag repla ements
provided further fundamental understanding of the ontrol that an be obtained
using pilot inje tions.
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inje tion ratios and dierent timings. Reprinted with permission from SAE Paper
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5.2.3 Simultaneous measurements
The last measurement

ampaign was intended to investigate all the main para-

meters that are inuen ed by
a stratied

ombining initial ame front propagation through

harge with subsequent HCCI

limit any misinterpretation that

ombustion (mostly simultaneously to

ould arise, for instan e, from averaging). The

results, reported in Paper VIII [65℄, are important sin e they summarize many
aspe ts of the

on ept.

The main results yet again showed (as in Paper IV [53℄) that the minimum load
for HCCI

X

or NO

ould be redu ed with modest, or no,

emissions or indi ated fuel

ompromises in terms of HC, CO

onsumption, whi h was the main obje tive for

the proposed on ept (see table 5.1, where data obtained at three dierent settings
are presented). In gure 5.10 the average pressure tra es and
fra tions burned (MFB) derived for the three studied
The three

ases

orresponding mass
an be seen.

ases were investigated using both averaged and simultaneously obtai-

ned data. In gure 5.11 the averaged LIF of the fuel tra er 3-pentanone observed
in the three studied

ases

an be seen, where

ases B and C in lude use of the

5.2.
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Table 5.1: Operational settings and results for tested

Mass Fra tion Burned [%℄

100

0

A
B
C

75
50
25
0
-20

Pressure [bar℄

PSfrag

ases in paper VIII [65℄.

Case A
Case B
Case C
Indi ated load
1.3 kW
1.0 kW
0.8 kW
IMEP
2 bar
1.65 bar
1.3 bar
repla ements
ISFC
282 g/kWh
270 g/kWh
268 g/kWh
λ
1.21
1.27
1.30
HC (C3)
1725±50 ppm 2525±250 ppm 2275±170 ppm
0
NOX
16±2 ppm
10±2 ppm
22±2 ppm
10
CO
0.5-0.6%volume
0.5-0.6%volume
0.5-0.6%volume
20 duration
Pilot inje tion
1.6 CAD
1.1 CAD
1.2 CAD
0 duration
Main inje tion
1.0 CAD
1.1 CAD
0.6 CAD
0 inje tion duration No strati ation
Strati ation
0.8 CAD
1.0 CAD
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 strati ation
No strati ation
-30 CAD
-30 CAD

20

-10

0
CAD

Main

20

10

Pilot

Strat.

10
0
-360

-270

-180

-90

0
CAD

90

180

270

360

Figure 5.10: Averaged pressure tra es, with inje tion timings (bottom) and averaged mass fra tions burned for the three

ases reported in Paper VIII.
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Figure 5.11: Averaged LIF images of the fuel tra er 3-pentanone for the three
studied

ases (A, upper row; B, middle row; and C, lower row). The

olumns,

from left to right, show images re orded at 30, 20, 10 and 0 CAD before TDC,
respe tively. X

proposed

orresponds to the sparkplug position.

on ept with harge strati ation and spark-assistan e, neither of whi h

was used in

ase A. The stratied regions

an be seen as lo al regions with strong

signals from the fuel tra er, and the initial ame propagation

an be seen as small

regions with LIF signals from OH in the vi inity of the spark plug at around -10
CAD, see gure 5.12. At around 10 CAD after TDC OH signals
most of the measured region (although in
at 10 CAD, due to the late

an be seen in

ase B the OH signals have not peaked

ombustion phasing), and the intensity for

rea hes su h levels that a signi ant amount of absorption

ase A

an be seen in redu ed

signal strengths as the laser sheet passes through the engine.

Sfrag repla ements

X

X

-020

A
X

X

-020

B
X

X

C

-010

-010
X

-020

-010

X

X

000

010

X

X

000

010

X

X

000

010

Figure 5.12: Averaged LIF of OH images for the three studied
row; B, middle row; and C, lower row). The

ases (A, upper

olumns, from left to right, show

images re orded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X
orresponds to the sparkplug position.
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Averaged images from formaldehyde LIF
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an be seen in gure 5.13. The intensity

of the formaldehyde signal is initially weak, at -20 CAD, and in reases thereafter.
For the

ases with

harge strati ation, strong intensity was seen for an extended

period, espe ially in the ri h regions just prior to TDC. Clearly, therefore, the
spark-initiated ame indu ed a temperature in rease that

ontributed to fuel

de omposition and HCHO formation in the ri her regions.

At -10 CAD, and

espe ially at TDC, eviden e of the ame was manifested in a redu ed HCHO
signal in regions where OH was present, although the

omplete separation

annot

be seen in averaged images.
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Figure 5.13: Averaged LIF of formaldehyde for the three studied
row; B, middle row; and C, lower row). The

ases (A, upper

olumns, from left to right, show

images re orded at 20, 10 and 0 CAD before TDC and at 10 CAD after TDC. X
orresponds to the sparkplug position.
In the averaged LIF images the propagating ame

an be seen as regions with low

signals for formaldehyde or the fuel tra er and with strong regions for OH, but the
images are diuse sin e there are

y le to

y le variations in the ame. Hen e, the

averaged images have less sharp edges than the separate images. Furthermore,
the transition from initial ame propagation to HCCI
ferent timings due to the variations, whi h

ombustion o

urs at dif-

an lead to unrepresentative results

if averaging is used. In gure 5.14 a single shot of formaldehyde LIF is
ned with iso-lines representing the
high speed video
From this it
ombustion o

hemilumines en e of CO

2

ombi-

obtained using a

amera just prior to, during and after the single shot was taken.

an be seen that the deli ate transition and propagation of the HCCI
ur in regions that display high levels of formaldehyde just prior to

the transition or propagation. These regions were found to be due to the
strati ation. So the stratied

harge

harge not only resulted in ame propagation but

also supplied regions that were more prone to HCCI

ombustion.
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X

CASE B

PSfrag repla ements

X

CASE A
CASE C

X

Figure 5.14: LIF of formaldehyde images at TDC and iso luminosity lines (from
high speed video images a quired prior to, during and after TDC) obtained in the
same

y le for

ases B and C at TDC. X

orresponds to the sparkplug position.

Turbulen e
The inuen e of turbulen e was not addressed in the studies des ribed in Paper
VIII [65℄, but will be dis ussed here. In the paper it is shown that the proposed
on ept inuen es many parameters, unsurprisingly sin e the intention is to use
harge strati ation to promote ame propagation through a globally lean harge,
and this was the fundamental reason for using
the proje t.

However, the

harge strati ation throughout

harge strati ation also has other ee ts, notably

it indu es air motions in the otherwise quies ent environment and when initial
ame propagation is a hieved the ame also

ontributes to air motions.
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Figure 5.15: Mass fra tion burned and timing of measurements (top) in
(Paper VIII). The timings of the video images

ase B

orrespond to those of the iso

lines a quired from video images. Averaged LIF of the fuel tra er,

y le-resolved

ow eld and iso lines from the high speed video images obtained in the same
y le for

ase B near TDC (middle). X

A verti al referen e arrow

orresponds to the sparkplug position.

orresponding to 3 m/s is shown to the right of the

ow eld. The iso lines (white, green, dashed red,

yan 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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hamber promotes ame propagation [11℄ and,

sin e greater air motions are asso iated with greater turbulen e in reasing the air
motion

an be an ee tive way of promoting ame propagation. In Study VIII it

was found that the ame propagated with great speed, relative to the air motion,
towards the ri h regions during the initial stages of ame propagation, and this
was explained as being due to the stratied region in reasing the ame speed.Let
us

ompare the ame propagation in regions 1 and 2 in gure 5.15. In region 1

the ame propagation speed is high relative to some xed geometri al point and
it propagates towards the leaner regions in the same dire tion as the ow.

In

ontrast, in region 2 the ame propagation speed is lower relative to some geometri al point and it propagates towards the ri her region in the opposite dire tion
to the ow. However, if the ame propagation speed is
air ow, then for this

al ulated relative to the

ase (whi h represents the early stage of ame propagation),

the ame propagation speed is

onsiderably higher for the propagation towards

the ri her region.
The role of turbulen e in the
and to a

ases examined in the paper has not been determined

urately measure the turbulen e in a single

y le is at least

hallenging.

With the results from the measurements the only possible way to estimate the
impa t of turbulen e is to evaluate how the dierent

y les behave

ompared to

the average. In [11℄ the root mean square u tuation is dened as:

URM S
where

Nc

y le and

v
u
Nc
u 1 X
t
=
(u − Ū )2
Nc i=1

is the number of measured

Ū

y les,

u

is the velo ity for an individual

is the average velo ity for all measured

represent the true turbulen e for a spe i

y les. However, this will not

y le of interest sin e it will in lude

the natural varian e of the ow eld within the
be an average value for several

(5.1)

ombustion

ow eld shown in gure 5.15 were all measured in the same
As

on luded in the paper, the proposed

within the

ombustion

y le.

on ept leads to greater air motions

hamber, indu ed by both the strati ation inje tion and

the expanding gas behind the ame, as

an be seen in gure 5.16(a), in whi h

air motions are signi antly weaker for the

ase of HCCI

any strati ation or spark assistan e (top) than for the
posed

hamber, and will

y les, while the video image, pressure tra e and

ombustion without

ases in whi h the pro-

on ept is applied (middle and bottom). As mentioned earlier, stronger

air motions are generally asso iated with higher turbulen e. This
gure 5.16(b), where the

URM S

an be seen in

value is shown for the same geometri al regions

as in gure 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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5.2.

80

Figure 5.16: Averaged ow elds (from data a quired during 30 individual y les)
(left) and iso lines for

URM S

without spark assistan e or

(right) for the

ases addressed in Paper VIII: HCCI

harge strati ation (top), HCCI with spark assis-

tan e and a minor strati ation inje tion (middle) and with a greater strati ation inje tion (bottom).
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ment errors near the boundaries. It was found in Study VIII [65℄ that the ame
propagated with great speed relative to the ow towards the ri her regions during
the initial stage of the ame propagation. However, this may be a fundamental
misinterpretation, sin e the ri her regions may merely be more turbulent and it
may be the greater turbulen e that in reases the ame speed. This possibility
will be further investigated here by using the

URM S

value as a representation of

the turbulen e.

1
2

Sfrag repla ements

CAD
MFB [%℄
PIV and FUEL LIF
VIDEO IMAGES - ISO

0.9

0.8

Figure 5.17: Averaged LIF of the fuel tra er,

1
y le-resolved ow eld and iso lines

from the high speed video images obtained in the same
A verti al referen e arrow

y le for

ase B near TDC.

orresponding to 3 m/s is shown to the right of the

ow eld. The iso lines (white, green, dashed red,

yan and magenta) represent

threshold values from the video images prior to, during and after TDC (-4 to 4
CAD). Turbulen e intensity is represented by iso lines of

URM S

for values > 0.8

m/s.

In gure 5.17 the intensity of

URM S ,

as shown in gure 5.16, is added to the

information presented in gure 5.15 to determine if it is the turbulen e that
in reases the ame speed towards the ri her region.
the greater

y li

As previously mentioned,

variation or turbulen e near the boundaries is likely due to

measurement errors.

It should also be noted that the seeded parti les do not
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respond immediately, as seen in gure 4.12, hen e they do not provide

85

omplete

information about the turbulen e spe tra. There are regions that display slightly
higher levels of
regions with

URM S ,

URM S

in gure 5.17, indi ated by lled iso lines that highlight

values > 0.8 m/s. However, those regions are not geometri ally

lo ated in the same region that showed high ame propagation speeds, so the
on lusion in Paper VIII [65℄ that the ame speed is in reased due to the fuel
equivalen e ratio in the studied region is likely valid. However, the turbulen e will
learly play a general role in in reasing the ame speed, and the turbulen e was
signi antly higher in ases in whi h the proposed

on ept was applied than in the

ase where it was not used (gure 5.16). Nevertheless, the levels are in the same
order of magnitude for the regions where the ame propagates, thus turbulen e
does not di tate the dire tion of propagation for the ame, but merely makes
the

onditions more uid dynami ally more suitable for ame propagation in any

dire tion.

5.3 Operational window for HCCI with NVO
The results presented in this se tion provide ba kground information for HCCI
using NVO, to give the reader the ne essary information to put the published
results into

ontext. A similar engine to that used in Studies V and VI [54; 55℄

(but with dierent valve lift proles) was used to a quire the results presented in
this se tion, and basi

parameters for the engine are listed in table 5.2.

Table 5.2: Engine parameters for the prototype 6

ylinder Volvo engine used for

the operational window evaluation.

Parameter
Value Unit/Parameter
Name/Value
Bore [mm℄
84
Inje tors
Bos h HDEV 1.2
Stroke [mm℄
96
Displa ement [ m3 ℄
3192
Compression ratio [au℄
11.5 Fuel
RF-02-03
Water and oil temperature [C◦ ℄
90

5.3.1 Fuel onsumption for HCCI with NVO
Naturally a new

on ept for future vehi les is only promising if it oers a signi-

 ant improvement in e ien y

ompared to its

engine was operated in both HCCI and
improvement in fuel

osts. For this reason the same

onventional SI modes to investigate the

onsumption the former

ould oer. For this study high lift
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proles were used for both intake and exhaust in SI mode and low lift for both
intake and exhaust in HCCI mode. This approa h ould give slightly misleading
PSfrag repla ements
indi ations at very low loads sin e an SI engine would not need to swit h am
proles in this
the SI

omparison, in whi h only high lift was used, thus the results for

ould have been slightly better if the engine did not have the

swit h proles, whi h is asso iated with minor additional fri tion.

apa ity to
Hen e, the

improvement at very low loads oered by HCCI will be slightly over-estimated
here.

5
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Figure 5.18: Redu tions in fuel
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onsumption by the prototype 6- ylinder Volvo

engine oered by HCCI operation,

ompared to SI operation, at various loads

and speeds, in per ent BSFC.

In gure 5.18 the observed improvements in BSFC
it

an be stated that HCCI redu es

an be seen, and generally

onsumption a ross its

omplete operational

range. The degree of its impa t varies from marginal to signi ant improvement,
and the levels presented are similar to or slightly better than those presented
in [61; 20℄.

So from this perspe tive, a hieving HCCI by using NVO appears

promising.

5.3.2 Dilution for HCCI with NVO
Measuring the exa t amount of trapped residuals is hallenging, but the timing of
exhaust valve

losure, the in- ylinder and exhaust ba k pressure and the exhaust

gas temperature
turn

an be used to estimate the in- ylinder trapped mass, whi h in

an be related to the mass ow of in oming air and fuel.
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Figure 5.19: Estimated amounts of residuals (in %
operation of the prototype 6

ylinder Volvo engine at various loads and speeds.

The estimated amounts of trapped residuals
rally it

ylinder during

an be seen in gure 5.19. Gene-

an be stated that the absolute values are high, but for the higher loads

lower amounts of residuals are needed to establish HCCI
gher loads lead to higher

ombustion.

The hi-

ylinder wall temperatures, higher exhaust and residual

temperatures and the ri her mixtures lead to shorter ignition delays and hen e
the observed trend.

For the lower loads greater amounts are needed sin e the

lower loads have opposite ee ts to those of the higher loads. However, with the
possibility of

hanging the valve timing, and thus the residual amounts, a major

step has been taken towards in reasing the operational range for HCCI. In earlier
hapter it was shown that it also makes sense thermodynami ally to use dilution
with air, and this also applies to HCCI with NVO, as

an be seen in gure 5.20.

For this engine the air equivalen e ratio varies between unity and 1.6.

5.3.3 High load region
Beside the redu ed mass ow, whi h
with NVO

learly redu es the maximum HCCI load

ompared to the SI load without NVO, several other fa tors limit

the maximum HCCI load. The rapid heat release, leading to short
duration, whi h is bene ial in terms of thermodynami
to too rapid

ombustion at a

the intensity of the

ertain load point.

ombustion

work, will also lead

This, in

ombination with

ombustion be oming more intense at higher loads, leads to

various problems. If the peak pressure be omes too high in

omparison to the

PSfrag repla ements
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Figure 5.20: Stoi hiometri
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ratio [λ℄ during operation of the prototype 6

ylinder

Volvo engine at various loads and speeds.

stru tural integrity of the engine then it

ould

ause me hani al failure. However,

this is not the main issue (for naturally aspirated engines) sin e the amount of
oxygen available for ombustion with NVO valve events limits this maximum peak
pressure somewhat, hen e the peak pressure a hieved during HCCI

ombustion

will often be lower than the pressure a hieved at full load for SI operation. A
fa tor of greater importan e is the rate of in rease of pressure with time (or
in rease of pressure per
rise due to the rapid

rank angle); at higher HCCI loads the rate of the pressure

ombustion will

ause noise, and it is assumed that this will

be limiting before ex essive pressures are rea hed in absolute terms (espe ially
sin e the SI engine's slow

ombustion and redu ed intake pressure at low loads

leads to very low pressure rise rates, i.e.

there will be a great dieren e in

me hani al noise between HCCI at its highest load and SI
load, whi h is an important issue for

ombustion at similar

ustomers).

The pressure gradients obtained at dierent speeds and loads
gure 5.21 (averaged values for all six

an be seen in

ylinders in terms of in reases in the abso-

lute pressure over one CAD). The absolute value of the pressure gradient depends
strongly on how it is

al ulated, the values here are average values of the maxi-

mum pressure gradient observed in ea h of 100 re orded
averaged for all
spe i

ylinders. Inevitably, in some individual

y les, whi h are then

y les the values in some

ylinders will be mu h higher than the engine average, but the average

provides good indi ations of general trends in pressure rise rates. The maximum
limit for HCCI is represented as a grey area (it is not a

lear, absolute limit sin e

it will be heavily dependent on NVH requirements for the spe i

vehi le). It

an
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Figure 5.21: Averaged pressure gradient,
prototype 6

be seen that the pressure rise rate depends on both speed and load. Further, it
is espe ially sensitive when the maximum limit is rea hed. Near the limit a small
load redu tion leads to a greatly redu ed pressure rise gradient. This sloping gradient has been noted by various authors, and is assumed to be due to limitations
in aspiration at high engine speeds [20℄.
As des ribed in previous

X

hapter, HCCI operation leads to low levels of NO

emissions and the levels for the prototype 6- ylinder Volvo engine

X

in gure 5.22, where the molar ratio of NO

X

with ultra-low engine-out NO
levels that

is presented.

an be seen

There are regions

X

emissions, but there are also regions with NO

annot be tolerated for extended periods of time if stringent emission

limits are to be met. Alternatively, the maximum limit for HCCI
for a spe i

NO

X

level.

ould be set

In gure 5.23 identi al information to that shown in

gure 5.22 is displayed, but in brake spe i

X

values. It is obvious that the NO

levels may inuen e the maximum load for HCCI sin e the levels rise rapidly
when approa hing the grey area.

Naturally, the engine-out levels that

an be

tolerated will also depend on the exhaust after-treatments that are applied,

X

whether a lean NO

i.e.

after-treatment system is used or not.

To summarize information a quired regarding the high load region it an be stated
that the high load limit will be governed by various parameters, the absolute
maximum being limited by aspiration (λ approa hing unity).

More likely, in

pra ti e the limit will be set by NVH or emission levels. There are various ways
of inuen ing

onditions near the high load limit. In Study III [75℄ the ee t of
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harge strati ation on high load

onditions was investigated (although not on

HCCI a hieved with NVO) and the trends observed

ould fa ilitate attempts to

extend the high load limit by, for instan e, redu ing the maximum rates of heat
release. This

on ept with

harge strati ation was further investigated on HCCI

using NVO in Study VII [73℄.
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5.3.4 Low load region
The valve lift and duration of the low lift

amshafts di tates the maximum air

ow through the engine during HCCI operation and this maximum air ow will
inuen e the maximum limit for HCCI to a

ertain degree. It will also inuen e

onditions in the low load (or low mass ow) region. As shown in gure 5.19 there
is a need to in rease the residual amount for the lower loads, and depending on
the

onguration for the low lift

amshafts (lift, duration and phasing

apability)

there will be a maximum amount of trapped residuals and thermal heat, hen e
a

ertain load below whi h HCCI

ombustion

annot be a hieved solely by using

pilot inje tions and NVO. At this point marked

hanges in behavior will be seen,

misres marking the absolute lowest point a hievable (whi h is assumed to be
una

eptable for vehi le appli ation). Before misres o

ur, ee ts on unburned

hydro arbons will be seen and the redu ed load will also redu e the exhaust
PSfrag repla ements
gas temperature to a point whi h does not allow the

atalyst to fun tion. So,

the low load limit will also not be a denitive point; the

atalyst fun tion is

essential for meeting the legislated emission limits, and thus both the exhaust
gas temperature and levels of unburned hydro arbons will be important fa tors.
These trends, whi h make it

hallenging to a hieve HCCI

ombustion down to

idle and still a hieve a su ient maximum load have also been reported in [20; 92℄
for instan e.
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Figure 5.24: Hydro arbon emissions in ppm (C3
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alibrated) from the prototype

6- ylinder Volvo engine at various loads and speeds.
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Generally, it

an be stated that low levels of unburned hydro arbon

RESULTS

an be a hie-

ved when using HCCI with NVO, as seen in gure 5.24. Where the hot residuals
aused by the NVO ensure a high

ombustion e ien y [77℄. As mentioned ear-

lier, however, the amount of hydro arbon emissions an be problemati , espe ially
near the lower load limits (the grey area). The absolute levels of hydro arbon
emissions are a

eptable, or even low,

bustion, but the e ien y of the

ompared to those generated by SI

atalyst will determine if they are su iently

Figure 5.25 shows the exhaust gas temperature, whi h is
PSfrag repla low.
ements
the mass ow,

i.e.

om-

orrelated with

higher mass ows lead to higher temperatures and the mass

ows are lower at lower loads sin e more trapped residuals are required to a hieve
ombustion (see gure 5.19). So, for the lower loads the exhaust gas temperature
rea hes levels whi h

ould redu e

atalyst fun tion and thus even if the hydro ar-

bon emissions are low from an absolute perspe tive they may still be su iently
high to set the minimum limit for HCCI.
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Figure 5.25: Exhaust gas temperature in

◦

500
400 450

3500

4000

C during operation of the prototype

6- ylinder 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 a hieve HCCI the levels of
monoxide may be low (see gure 5.26)

As mentioned earlier, the exhaust gas temperature is important for
tion and in gure 5.27 the
onventional three-way
operation

arbon

ompared to the levels during SI operation.
atalyst fun -

onversion e ien y for hydro arbon emissions of a

atalyst originally intended for SI operation during HCCI

an be seen. The

onversion e ien y is dened as

Conversion e ien y

[%] = (1 −

·

before atalyst [ppm℄ ) 100
HCafter atalyst [ppm℄

HC

(5.2)
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Carbon monoxide emissions, in %

volume ,

3500

4000

from the prototype 6-

ylinder Volvo engine at various loads and speeds.

A trend line,

y,

tted by least squares regression to the data,

y = 1 − e−kT

(5.3)

shows that the exhaust gas temperature is important for the onversion e ien y.
◦
Below 300 C the e ien y is signi antly lower than unity (and thus the values
◦
a hieved for temperatures above 400 C for instan e). It should be noted that
the absolute levels a hieved after the
in some

ases identi al to, the a

atalyst are marginally higher than, or

ura y of the measurement equipment. So, the

onversion e ien y values near unity (98-100 %)

ould be viewed as more or less

identi al, but for this analysis the goal was to determine the ee tive temperature
range of the

atalyst, rather than to pre isely determine the

for the best

ases.

onversion e ien y

With this in mind it is believed that the observed trend is

representative.

5.4 Other dilute on epts
This

hapter briey dis usses various dilute

on epts, to give ba kground infor-

mation on other te hniques, beside HCCI, in whi h dilution is applied.

94

CHAPTER 5.

PSfrag repla ements

RESULTS

Conversion e ien y [%℄

100
98
96
94
92
300 400 500 600
Temperature [◦ C℄

200

Figure 5.27: Conversion e ien y of a three-way

atalyst for hydro arbon emis-

sions from the prototype 6- ylinder Volvo engine at various loads and speeds.

5.4.1 Stoi hiometri SI with EGR
Dilution with exhaust gases has been investigated by various authors and applied
in

ommer ially available vehi les for many years. The ee ts of EGR was stu-

died on both stoi hiometri
potentially

and lean SI operation and it was found that it was

apable of redu ing fuel

X

onsumption in addition to redu ing NO

emissions [93℄. In the investigation of the fundamentals of the piston engine presented in Chapter 2, the potential ability of EGR to in rease thermodynami
work was identied.

The gas

onstant was found to be inuen ed by EGR in

a way that is bene ial for the thermodynami
underlying these

on lusions was that the

work. However, an assumption

ombustion

more realisti ally assess the ee ts of EGR on SI

per se

was unae ted. To

ombustion, results from two dif-

ferent operational settings are presented in gures 5.29 and 5.30. In the presented
results the EGR level is dened as

EGR

[%] =

where the CO2intake was measured
mati

CO2intake
CO2exhaust

· 100

(5.4)

lose to the intake valve as shown in the s he-

gure of the setup 5.28. The re y led exhausts gases were dire ted to the

intake plenum to allow ample mixing, and both the EGR-valve and EGR- ooler
were originally intended for use in multi- ylinder diesel engines. The parameters
for the engine parameters are listed in table 5.3.
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Figure 5.28: S hemati
ee ts of EGR on SI

Temperature
CO2
Pressure

layout of the experimental setup used to evaluate the

ombustion.

Table 5.3: Parameters of the single- ylinder engine used to evaluate the ee ts of
EGR on stoi hiometri

SI

ombustion.

Parameter
Value Unit
Name
Bore [mm℄
84
Inje tor
Bos h HDEV 5.1
Stroke [mm℄
90
Ignition oil
max70mJ15.6V
Compression ratio [au℄
10.5 EGR ooler
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 des ribed in

hapter 2, the fuel

onsumption

an be improved

by dilution with EGR, as indi ated by the redu tion in BSFC when the EGR is
in reased (see gure 5.29(a)). The ee t on the pumping losses asso iated with
the in rease in plenum pressure

an also be seen.

The thermodynami

work,

or IMEP, is positively inuen ed by EGR, and the improvement ex eeds the
redu tion in pumping work. Thus, the results indi ate that parameters in addition
to pumping losses are inuen ed by dilution; the positive ee t of dilution (as
dis ussed in

hapter 2) and the in reased mass redu e the peak temperature,

whi h in turn also redu e heat losses.
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Figure 5.29: Ee ts of external EGR on stoi hiometri
of Brake Spe i
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RESULTS

SI

ombustion in terms

Fuel Consumption (a), Indi ated Mean Ee tive Pressure (b),

intake plenum pressure ( ) and Pumping Mean Ee tive Pressure (d).

The laminar ame speed of premixed air and fuel mixtures depends on the ame
temperature [22; 94℄ whi h in turn will be ae ted when the EGR level is

han-

ged [95; 94℄. So EGR will redu e the laminar ame speed negatively [96℄, and thus
redu e the rate of

ombustion. This will be a negative

onsequen e of EGR sin e

prolongation of heat addition results in redu ed thermodynami
prolonged

ombustion duration (dened, for

work [11℄. The

onvenien e as the period between

5.4.
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the points, in CAD, where 10 % and 90 % of the mass of the fuel has been

onver-

ted)

an be seen in gure 5.30(a). The operational ase with the initially rapid
PSfrag repla ements
ombustion (1000 rpm, 6 bar BMEP) was inuen ed to a greater extent in terms

of prolonged

ombustion duration than other

ases. This led to the

ombustion

duration be oming su iently long to reverse the positive trends of the redu tion
Sfrag repla ements
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in BSFC and in rease in IMEP. For the other operational settings, EGR levels
> 20 % led to misres. EGR also leads to

ombustion instability, as

in the standard deviations of the thermodynami

an be seen

work parameter IMEP, whi h

an be asso iated with drivability issues when it is related to absolute values of
IMEP [11℄. Other aspe ts of

on ern in lude redu ed

ombustion e ien ies, as

indi ated by in reases in hydro arbon emissions, and a drasti
oxide emissions

an also be seen in gure 5.30(d). To summarize the ee ts of

EGR on stoi hiometri
that

ee t on nitrogen

SI

ombustion, it

an be stated that the amount of EGR

an be applied is limited due to its negative ee t on the

ombustion quality

and the strength of the te hnique is asso iated with its ability to maintain proper
three-way

atalyst fun tion.

5.4.2 Lean SI
As dis ussed in earlier

i.e.

hapter, dilution

an also be a hieved using ex ess air,

by operating the engine in globally lean

onditions.

investigated the ee t of homogenous globally lean SI
to

onventional SI

The studies in [97℄

ombustion in

omparison

ombustion at several low load points, and for some points

found benets in fuel

onsumption. The same engine as des ribed in table 5.2

was used by the author to investigate the potential benets of homogenous lean
SI

ombustion in

Interpolated

omparison to

onventional stoi hiometri

SI

ombustion.

ontours of BSFC for the prototype six- ylinder engine an be seen in

gure 5.31, where the bla k solid line orresponds to the maximum ISO- alibrated
load [98℄. The

ontours show the traditional behavior of an SI engine, displaying

greatest e ien y slightly below the maximum line and at medium engine speeds.
However, it should be noted that the engine is a prototype engine with fun tionality to operate in several

ombustion modes (and hen e slightly higher fri tion,

and perhaps slightly lower BSFC than would be observed for a series-produ tion
engine).

However, sin e the fo us is on evaluating dierent

in the same engine the

ombustion modes

omparison is assumed to provide useful indi ations of

relative performan e.
BSFC

ontours for lean SI operation

an be seen in gure 5.32. The engine was

mainly operated at an air equivalen e ratio (λ) of 1.3, and for higher loads (whi h
did not allow operation at

λ

1.3) a ratio of 1.1 was used. The two dashed lines

orrespond to the maximum load with

λ

of 1.3 and 1.1,

the lowest dashed line the engine was operated at
the dashed lines at

λ

1.1. It

i.e.

for

λ 1.3 and for

ontours below

ontours between

an be seen that the absolute levels are redu ed by

lean operation throughout the operating domain beneath the dashed lines. To
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onditions.

obtain a more representative view of the dieren e the
one another using the SI

ontours are

ompared to

ases as referen es

Improvement

[%] = (1 −

BSFC
BSFC

SIlean

SIstoi hiometri

·

) 100

(5.5)
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ontours, as de-

ned in equation 5.5, at various loads and speeds.

As mentioned earlier the lean operation leads to improvements, as indi ated in
gure 5.33 where the two modes are

ompared in terms of BSFC. So the potential

benets of lean operation on thermodynami

work des ribed in

hapter 2 appear

to be plausible.
However, as for EGR, the dilution prolongs the
low load operation, where SI
leads to ex essively long

ombustion duration and for

ombustion in stoi hiometri

onditions already

ombustion durations, the potential of adding ex ess air

is inevitably redu ed. Otherwise, the te hnique leads to signi ant improvement
over a great operational area, but the real drawba k of the te hnique is asso iated
with the emissions (see gure 5.34).
Conventional stoi hiometri

X

out NO

SI operation leads to a signi ant amount of engine-

emissions, but the stoi hiometri

X

to work awlessly and ultra low NO
hiometri
are

onditions, not in lean

operation allows a three way

onditions.

onsistent with those obtained in [97℄, in a

hiometri

operation in terms of

atalyst

emissions are possible, but only in stoiThe results seen in this study
omparison of lean SI and stoi-

X

atalyst fun tion; with lean operation the NO

onversion e ien y of a three-way

atalyst approa hes zero. So, to summarize

ndings regarding lean SI operation, there is a signi ant fuel

onsumption im-

provement potential (whi h only requires minor modi ation of the hardware) if

X

the NO

emissions

an be handled.
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ontours for lean SI operation.

5.4.3 SGDI
In the previous se tion dilution with ex ess air was used and the air/fuel mixture
was homogenously distributed. However, the air:fuel ratio (λ) will ae t the laminar ame speed [22℄, sin e the ame will propagate more slowly if it propagates
through a lean mixture rather than a stoi hiometri

one, and at a

ertain point

ame propagation will not be possible if the ammability limit is rea hed [22℄.
Thus, there will be a limit for the amount of ex ess air that
rating a lean SI engine, even if the prolonged

ombustion

an be used for ope-

an be tolerated. One

way of using globally lean mixtures, but not ne essarily lean in the region where
the ame propagates, is to use a stratied

harge in whi h the ame propagates

and ex ess air outside the stratied region.
equivalen e ratio

With this approa h the global air

an be higher than the lean ammability limit sin e the ame

propagates through a mixture that is more suitable for ame propagation and
thus more ex ess air
stoi hiometri

an be used. The same single- ylinder engine as used for the

EGR study was set up for SGDI operation. The engine parameters

an be seen in table 5.4.
The data presented are all based on results obtained in tests with identi al inje tion duration and engine speed (2000 rpm). The aim was to a hieve a load of
2 bar BMEP, but with

onstant duration the load varied slightly. Some settings

led to in reases in e ien y; those settings led to more work and vi e versa for
the settings leading to lower e ien y. Only single pulse inje tions were applied
for simpli ity. In gure 5.35 results

an be seen in the form of

ontours obtai-
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Table 5.4: Parameters for the single

Parameter
Bore [mm℄
Stroke [mm℄
Compression ratio [au℄
Water and oil temperature [◦ C℄
Fuel pressure [bar℄
IVO 0mm [CAD BTDC℄
Engine speed [rpm℄
BMEP [bar℄

Value
84
90
10.5
90
190
34
2000
1.4-2.3

RESULTS

ylinder SGDI engine.

Unit/Parameter
Inje tor
Ignition oil
Fuel
Spark plug
Pressure sensor
EVC 0mm [CAD ATDC℄
Inje ted mass [g/s℄
Air equivalen e ratio [λ℄

Name/Value
Bos h HDEV 5.1
max70mJ15.6V
RF-02-03
NGK
Kistler 6061B
26
0.174-0.180
3.8±0.1

ned in tests with dierent end of inje tions (EOI) and spark timings. Sin e the
harge is prepared late in the

y le,

ompared to

onventional SI

ombustion,

both spark timing and inje tion timing will inuen e many parameters more
strongly than in SI
uen e.
engine

ombustion, where the spark-timing has a predominant in-

From gure 5.35(a) it

an be seen that the e ien y or BSFC of the

an vary signi antly at the tested settings and the system appears to

be sensitive to settings, but the values are

ompetitive

ompared to those of SI

ombustion. Within the tested span the BSFC varies over 100 g/kWh and the
best values

an be asso iated with early timings, in a

ordan e with patterns

reported in [99℄ and in [100℄ where experiments with an engine similar to the one
used here were

ondu ted. From the hydro arbon emissions in gure 5.35(b) it

an be seen that the

ombustion e ien y is also strongly inuen ed, however

with the settings presented misres o

urred in varying intensity, depending on

X

the settings whi h will naturally inuen e the hydro arbon emissions. The NO
emissions are

learly sensitive to the relationship between EOI and spark timing

for the earlier timings, sin e the
generally

ontours are

X

urved. However, NO

emissions

orrelate with the phasing of both EOI and spark timing; earlier timing

X

leading to greater amounts of NO . SGDI operation was found to be prone to
misre when

onditions were ex essively lean [101℄, if swirl was not used, a

or-

dingly in this study sensitivity to misre was also seen and misre-free operation
was only observed in a restri ted domain.
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Figure 5.35: BSFC

ontours (and referen e value for SI

(a), HC in ppm (C3

alibrated) (b), NO

X in ppm (

ombustion) in g/kWh

) and misres per 1000

y les

(d) obtained with dierent End Of Inje tion, EOI, and spark timings for SGDI
operation at 2000 rpm and around 2 bar BMEP (with xed inje tion duration).

In gure 5.36 the results for soot and
in reases in PM
stratied

ombustion duration an be seen. Signi ant

on entrations were observed when their test engine was operated

ompared to homogenous [102℄, and the

on entrations were also higher

for later inje tion timings during stratied operation. The same tenden ies were
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Figure 5.36: Contours of soot (FSN) (a) and

ombustion duration (CA10-CA90)

(b) obtained with dierent 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 a

ura y of

the measurement equipment (AVL415 smoke meter), but those regions are small
and soot emissions appear to be a

ause of

on ern for SGDI engines. For the

ombustion duration, dened as CA10 to CA90, some
with shorter
with a shorter

orrelation

an be seen

ombustion duration and the BSFC. Earlier phasing is

orrelated

ombustion duration, whi h is essential for e ien y.

In order to determine general trends for the measured parameters, lines were tted
to the data (see gure 5.37).
to the phasing and, a

As mentioned earlier, the BSFC was

ordingly, the BSFC trend line was

onne ted

orrelated with the

phasing, although some measurement points deviated strongly from the least
square regression lines represented by

y = ax + b

(5.6)

whi h are plotted in gure 5.37(a), 5.37( ) and 5.37(d). This pattern diers from
that of

onventional SI

leads to the most work.

ombustion, in whi h a CA50 timing slightly after TDC
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Correlations for SGDI operation at 2000 rpm and around 2 bar

BMEP between

X

600

20

500

(b), NO
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1
0.5

600

0

1.5

X

ombustion phasing (CA50) and BSFC (a), soot (FSN) and NO

and BSFC ( ) and CA50 and NO

X

(d).

The trend line for gure 5.37(b) is the least square tted line of

y = axb
and the inverse

(5.7)

X

orrelation between soot and NO

with Diesel engines [11℄, and usually

seen is normally asso iated

alled the "Diesel dilemma". Obviously, the
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X and low PM emissions, but the two parameters are

goal is to a hieve both low NO

onne ted with ea h other in this unfortunate fashion. The reason for this trend
is assumed to be the same as in Diesel engines, where

ases with high

X

ombustion

temperatures lead to the formation of large amounts of NO , but high rates of
oxidation of soot, and vi e versa for

ases with low

X

ombustion temperatures.

X

The relationships between BSFC and NO , and between CA50 and NO , shown
in gure 5.37( ) and 5.37(d), respe tively, support the hypothesis that similar
PSfrag repla ements
reasons underlie the relationship between soot and NO to those that apply in

X

Diesel engines. The highest e ien ies were a hieved at earlier phasing, whi h in
turn in reases the

ombustion temperature and thus the NO

X

emissions.

Normalized HR [%℄

120
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80
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40
20

SI
SGDI

0
-20
-30

0
CAD

-15

Figure 5.38: Examples of normalized a
onventional SI

ombustion and SGDI

30

15

umulated heat release

urves for both

ombustion at 2000 rpm and 2 bar BMEP,

ea h normalized with respe t to its maximum value.
Illustrative heat release tra es for SI and SGDI

ombustion

gure 5.38. Beside the obvious feature that the whole SGDI
advan ed than the SI

ombustion, slight evaporation

an be seen in ombustion is more

an be seen initially in the

SGDI tra e, followed by rapid heat generation whi h in the end de ays slowly.
This is in a
have

ordan e with results presented in [103; 100℄. It is not desirable to

ombustion phased in this manner, and there might be further potential for

X

redu ing fuel

onsumption and NO

mum phasing

ould be retarded. To obtain a rough estimate of the amount of

thermodynami

emissions using the te hnique if the opti-

work that is lost due to this unfavorable

mathemati al model used in earlier

ombustion phasing, the

hapter was applied to repli ate a measured

ase and then to explore the ee ts of varying the

ombustion phasing.
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Figure 5.39: Measured and

al ulated pressure tra es for SGDI

ombustion at

2 bar BMEP and 2000 rpm, plotted against CAD (a) and logarithmi
versus the logarithmi

From gure 5.39 it

pressure

volume (b).

an be seen that the mathemati al model

an be used to re-

pli ate the measured pressure tra e with only minor dis repan ies, and table 5.5
shows that it provides similar to observed values of thermodynami
wever, the pressure os illations
not

work. Ho-

aused by the relatively large valve overlap are

aptured by the simple representation of the gas ex hange phase and thus

the pump losses are slightly under-predi ted, by

a. 0.06 bar in absolute terms.

It was found that the behavior during expansion was not

onstantly polytropi

throughout the whole expansion, the initial part showed an expansion with a higher polytropi

onstant than the later part. Thus, two

onstants 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

ombustion was phased later

than the optimum point (whi h was at very early phasing) the quality of the
bustion was redu ed leading to redu ed e ien ies. However, a
mathemati al model identi al rates and quality of

om-

ording to the

ombustion to that a hieved at

the optimum point (as illustrated in gure 5.39 and table 5.5)

an be potentially

obtained at any phasing. This indi ates the amount of thermodynami

work that

is lost due to the early phasing and the potential s ope for further improvement of
SGDI. In gure 5.40 the
sing is

al ulated results

an be seen when the

hanged (while all other parameters are held

CA50 phasing at -5 CAD (whi h repli ates the measured
pressure, and all other

ombustion pha-

onstant). The

ase with a

ase) shows the highest

ases show lower maximum values, whi h would probably

108

CHAPTER 5.

RESULTS

Table 5.5: Values used to repli ate parameters measured for an SGDI

ombustion

ase by the model des ribed in Chapter 2.

Parameter
Value - measured Value - al ulated
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 ompression
1.32
n during expansion
1.28 and 1.26

lead to redu ed NO
engine.

X emissions if the modeled phenomena were observed in a real

In gure 5.40( ) the pressure near TDC is presented and the ee t of

varying the

ombustion phasing on the thermodynami

by the pressure tra e)
be obtained if total

ontrol of

gure 5.40(d). The

onsequen e of this unfavorable

thermodynami

work

ould

ombustion phasing was possible, as indi ated by
ombustion phasing on the

work is thus weaker than may be intuitively expe ted, probably

be ause the main part of the
However, the

work (the area en losed

an be seen. Around 1% more thermodynami

ombustion o

X

onsequen e for NO

urs during a relatively short period.

emissions

an only be spe ulated sin e emis-

sions are not in luded in the model. To summarize ndings regarding SGDI, it
has signi ant potential to redu e fuel
and the

onsumption,

hallenging aspe ts are soot, NO

ompromise some of the fuel

X

ompared to SI

ombustion

and misre, all of whi h are likely to

onsumption benet.
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Figure 5.40: Cal ulated pressure tra es for SGDI

ombustion using settings from

table 5.5 but with dierent CA50 timings (-5 to 10 CAD), plotted against volume (a), logarithmi pressure versus logarithmi volume (b) logarithmi pressure
versus logarithmi
thermodynami

volume at volumes near the

work for ea h modeled phasing.

ombustion ( ) and the resulting
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5.4.4 Dis ussion - dilute on epts
The dierent dilute

on epts all show the possibility of in reasing the e ien y

of an engine. Lean or stoi hiometri

operation with EGR in an SI engine leads to

improvements for basi ally the whole operational range of the engine,

ompared

to HCCI and SGDI operation whi h leads to improvements over a limited area.
But the ee t over the limited area is on the other hand signi antly higher. The

X

onversion e ien y for NO
operation is far

emissions of a three-way

loser to unity than lean NO

X

atalyst at stoi hiometri

after-treatment systems.

This

means that if dilution with ex ess air is used then the amount of engine-out

X must be mu h lower than the levels of onventional SI ombustion even if a
lean NOX after-treatment system is used. So from this point HCCI ombustion
appears ompetitive due to the low NOX emissions and SI ombustion with EGR
due to proper three-way atalyst fun tion for NOX . For HCCI using NVO the
NO

exhaust gas temperature are in the regions that allow proper
for HC and CO

onversion, whi h also is the

operation with EGR in SI

atalyst fun tion

ase for the lean or stoi hiometri

ombustion. For SGDI

that some of the improvement seen will have to

ombustion it

an be assumed

a

ompetitive dilute

X

ompromised to redu e the NO

levels and in rease exhaust gas temperature. To summarize, HCCI
on ept in many senses if the

ombustion

ombustion is

an be

ontrolled.

5.5 Losses
All engines have an e ien y far lower than unity due to various kinds of losses;
this se tion

ompares losses in HCCI

viously shown, HCCI

ombustion and SI

ombustion shows higher e ien y than SI

and here the results for the two types of
are broken down to estimate and
nami

ombustion.

As pre-

ombustion,

ombustion at one operational setting

ompare their losses. After this the thermody-

model presented in Chapter 2 is used to further evaluate the dieren es

between the two

ases. Values for the key parameters of SI and HCCI

an be seen in table 5.6. As expe ted, HCCI
value (22 %) than SI
per unit fuel inje ted.

ombustion

ombustion shows a lower BSFC

ombustion, and thus provides the same me hani al work
What is not expe ted is that less thermodynami

is needed for HCCI to a hieve the same me hani al work, the HCCI

work

ombustion

shows a lower indi ated fri tion (FMEP dened as IMEP - BMEP) so the SI
ombustion requires a 5 % higher IMEP to a hieve the same BMEP. The high
intake air pressure required for HCCI leads to a signi ant redu tion in pumping work (PMEP). Two benets of keeping the general in- ylinder temperature
high (as with NVO) are its positive ee ts on hydro arbon emissions and

ar-
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bon monoxide, otherwise HCCI
e ien ies, but for this

ombustion is asso iated with low

ase with NVO the

ombustion

ombustion e ien y is high, with

espe ially low values for CO emissions.

Table 5.6: Results of the

omparison of energy losses in SI and HCCI

ombustion

at 2 bar BMEP 2000 rpm.

Parameter
SI
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
Inje ted 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 ow
0.0162 kg/s
0.0167 kg/s
Estimated internal EGR
<5%
35%

If the dierent losses are related to the energy of the fuel supplied then they
be

ompared in proportion to one another.

in SI and HCCI

ombustion are shown. A

of the fuel supplied for the SI

an

In gure 5.41 pie- harts for losses
omplete

ombustion (the

ir le represents the energy

ir le for HCCI is not

sin e less fuel is inje ted due to the higher e ien y for this
in this representation are divided into the following

omplete

ase). The losses

lasses: work (whi h is, of

ourse, the intended output of the engine), FMEP, BMEP, PMEP, exhaust, fuel
and other.

FMEP, the indi ated fri tion, is dened as the dieren e between

the thermodynami
thermodynami

work and BMEP, and thus represents how e iently the

work is

onverted into me hani al work.

PMEP is the work

needed to pump the gas. The exhaust losses are simply dened as the dieren e
in heat of the gas entering and leaving the engine. There is also
asso iated with the exhaust emissions, where hydro arbon and

hemi al energy
arbon monoxide

leaving with the exhaust gases represent losses, these are simply represented as
fuel losses. Finally, other losses that

ould not be further

lassied for this study

are pooled as "other losses", in luding heat losses from the engine either via heat
losses through the

ylinder walls or head, and fri tion leading to heat within the

engine (some additional exhaust losses will also be found here sin e the exhaust
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ooled in the exhaust port). When the losses for the two types of

ombustion are

ompared it

ombustion than for SI

an be seen that all the losses are smaller for HCCI

ombustion,

i.e.

HCCI

ombustion is more e ient for

multiple reasons. The in reased intake air pressure redu es the pumping losses,
the redu ed exhaust gas temperature

ombined with similar mass ow (due to

the NVO for HCCI) leads to redu ed 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

Sfrag repla ements

FMEP

FMEP
PMEP

PMEP

Exhaust

Other

Fuel

Exhaust
Figure 5.41: Proportional
(left) and HCCI (right)

Fuel

ontributions of various kinds of losses of energy in SI

ombustion.

5.5.1 Evaluation
From table 5.6 it

an be seen that the thermodynami

from the two types of

work (IMEP) obtained

ombustion only diers marginally in

dieren e in energy of the supplied fuel. Thus, a
higher amount of thermodynami

omparison to the

ertain amount of fuel leads to a

work for the HCCI

ase. This

an also be seen

in gure 5.41 sin e the BMEP and FMEP areas are almost identi al for HCCI
and SI

ombustion, although

a. 25% less fuel was

ombusted for the HCCI

This dieren e will be further investigated here using the thermodynami

ase.

model

des ribed in Chapter 2.
Pressure tra es for the
with SI and HCCI

ompression and expansion strokes observed in operation

ombustion

pressure tra es for SI and HCCI

an be seen in gure 5.42.

Both the measured

ould be repli ated with only minor dis repan-

ies using the simplied thermodynami

model. Here only the

ompression and

Pressure [bar℄
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Figure 5.42: Averaged pressure tra es (dashed lines) from 300
ylinders and

90

0
CAD

y les from six

al ulated (solid lines) pressure tra es for SI (a) and HCCI (b)

ombustion.

expansion are evaluated and the thermodynami
alled IMEP

gross

work a hieved in this period is

. In table 5.7 the input parameters used that led to a representa-

tion of the pressure tra es with only minor deviations from measured values, and
asso iated results
ping losses for SI

an be seen. When IMEP

gross

is

al ulated the greater pum-

ombustion (as seen in table 5.6 and gure 5.41) are apparent,

and due to the greater pumping loss a greater amount of thermodynami
is required during the
IMEP

gross

ompression and expansion.

work

However, the dieren e in

is around 14% and the dieren e in added fuel is around 25% between

SI and HCCI

ombustion, thus the lower pumping losses

the dieren e in thermodynami
to the greater thermodynami

an only partly explain

work, and there must be additional

ontributors

work.

Table 5.7: Cal ulated results and input parameters for the thermodynami
parison of SI and HCCI

om-

ombustion.

Parameter
SI
HCCI
IMEPgross
3.29 bar 2.88 bar
Added fuel
526 J
418 J
Estimated in ylinder mass 0.173 g 0.268 g
Intake air pressure
45 kPa 97 kPa
Combustion duration
40 CAD 10 CAD

To evaluate how the dierent parameters inuen e the thermodynami
the HCCI

ase as in gure 5.42(b), whi h was tuned to a real

work,

ase, was used
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but with dierent parameters for

ombustion duration, the gas

in- ylinder mass with asso iated intake air pressure.
tra es and asso iated IMEP

gross

The

RESULTS

onstant and

al ulated pressure

values obtained with the dierent parameters

an be seen in gure 5.43. The solid line with the highest IMEP

gross

value was

obtained using the same parameters as in gure 5.42(b) and represents pure
HCCI

ombustion, whi h is here

alled the base

ase (A). SI

ombustion showed

a longer ombustion duration and the dotted bla k line represents the base SI
PSfrag repla ements
s enario, but with a ombustion duration of 40 CAD instead of 10 CAD the longer
ombustion duration has adverse ee ts on thermodynami

work ( ompare A and

B in gure 5.43(b)).
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B Duration PSfrag
C Gas onstant
D Mass/pressure

3

repla ements
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Figure 5.43: Cal ulated pressure tra es and IMEPgross values for HCCI

ombus-

tion with variations of the indi ated parameters.
In equation 2.18 the inuen e of the gas
the thermodynami
the HCCI

onstant of the pumped medium on

work is highlighted, and sin e trapped residuals are used in

ase the gas

onstant diers slightly

ompared to the SI

ase.

This

ee t is indi ated by the dashed line, whi h was obtained when the duration
was prolonged and the gas
dieren e in gas

onstant was

hanged.

onstants between the two

slight de rease in thermodynami

ases, but it leads to an additional

work (see

ase C in gure 5.43(b)).

be seen in equation 2.16, and mentioned in earlier
start of

There is only a marginal
As

an

hapter, the pressure at the

ompression will inuen e the thermodynami

work, but if the mass

is proportional to the pressure then the pressure will have no inuen e in this
ontext.

For the

ase with NVO the trapped hot residuals

valve timings leads to high pressure prior to

ombined with the

ompression, but the in- ylinder

mass is not dire tly proportional to the pressure, whi h may be advantageous
from a thermodynami

perspe tive. To evaluate how mu h less thermodynami

5.5.
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work is a hieved due to the greatly (less than half ) redu ed pressure (in addition
to the ee t on pumping work) and slightly (around 35% less) redu ed in- ylinder
mass in SI
the long

ombustion, this lower pressure and mass is used (in addition to

ombustion duration and

hanged gas

onstant) in the thermodynami

model. The ee ts are indi ated by the solid line with the lowest peak pressure
in gure 5.43(a), and the asso iated thermodynami

work in gure 5.43(b) for

ase D. It should be noted that this simplied model does not take into a
any

hanges in heat losses between the

ount

ases, and there will most likely be a

great dieren e in heat loss between them and the base

ase, whi h was tuned

to experimental data. This will lead to a less steep redu tion than the drasti
de line in thermodynami

work shown in gure 5.43(b) for real measurements. It

should also be noted that the intention for this se tion is not to exa tly des ribe
all losses with perfe t pre ision, but merely to highlight other fa tors, beside
the pump losses, that

ontribute to the signi antly in reased thermodynami

e ien y of the HCCI mode.

5.5.2 Dis ussion - losses
The greater e ien y of HCCI using NVO is not due to merely redu ed pump
losses, whi h play a

onsiderable role, but most types of other losses are also

redu ed. For instan e, the redu ed exhaust gas temperature leads to redu ed heat
losses in the exhaust gases.
work is obtained from HCCI
SI

Furthermore, a greater amount of thermodynami
ombustion for a given amount of fuel

ombustion. This is partly due to the higher pump losses for SI

and partly to the redu ed

ompared to
ombustion

ombustion duration. However, the trapped residuals

have multiple ee ts sin e they inuen e the gas
besides allowing the pressure prior to

onstant of the pumped medium

ombustion to be high relative to the in-

ylinder mass, whi h has a positive ee t on the thermodynami

work.

116

CHAPTER 5.

RESULTS

Chapter 6
Con lusions
There is an urgent need to redu e the CO

2

emissions of passenger

ars to meet

future emission requirements, espe ially for vehi les with SI engines.
be done by using HCCI

ombustion for part load operation, sin e HCCI

tion has higher e ien y than SI

This

ombus-

ombustion and the standardized drive

utilize mainly part load operation. HCCI

an

y les

an be a hieved in SI engines by trap-

ping residuals (NVO), however when using this method there is a low load and
speed threshold, below whi h HCCI
on ept of

ombustion is not possible. The proposed

ombining initial ame propagation through a stratied

subsequent HCCI

ombustion, aims to provide

su h a manner that HCCI
The fundamentals of the

ombustion

ontrol over HCCI

ombustion in

ur in this region.

on ept have been opti ally veried by lo al air equi-

valen e ratio measurements
pressure measurements,

an o

i.e.

ombined with

hemilumines en e and

the results show that it is possible to

onventional

ombine initial

ame propagation through a stratied harge with subsequent HCCI
When this

harge with

ombustion.

ontrol method was used it was found that the minimum load pos-

sible for HCCI

X

ould be redu ed, while maintaining e ien y and similar NO

emissions to those of

onventional HCCI

ombustion.

Charge strati ation was found to be important in many respe ts, it not only
supplied a ri her region in the vi inity of the sparkplug (whi h was required for
the initial ame propagation), but also indu ed air motions and generated regions
that were more prone to HCCI

ombustion. Charge strati ation without any

ame propagation was also found to bene ially inuen e parameters that restri t
HCCI operation at its upper load limit.
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ontrol methods for HCCI using NVO by pilot inje tion have been eva-

luated. Heat-generating rea tions during the NVO

aused by the pilot inje tion

have been dete ted and mapped experimentally by both

onventional and opti al

measurements. It was found that the ee ts of pilot inje tions on these rea tions
are a key fa tor in the overall ee ts of pilot inje tions (and hen e the potential
to

ontrol HCCI

The

ombustion using them).

ontrol methods developed will

2

ontribute to redu ing the CO

emissions of

a vehi le, sin e extending the operational range of HCCI will allow more time to
be spent in more e ient

ombustion modes during drive

y le operation.

Chapter 7
Summary of papers
Paper I
Spark Assisted HCCI Combustion Using a Stratied Hydrogen Charge
by Andreas William Berntsson and Ingemar Denbratt
This paper des ribes initial experiments exploring the
pagation through a stratied harge

The obje tive was to investigate this hybrid
HCCI

ombustion of n-heptane and SI

was to initiate HCCI

on ept of initial ame pro-

ombined with subsequent HCCI
on ept, based on a

ombustion.

ombination of

ombustion of hydrogen. The basi

idea

ombustion with a spark-ignited stratied lean hydrogen

mixture.
Photographs of OH

hemilumines en e from the

the intention to verify that the
ombustion followed by HCCI

ombustion were taken with

ombustion sequen e

ombustion, in the same

onsisted of ame front
y le. Chemilumines en e

images showed an expanding ame front initiated by the spark plug prior to
the HCCI

ombustion.

ontrolling the

The hybrid

ombustion

on ept gave greater s ope for

ombustion than the pure HCCI

on ept.

X

In this initial study it was assumed that low NO
if hydrogen was used for the stratied

levels would only be possible

harge, sin e the wide ammability limits

of hydrogen would allow a ame to propagate despite very lean
119

onditions and
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ould be used to keep the ame temperature low.

The paper was presented by the author at ICE2005, the 7th International Conferen e on Engines for Automobile in Capri, Italy, September 11-16, 2005.
author was the main author and

The

arried out the experiments, analyzed and post-

pro essed the data, wrote the post-pro essing s ripts and wrote the paper.

Paper II
HCCI Combustion Using a Spark Ignited Stratied Charge
by Andreas William Berntsson and Ingemar Denbratt
This paper des ribes the se ond (published) step in experimental investigations
of the

on ept of initial ame propagation through a stratied

with subsequent HCCI

harge.

ombination of SI and HCCI

in a metalli

ombined

ombustion. In these studies both hydrogen and the main

fuel were used for the stratied
The

harge

ombustion in the same

y le was investigated

engine rather than the opti al engine used in the initial tests. Both

hydrogen and a mixture of iso-o tane and n-heptane were used as fuels for the
strati ation
ontrol of

harge. The hybrid

ombustion

ombustion timing and the CA50

on ept was found to give better
ould be

ontrolled by varying the

inje tion timing and strati ation amount.

X

The studies indi ated that there was potential s ope to a hieve low NO

opera-

tion, even when the same fuel was used for the stratied and the main

harge.

This would naturally pla e less demands on the fueling system, thus the fo us in
the proje t was shifted towards using the same fuel for the stratied
the main

harge in further investigations of the

harge and

on ept.

The paper was presented by the author at the 2006 JSAE Annual Congress, Yokohama, Japan, May 24-26, 2006. The author was the main author and

arried out

the experiments, analyzed and post-pro essed the data, wrote the post-pro essing
s ripts and wrote the paper.
During the experimental period (2005), the author noted some other interesting
phenomena in addition to the

ombination of SI and HCCI. In some

harge strati ation itself appeared to ae t the

ases the

ombustion, even without spark-
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assistan e. At the time of the experiments the author was not aware of the work
in a similar eld [38℄. Although the intention during the experimental period was
to investigate the
ombustion

ombination of SI and HCCI

ombustion, this "new" way of

ontrol warranted further attention. Experiments were

ondu ted in

parallel with the main experiments and the data a quired were analyzed after
the data related to the initial idea were analyzed, then presented in the following
paper.

Paper III
HCCI Combustion Using Charge Strati ation for Combustion Control
by Andreas William Berntsson and Ingemar Denbratt
This work do umented the trends seen in addition to those related to the main
fo i in the previous measurements, regarding the ee ts of

per se on

harge strati ation

ombustion phasing, the rate of heat release and emissions during HCCI

ombustion. Experiments were

arried out in both opti al and traditional single-

ylinder engines and PRF50 was used as both strati ation and main fuel.
It was found that a stratied

harge alone

an inuen e the

ombustion.

reasing the strati ation amount or late inje tion timing of the stratied

In-

harge

leads to an advan ed CA50 timing. The opti al results, obtained using a high
speed CCD

amera, showed that an in rease in strati ation leads to prolonged

ombustion and the maximum rate of heat release depends on the strati ation
amount - a larger amount gives a lower rate of heat release but the main heat release is advan ed. Varying the inje tion timing results in variations in the phasing
of the main heat releases.
The initial idea fo uses on a hieving ontrol of HCCI

ombustion espe ially for the

low load region. However, this approa h also displays features that are suitable
for the high load region, sin e too high rates of
boundary. So, the

ombustion are problemati at this

on ept des ribed in this paper

ould potentially be used to

in rease the HCCI operational range towards higher loads. This method was only
briey further investigated in this proje t, but was more thoroughly addressed in
another proje t.

122

CHAPTER 7.

SUMMARY OF PAPERS

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

arried out the

experiments, analyzed and post-pro essed the data, wrote the post-pro essing
s ripts and wrote the paper.

Paper IV
Opti al study of HCCI Combustion using NVO and an SI
Stratied Charge
by Andreas William Berntsson and Ingemar Denbratt
This was the rst arti le des ribing experiments in whi h the author used LASERbased measurement te hniques to investigate the
was again on

ombining SI

ombustion of a stratied

tion. For these measurements the author
Volvo Cars, and the experiments were
low lift short duration

ombustion pro esses. The fo us
harge and HCCI

ombus-

ollaborated with Lu ien Koopmans at

arried out on Volvo engine geometry using

amshafts, to gain knowledge regarding HCCI

ombustion

in SI engine-relevant geometry. The ee ts of using the proposed idea on HCCI
ombustion were investigated in engine experiments to identify ways to extend
the operational range of HCCI

ombustion to lower loads.

For these experiments a piezo ele tri

outward-opening inje tor was used and

the engine was operated with negative valve overlap (NVO) to initiate HCCI
ombustion by in reasing the exhaust gas re ir ulation (EGR) and thus retaining
su ient thermal energy to rea h auto-ignition temperatures.
The paper des ribes two series of experiments with full fa torial designs, to investigate how the tested parameters (amounts of fuel inje ted in pilot inje tions and
main inje tions, strati ation inje tion timing and spark-assistan e) inuen ed
the

ombustion (whi h is espe ially important sin e the proposed idea in reases

the number of inuential variables).
In the opti al study laser-indu ed uores en e (LIF), from 3-pentanone was measured, to analyze the

on entration and distribution of fuel vapor within the

ylinder and to establish the
by

on entrations in absolute terms for stratied

alibration with homogenous

ases

ases. In addition, formaldehyde was measured

by using LIF to lo ate the low temperature rea tions. Due to the simpli ity of
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addition, the

hemilumines en e signals from OH radi als were also measured to

lo ate the ame front and rea tion zone.
The inje tion and ignition timing of the SI stratied
the main parameters inuen ing the HCCI

harge were found to be

X

ombustion phasing, and the NO

emissions were found to be signi antly ae ted by the use of a SI stratied
harge, and its inje tion timing. When
harge with HCCI

ombining SI

be in reased to lower loads, with very low NO
stratied

ombustion of a stratied

ombustion the operational range of HCCI

X emissions.

ombustion

The basi

ould

idea that a

harge should be present and that the ame should propagate through

it was opti ally veried.
The paper was presented by the author at ICE2007, the 8th International Conferen e on Engines for Automobile in Capri, Italy, September 16-20, 2007.
author was the main author and

The

arried out the experiments, set up the equip-

ment, analyzed and post-pro essed the data, wrote the post-pro essing s ripts
and wrote the paper.
Sin e it was a simple addition all measurements te hniques were used throughout
whole revolutions, even during the NVO. The rea tions o

urring during the NVO

were naturally interesting and the main hypothesis was that the pilot inje tion
during the NVO mainly led to radi al formation and, presumably, not to any high
temperature rea tions.

However, the

hemilumines en e of OH was measured

during the NVO anyway sin e the author wished to see if any high temperature
rea tions did o

ur, and this

ould be done with only a limited amount of work

for the setup. During the NVO impli it indi ations of high temperature rea tions
(signs of

hemilumines en e of OH) were observed. This triggered some further

investigation of the rea tions o

urring 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 Denbratt
This paper presented

ontinuations of the previous work by the author indi ating
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ur during the NVO. However, these previous

indi ations of high temperature rea tions were based on
surements, whi h
and

hemilumines en e mea-

ompared to LIF measurements require long exposure times

an be misleading sin e other rea tions with similar emission spe tra may

ontribute to the signals. To limit this ee t and more rigorously examine the
rea tions LIF of OH was measured. Sin e OH radi als are asso iated with high
temperature rea tions, OH radi als dete ted during the negative valve overlap
strongly indi ated that high temperature rea tions did o

ur in the highly dilu-

ted environment of the trapped exhaust gases during the NVO. Rea tions were
identied 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 exe uted under the assumption that the threshold for dete tion by the pressure transdu er would be too high to register the rea tions
o

urring during the NVO, however indi ations of rea tions

ould be noted by

pressure tra e analysis and heat-generating rea tions were observed during 40
CAD by pressure tra e analysis.
The paper was presented by the author at INSA SIA The Spark Ignition Engine
of the Future Conferen e - Te hnologies to meet the CO

2

hallenge in Strasbourg,

Fran e, November 28-29, 2007. The author and Mats Andersson

arried out the

opti al engine experiments and arranged the opti al setup. The author was the
main author and was responsible for setting up the opti al engine. Daniel Dahl
arried out the multi- ylinder experiments. The analysis and post-pro essing of
all the data and writing the post-pro essing s ripts was the author's responsibility.
Mats Andersson was responsible for

hoosing the ex itation wavelength and the

simulation in LIFBASE. The paper was written by the author, apart from the
se tion des ribing the experimental setup for OH, whi h was written by Mats
Andersson.
The indi ations of heat-generating rea tions observed in both opti al experiments
and

onventional pressure tra e analysis prompted the authors to further inves-

tigate this phenomenon, and a quired 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 Sparkassisted HCCI Combustion Engine
by Andreas William Berntsson, Mats Andersson, Daniel Dahl and Ingemar Denbratt
In this study, the rea tions during the NVO were further investigated. One of the
ru ial parameters to

ontrol in HCCI

ombustion is the

ombustion phasing, and

one way of doing this is to vary the ratio of fuel inje ted in pilot and main inje tions. However, the fundamental reason for this was not

ompletely understood

so this study was intended to in rease our understanding of the me hanism whereby this ratio ae ts

ombustion phasing (and hen e provides opportunities to

ontrol it), by studying the rea tions that o

ur in the highly diluted environment

during the NVO when the load and pilot to main inje tion ratio is varied.
As in the previous study (Paper V), PLIF from OH radi als was analyzed in
a series of experiments with an opti al single- ylinder engine and a series of
experiments was also performed using a multi- ylinder engine with varied NVO
timings, to verify that similar ee ts o

urred in a multi- ylinder engine using

gasoline and in the opti al engine using PRF. Data a quired from
opti al analysis showed the o

orresponding

urren e of OH radi als (and thus high temperature

rea tions) during the NVO in all tested operating

onditions. The results also

indi ated that the extent of the high temperature rea tions was inuen ed by
both varied parameters (total fuel amount and the pilot to main inje tion ratio),
sin e de reasing the relative amount of the pilot inje tion and/or in reasing the
total amount of fuel led to larger amounts of OH radi als. The
heat generated during the NVO
in the temperature during the

ontribution of

aused by the pilot inje tion led to in reases

ompression, and the

hanges in phasing

aused

by varying the pilot to main inje tion ratio were mainly due to the resulting
temperature

hanges during the

ompression.

The paper was presented by the author at the SAE World Congress in Detroit,
USA, April 14-17, 2008. The author and Mats Andersson
engine experiments and arranged the opti al setup.

arried out the opti al

The author was the main

author and was responsible for setting up the opti al engine. Daniel Dahl

ar-

ried out the multi- ylinder experiments. The analysis and post-pro essing of all
the data and writing the post-pro essing s ripts was the author's responsibility.
Mats Andersson was responsible for

hoosing the ex itation wavelength and the
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simulation in LIFBASE. The paper was written by the author, apart from the
se tion des ribing the experimental setup for OH, whi h was written by Mats
Andersson.

Paper VII
Redu ing Pressure Flu tuations at High Loads by Means of
Charge Strati ation in HCCI Combustion with Negative
Valve Overlap
by Daniel Dahl, Mats Andersson, Andreas William Berntsson, Ingemar Denbratt
and Lu ien Koopmans
This paper further investigates the te hnique that was explored by the author in
Paper III in another proje t. The te hnique des ribed in Paper III has features
that are suitable for high load while the fo us of the author's proje t was on low
load. Thus, this te hnique was further investigated in another proje t.
One

onstraint at high loads is that the

ombustion be omes too rapid, leading

to ex essive pressure-rise rates and large pressure u tuations (ringing),

ausing

noise. SCCI (Stratied Charge Compression Ignition) was used to address these
issues. The approa h was evaluated in tests with a single- ylinder metal resear h
engine and a single- ylinder opti al engine. The latter was used to hara terize the
ombustion in laser-based analyses in luding LIF determinations of fuel tra er,

2

OH and CH O (formaldehyde) distributions. A high speed
for dire t imaging of

amera was also used

hemilumines en e.

The ee ts of two main parameters were studied: the proportion of fuel inje ted
late to

reate a stratied

two fuels were used: a

harge and the timing of the late inje tion. In addition,
erti ation gasoline fuel and a blend of n-heptane, iso-

o tane and 3-pentanone. Both fuels were used in the metal engine for
Use of a stratied

omparison.

harge allowed the maximum pressure-rise rates and ringing

X

intensity to be redu ed at the expense of in reases in NO

and CO emissions,

regardless of fuel type. Opti al results indi ated that both the fuel distribution
and

ombustion were not homogenous.

The author was a

o-author of this paper whi h was presented by Daniel Dahl

at the SAE 2009 International Powertrains, Fuels and Lubri ants Meeting in
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Floren e, Italy, June 15-17, 2009. The author and Mats Andersson arranged the
opti al setup, whi h was set up for the measurements reported in Paper VIII
and the same setup with small modi ations performed by Mats Andersson and
Daniel Dahl was used for the experiments des ribed in this paper. The author
was also responsible for setting up the opti al engine and

ontributed by writing

post-pro essing s ripts.

Paper VIII
Simultaneous LIF of OH, HCHO, PIV and High Speed Video
Imaging ombined with Fuel Tra er LIF Measurements in a
HCCI engine using Charge Strati ation 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

ampaign in this proje t and the intention was to extend knowledge

from previous studies regarding the
stratied

ombination of SI

harge and subsequent HCCI

ombustion through a

ombustion. The experimental setup and

pro edure designed to do this were established over an extended period by the
author and Mats Andersson, and the measurements reported in this paper were
a tually

arried out prior to those presented in Paper VII, but published later.

The author

ame to the

simultaneously at a

on lusion that if some parameters

ertain time in one

y le and

ould be measured

omplemented by high speed

video images prior to and after that time then this would be of great interest and
provide knowledge that was

omplementary to information obtained in previous

studies.
So, the on ept of ombining harge strati ation and spark-assistan e with HCCI
to a hieve a lower minimum load was again the fo us, espe ially in this study the
phenomena o

urring near TDC. Several opti al te hniques were applied simul-

taneously in experiments with an opti al engine, in luding LIF of OH, HCHO,
PIV and High Speed Video imaging,

ombined with LIF measurements of the

fuel tra er 3-pentanone together with

onventional

ylinder pressure and emis-

sion measurements. This pro edure was applied to limit any misleading trends
aused by averaging measurements a quired in dierent periods.
propagation is highly sto hasti

and HCCI

pro edure provided greater knowledge.

Sin e ame

ombustion is highly sensitive, this
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ould yet again be drawn, that the minimum low load limit

ould be redu ed by using the proposed

on ept. It was found that the

harge

strati ation, in addition to enri hing the region near the sparkplug, indu ed air
motions that enhan ed the initial ame propagation and supplied a region with
onditions more suitable for HCCI

ombustion, thus promoting the transition

from ame propagation to HCCI. Hen e, the proposed

on ept inuen es the

onditions in more ways than merely providing a dierent thermal environment
aused by the ame propagation.
The author was the main author for this paper whi h have been submitted for
publi ation. The author and Mats Andersson

arried out the opti al engine ex-

periments and arranged the opti al setup. The author was responsible for setting
up the opti al engine. The analysis and post-pro essing of all the data and writing the post-pro essing s ripts was the author's responsibility. Mats Andersson
was responsible for hoosing the ex itation wavelength and the simulation in LIFBASE. The paper was written by the author, apart from the se tion des ribing
the experimental setup for OH, whi h 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 SI 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 SI 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

heat more rapidly than flame front combustion. In the
ideal cycle for an SI 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 SI 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
SI 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.

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 µs 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.

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.
Figure 2 Schematic camera setup.
Table 1 Engine parameters.
Bore

83 mm

Stroke

90 mm

Swept volume

487 cm3

Compression ratio

10.6:1

Conrod length

139.5 mm

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=H2O+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, nheptane 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.

-50

CAD

0

50

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 using 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.
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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

METAL ENGINE

Gaseous fuel

Hydrogen 880 J/s

The quartz window in the piston was replaced with a
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
run with higher cylinder pressure and continuously. The
knock sensitivity of the engine was dramatically
decreased with the metallic piston.

Lambda

2.2

IMEP

3.2 bar

Intake air temperature

85 ºC

Figure 5 Schematic sketch of the modified cylinder head.
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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.

In the grey region 600 J/s of hydrogen is used and in the
white region 1200 J/s is used.

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 14
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.

Figure 8 Operating range for 70 ºC 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.

Figure 9 Operating range for 80 ºC 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.

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

Liquid fuel

n-heptane 1700 to 7400 J/s

Gaseous fuel

hydrogen 0, 600 or 1200 J/s

Intake air
temperature

60, 70 or 80 ºC
5
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CA50
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.

20

n-heptane 100, 95, 90 or 85 %

Engine speed

600, 700 and 800 rpm

Intake air temperature

60, 70 and 80 ºC

CA50 [CAD]

70C

5

-5
0

5

Hydrogen [%]

10

15

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.
20
60C

15

70C

10
80C

5
0

hydrogen 0, 5, 10 or 15 %

Liquid fuel

10

0

Table 4 Parameters used in CA50 study.
Gaseous fuel

60C

15

CA50 [CAD]

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.

-5
0

5

Hydrogen [%]

10

15

Figure 11 The CA50 at different proportions of hydrogen.
Engine speed 700 rpm and indicated output 0.9 kW.
20

CA50 [CAD]

15

60C

10
70C

5

80C

0
-5
0

5

Hydrogen [%]

10

15

Figure 12 The CA50 at different proportions of hydrogen.
Engine speed 800 rpm and indicated output 1 kW.
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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
SI 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 SI combustion of a stratified hydrogen
charge.
An SI stratified hydrogen charge can be used to
enhance the operating range of HCCI combustion of nheptane. 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 CA50 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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WOT: Wide Open Throttle.
HC: Hydro Carbon.
SI: Spark Ignition.
NOx: 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
CA50 could be controlled by varying the injection timing and stratification amount.
Keywords: HCCI, Spark Assisted, Fuel Stratification
1. INTRODUCTION

stratified charge of either hydrogen or the same fuel as for the HCCI

Increasingly strict requirements to reduce exhaust emissions and

combustion. The scope for improving combustion phasing control

fuel consumption are prompting the development of more advanced

by using the combined combustion approach, and it’s effects on

combustion concepts. One promising concept is Homogeneous

NOX and HC emissions, were evaluated.

Charge Compression Ignition, HCCI. In an HCCI engine the
combustion is controlled by chemical kinetics [1], and heat is

2. EXPERIMENTAL APPARATUS

released more rapidly than in normal flame front combustion. In the

A single-cylinder research engine was used for this study, with a

ideal air standard SI cycle the combustion occurs at constant volume

displaced volume corresponding to that of a typical passenger car

and this cycle is therefore the most efficient of the ideal cycles [2].

engine. The main parameters of the engine are presented in Table 1,

The rapid heat release of HCCI combustion and its ability to burn

and a schematic diagram of its layout, in Figure 1. A primary

lean mixtures, thereby reducing pump, exhaust and cooling losses

reference fuel, PRF, consisting of a mixture of 50 %vol n-heptane and

due to less throttled operation results in greatly improved efficiency

50 %vol iso-octane was used as the main fuel for the homogenous

compared to SI combustion [3]. HCCI combustion gives low NOX

mixture. This fuel and hydrogen were also used as fuels for the

and PM emissions [4] as a result of the lean homogenous mixture.

stratified charge.

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
1) Chalmers University of Technology - E-mail; andreas.berntsson@chalmers.se
2) Chalmers University of Technology - E-mail; denbratt@chalmers.se

Fig. 1 Schematic diagram of the engine layout.

were used as well as HCCI combustion without any stratification.

Table 1 Engine parameters
Bore

83 mm

Stroke

90 mm

The dwell time between the end of injection (EOI) and spark timing
(IGN) was kept constant at 10 CAD.
3

Swept volume

487 cm

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,

Table 2 Operating conditions used to assess the effects of varying
the amounts of stratification fuel (PRF).
Injection timing
IMEP
λ
Intake air pressure
Engine speed
Stratification amount
Main fuel
Dwell time (EOI-IGN)
Intake air temperature
Air assist amount

-60 CAD
4 bar
2.35 (overall)
87 kPa
1200 rpm
0 450 900 1350 J/s
4750 4300 3850 3100 J/s
10 CAD
100˚C
Case 1
1.4 lN/min
Case 2
2.1 lN/min
Case 3
2.8 lN/min

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

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.

10
8

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.

190

Case 1
Case 2
Case 3

60
40
20

0
0
450 900 1350
Stratification Fuel flow [J/s]

1600
1400
1200

NOX [ppm]

An inlet heater was used to increase the inlet air temperature. The

200

1800

6
4

2.2 Inlet heater

210

HC [ppm]

was operated in a more conventional manner, using air as assisting

CA50 [CAD ATDC]

700 kPa. When PRF was used as the stratification fuel the injector

ISFC [g/kWh]

12

pressurized hydrogen. The pressure of the hydrogen was kept at

1000
800
0 450 900 1350
Stratification Fuel flow [J/s]

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

Fig. 2 CA50, ISFC and emissions obtained with different amounts
of PRF as stratification fuel. Dotted lines indicate to emissions.

which one of the exhaust valves had been removed and replaced by
a spark plug. The injector was mounted vertically at the original

Under these conditions, the phasing of the combustion timing can

location of the spark plug. The protrusion of the sparkplug was

be advanced by increasing the amount of stratification fuel up to, but

adjustable, and after initial adjustments its position was kept constant

not beyond, 900 J/s. Further increases may fail to yield further

for all measurements.

advances in phasing because only a fraction of the additional
stratification fuel is consumed by the propagating flame, and the rest

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

is combusted in HCCI mode after auto-ignition.

Table 3 Operating conditions used for assessing the effects of

Average HR [J]

400

varying injection timing, using PRF as the stratification fuel.

300

Injection timing

-80 -70 -60 -50 CAD

IMEP

4 bar

200

λ

2.35 (overall)

Intake air pressure

Case 1-2
Case 3-4
Case 1-2
Case 3-4
Case 1-2
Case 3-4
Case 1-2
Case 3-4
Case 1
Case 2
Case 3
Case 4
Case 1-2
Case 3-4

100
0
-40

Engine speed
-30

-20
CAD

-10

0

Stratification amount
Main Fuel

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

Dwell time (EOI-IGN)

to stratification fuel flows of 900 J/s and 1350 J/s respectively.
As the heat release curves in Figure 3 show, increasing the

Intake air temperature

stratification charge from 900 to 1350 J/s results in little or no

84 kPa
90 kPa
1000 rpm
1200 rpm
360 J/s
450 J/s
3500 J/s
4200 J/s
5 CAD
10 CAD
15 CAD
20 CAD
87˚C
97˚C

additional heat release during the early stages of the combustion.
Thus, the additional stratification fuel is not combusted in an SI

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.

10
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210
200
190
180

Case 1
Case 2
Case 3
Case 4

6

1600

60

1400

HC [ppm]

appeared to give the lowest NOX emissions. The NOX emissions in

ISFC [g/kWh]

emissions tend to rise. Case 3, with the highest air-assisted flow,

12

40

NOX [ppm]

As shown in Figure 2, as CA50 phasing is advanced NOX

CA50 [CAD ATDC]

mode during the early stages of combustion.

20

0
-80
-60
Injection timing [CAD]

1200
1000
-80
-60
Injection timing [CAD]

Fig. 4 CA50, ISFC and emissions obtained with different injection
timings of the stratified charge using PRF as stratification fuel.
Dotted lines indicate emissions.

The effects of varying injection timing were studied at four
different operating conditions: two different engine speeds and two

A general effect of retarding the injection of the stratified charge

different dwell times for each speed. The dwell time was constant

is that the CA50 timing advances. The combustion phasing depends

for each case, i.e. when the injection timing was changed the ignition

mainly on the injection timing and minor variations of spark timing

timing was adjusted accordingly.

(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 CA50 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

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

12

ISFC [g/kWh]

ATDC injection timing. This might be explained by that for a low

CA50 [CAD ATDC]

increases in fuel consumption were observed with the -70 CAD

10

timing is phased closer to TDC and the efficiency is restored.

190

NOX [ppm]

40

Generally, the HC emissions follow the trend noted above, i.e.

20

early combustion leads to more complete combustion, probably due

Lower amounts of energy were supplied in the stratified charge

200

60

is slightly reduced due to heat losses, but after -70 CAD the CA50

3.2. Hydrogen

210

Case 1
Case 2
Case 3

8

later injections, premixed combustion occurs and thermal efficiency

to less quenching.

220

0
420560700
H2 flow [J/s]

1600
1400

HC [ppm]

conversion efficiency for cases 3 and 4, but for cases 1 and 2 slight

1200
1000
800
420560700
H2 flow [J/s]

when hydrogen was used as the stratification fuel, since low

Fig. 5 CA50, ISFC and emissions obtained using different amounts

amounts of hydrogen would be used if it was produced on-board the

of hydrogen as stratification fuel. Dotted lines indicate emissions.

vehicle (by fuel reformation). The effect of varying the amount of
hydrogen used as fuel for the stratified charge can be seen in

In Figure 5 it can be seen that increasing the amount of hydrogen

Figure 5. The operating conditions for the study can be found in

supplied as stratification fuel advances the phasing of the CA50

Table 4.

timing. However for the operating conditions in cases 2 and 3, the
use of PRF as stratification fuel had a greater impact on CA50

Table 4 Operating conditions used for the study of different amounts

timing for an equal NOX increase, compare Figure 2. If hydrogen’s

of stratification with Hydrogen as stratification fuel.

very wide flammability limits are not used to combust a very lean

Injection timing
IMEP
λ
Intake air pressure
Engine speed
Stratification amount
Main Fuel
Dwell time (EOI-IGN)
Intake air temperature

-50 CAD
Case 1
4.1 bar
Case 2-3 4.2 bar
Case 1
2.4
Case 2-3 2.1
Case 1
85 kPa
Case 2-3 96 kPa
Case 1
1000 rpm
Case 2-3 1200 rpm
0 420 560 700 J/s
Case 1-2 4200 J/s
Case 3-4 5000 J/s
Case 1,3 2 CAD
Case 2
5 CAD
Case 1
80˚C
Case 2-3 96˚C

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
IMEP
λ
Intake air pressure
Engine speed
Stratification amount

-70 -65 -55 -50 CAD
4.1 bar
2.4 (overall)
85 kPa
1000 rpm
Case 1-2 420 J/s
Case 3
560 J/s
4200 J/s
Case 1
0 CAD
Case 2-3 2 CAD
80˚C

Main fuel
Dwell time (EOI-IGN)

12

ISFC [g/kWh]

CA50 [CAD ATDC]

Intake air temperature

10
8

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 CA50 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 CA50 timing could be advanced without any increase in

220

fuel consumption.

210

(3) By optimizing the injection timing a further 4 CAD

200

advancement of the CA50 timing could be obtained with a

190

(4) When hydrogen was used as the stratification fuel the CA50

1400
HC [ppm]

1200

20

1000
800
-70
-50
Injection timing [CAD]

Fig. 6 CA50, 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 NOX increases. The CA50 timing can
be advanced by about 2 CAD without any detectable NOX 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 CA50 timing, i.e. early combustion
leads to more complete combustion.

hydrogen that were tested here (equivalent to 13 % of the

1600

40

NOX [ppm]

NOx penalty of 20 ppm.
timing could be advanced 4 CAD with the amounts of

Case 1
Case 2
Case 3

0
-70
-50
Injection timing [CAD]

4. CONCLUSION
A hybrid combustion concept, combining SI and HCCI combustion,

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 NOX 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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EOI: End Of Injection.
IGN: Ignition.

ISFC: Indicated Specific Fuel Consumption.
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ABSTRACT

INTRODUCTION

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.

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. Cycle-to-cycle variations are also minor
because the combustion occurs in a distributed fashion
at many places simultaneously [5].

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 NOX 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.

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]. Cylinderto-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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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 Sjöberg 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
NOX 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
Stroke
Swept volume
Compression ratio
Conrod length
IVO
IVC
EVO
EVC

83 mm
90 mm
487 cm3
10.6:1 conventional
8:1 optical
139.5 mm
10 CAD BTDC
40 CAD ABDC
40 CAD BBDC
10 CAD ATDC

15

10
Cyl P [bar]

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.

5

Conventional
Optical

0
-60

-40

-20
CAD

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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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.

Figure 3 Schematic sketch of the engine layout.
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 µs 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 millimeter. Each frame
corresponds to one CAD.

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.

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 %vol 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

Table 2 Operating condition used for the study in which
the stratification fuel amount was varied.
Engine speed
IMEP
Injection timing
stratification(EOI)
Inlet air
temperature
Total fuel amount
Intake pressure
Stratification amount
Ǌ

1000 rpm
4.1 Bar
-70,-60,-50 CAD conventional
-50 CAD optical
75 °C conventional
175 °C optical
87 mg/s
95 kPa
0 – 20 mg/s
2.75 conventional
2.5 optical
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EOI -50
EOI -60
EOI -70
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5
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15
Stratification fuel amount [mg/s]

10
0
-20
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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 CA50 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 - 50 CAD. 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 low
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.

-10

0
CAD

10

20

Figure 5 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EOI) of
the stratified charge of EOI -50 CAD.

80
70

0 mg/s
10 mg/s
20 mg/s

60
RoHR [J/CAD]

CA50 [CAD ATDC]

8

0 mg/s
10 mg/s
20 mg/s

50
40
30
20
10
0
-20

-10

0
CAD

10

20

Figure 6 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EOI) 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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1
0

40

Ringing intensity dP/dCAD [Bar/CAD]

80

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].

Standard deviation of CA50 [CAD]

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 EOI 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.

10
20
0
10
Stratification fuel amount [mg/s]

20

30
Figure 8 Standard deviations of CA50 and ringing
intensity for different injection timings and stratification
amounts.

20
10
0
-20

-10

0
CAD

10

20

Figure 7 Rate of Heat Release traces for three different
amounts of stratification with an injection timing (EOI) 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.

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 CA50 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
EOI -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.
NOX 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 NOX 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.

CA50 [CAD ATDC]

120

CO [%vol]

1800

8
6
4
2
0

Conventional
Optical
0

5
10
15
Stratification fuel amount [mg/s]

20

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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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 selfstabilizing 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.

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
stratification was used.

when

10

mg/s

of

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 Ignition sequence
stratification was used.

when

20

mg/s

of
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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
the combustion is generally weaker near the cylinder
walls when charge stratification is introduced, which will
lead to increased quenching near the walls, as
previously discussed. However the advanced phasing
leads to the HC emissions is reduced and only the CO is
increased due to the leaner charge near the wall.
The location of the initial reaction, i.e. the stratified
regions, showed the strongest signal and continued to
give the strongest signal from ignition throughout the
complete main heat release. The temperature remained
stratified throughout the combustion under the operating
conditions used here, especially in the case with the
highest stratification.

Table 3 Operating conditions used for the injection
timing study.
Engine speed
IMEP
Injection timing (EOI)
Inlet air temperature
Total fuel amount
Stratification amount
Ǌ
Intake pressure

750, 1000 and 1250 rpm
3.2, 3.6 and 4.2 Bar
-90, to -50 CAD conventional
93, 88 and 80°C
52, 81 and 105 mg/s
10, 14 and 15 mg/s
3.1, 3.1 and 3
88, 95 and 98 kPa

10

VARIATION OF INJECTION TIMING

8
CA50 [CAD ATDC]

The effects on combustion phasing of varying the
injection timing (EOI), can be seen in figure 15.
Operating conditions used in these experiments are
presented in table 3. Events at three different engine
speeds with different loads were studied, only the
injection timing was varied for each speed. The amount
of stratification was kept constant for each engine
speed.

6

4

2

0
-90

750 rpm
1000 rpm
1250 rpm
-80
-70
-60
End of Injection [CAD]

-50

Figure 15 CA50 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.

50
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Figure 17 Rate of Heat Release traces obtained with an
engine speed of 1000 rpm and five different injection
timings.
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Figure 16 Rate of Heat Release traces obtained with an
engine speed of 750 rpm 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.

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 EOI 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 rpm and five different injection
timings.
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Figure 19 Emissions associated with different injection
timings. Squares corresponds to 750 rpm and 3.2 bar
IMEP, circles to 1000 rpm and 3.6 bar IMEP and stars to
1250 rpm 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 NOX
emissions. The HC emissions followed the CA50
phasing, i.e. advanced combustion led to lower
emissions since there was more time for oxidation and

Ringing intensity dP/dCAD [Bar/CAD]

40
Standard deviation of CA50 [CAD]

RoHR [J/CAD]

60

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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EOI -80
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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 selfstabilizing 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:
x
x

x

x

x

x
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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 NOX 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

x

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.
NOX: 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.

.

pV J

const , and

J

cp
cv

. Then the heat release can

be written

dQ
dT

J
dV
1
dp
p

V
J  1 dT J  1 dT

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 Ȗ
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 NOX levels will be equal in size as the measurement
accuracy, the trends for the NOX values is however
valid. For all measurements lean mixtures were used,
which in terms of measurement accuracy is non
favorable, accuracy +/- 0.5 % at Ǌ=1 and +/- 2 % at
Ǌ=1.6 but the values are good enough and the O2
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 combination 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 injector 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 temperatures.
Two series of experiments with full factorial designs
were performed, to investigate how the tested parameters (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 analyze the concentration and distribution of fuel vapor
within the cylinder. In addition third harmonic light
(355 nm) was used to study the concentration and distribution of formaldehyde in the cylinder, and chemiluminescence 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 influencing the HCCI combustion phasing. The NOX
emissions were found to be significantly affected by
the use of a SI stratified charge, and its injection timing.
The results show that use of an SI stratified charge
can extend the operational range of HCCI combustion

to lower loads by advancing combustion phasing. In
addition, use of NVO in combination with an SI stratified charge provides a useful, flexible means to control HCCI combustion.
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
yields 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 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 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].
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The ability to rapidly control combustion phasing is
especially important during transients.
There are numerous solutions to the challenges associated 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 temperature [14]. 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 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,
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 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]. However, Aroonisopon et al [25] stabilized the combustion at the lower load limit for HCCI combustion by using charge stratification and Sjöberg et al [26] used
stratification to achieve staged combustion, which
smoothed the rate of heat release and thereby enabled 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. Chemiluminescence images showed 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 [29].
The study presented here explores the effect of an
SI stratified charge on HCCI combustion initiated us-

ing NVO. The possibilities for improving combustion
phasing control by using an SI stratified charge, and
its effects on NOX and HC emissions and the rate of
heat release were studied in two full factorial experiments. The parameter study led to three different operating conditions that extended the HCCI operating
range to lower loads and combustion phenomena under these three conditions have been optically studied.
EXPERIMENTAL APPARATUS
ENGINE AND VALVE TRAIN
Experiments were carried out in a single-cylinder engine with optical access. Its displaced volume corresponds to that of a passenger car engine. For all
experiments a prototype cylinder head was used with
geometry similar to that of a DI SI 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
Conrod length
139.5 mm

Laser sheet
Mirror
Camera

Mirror
Filter

Optics

Mirror

Nd:YAG

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 combustion 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 measurements were made at 1200 rpm, which corresponds
to 10 Hz.
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The fuel was supplied using an outward opening hollow cone type piezo electric direct injector, with a fuel
pressure of 200 bar, which is capable of multiple injections 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 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, can influence the
combustion phasing [23]. A main injection was injected after TDC during the NVO and during the compression stroke a further injection was added to create a stratified charge in the vicinity of the sparkplug,
and thus allow flame propagation to occur in globally
lean conditions. Illustrative 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 exhaust 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 injection 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.

90 180 270 360 450 540
CAD

Figure 3: Valve lift profiles, injection timings, and motored pressure traces obtained with both conventional
valve timing (dashed lines) and NVO (solid lines).
Since the investigations were performed in an optical engine with higher cooling losses than in a metal
engine the intake air was heated to allow similar settings. The intake air temperature was measured directly at the intake valve using a thermocouple and
the temperature was kept at 90 ◦ C for all measurements. The cylinder head used was a prototype cylinder head without any cooling, the cylinder was water cooled and the temperature was set to 90 ◦ C. To
achieve a condition that was similar to a traditional engine in terms of surface temperature, the engine was
operated in a SI stratified 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 to achieve high repeatability accuracy.
With NVO
Conventional

16

8
P [Bar]

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

0

4

2

1
0

0.25
0.5 0.75 1
Fraction of maximum volume

Figure 4: Motored pressure for trace when NVO is
used and when conventional valve timings are used
for WOT.
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FACTORIAL EXPERIMENTS
Table 2: A 2IV 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
+
4
+ 5
+ 6
+ +
7
+ + +
8
+ + 9
+ +
10
+ + + 11
+ + + 12
+ + +
13
+ + 14
+ + +
15
+ + + 16
The most efficient way to examine the effects of multiple 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 measurements are normally distributed. Furthermore, the
span of the measurements must be sufficiently large
(relative to the measurement accuracy and/or inherent 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 executing the factorial experiments. Some parameters
were fixed, in accordance with previous work, mainly
performed by Koopmans et al [23], to limit the variables to four, allowing two 2IV full factorial designs (in
which all permutations of four variables in two different states are tested) to be applied, since reduced experiments often require prior experience of the studied variables and considerable knowledge of the system 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

reduce the lower load limit of HCCI operation by using an SI stratified charge. Table 2 shows how the
variables were varied in the two experimental series
(for convenience designated Experiment 1 and Experiment 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 stratification injections, while keeping the total amount of
fuel injected constant, while in Experiment 2 the relative 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 assistance.
Table 3: Test matrix for experiment 1.
Fuel
80 % iso-octane
10 % n-heptane
10 % 3-pentanone
Valve timing
IVO
IVC
EVO
EVC
Experimental variable
A Pilot injection amount
B Main injection amount
C Stratification injection timing
D Spark ignition
Results
Pressure trace
NOX emissions
HC emissions

440 CAD
570 CAD
150 CAD
280 CAD
State + / Large / Small
Large / Small
Early / Late
Yes / No
CA50
RoHR
ppm and ISNOX
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 induce 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 excite formaldehyde, in order to analyze the location
of low temperature reactions during early combustion
phases [32]. A planar laser sheet located 5 mm beneath the sparkplug was used, in combination with
the quartz window, to visualize the combustion chamber from below. The images were taken using an image intensified LaVision Dynamight camera, providing up to 1024x1024 resolution equipped with LaVision DaVis 6.2 software. However, all postprocessing of the images was carried out using MatLab. For
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Table 4: Test matrix for experiment 2.
Fuel
70 % iso-octane
15 % n-heptane
15 % 3-pentanone
Valve timing
IVO
IVC
EVO
EVC
Experimental variable
A Pilot injection amount
B Main injection amount
C Stratification injection timing
D Spark ignition
Results
Pressure trace
NOX emissions
HC emissions

440 CAD
570 CAD
150 CAD
280 CAD
State + / Large / Small
Large / Small
Early / Late
Yes / No
CA50
RoHR
ppm and ISNOX
ppm and ISHC

the LIF fuel vapor study a Schott BG25 bandpass filter 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 %vol. 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.
(1)

H + OH = H 2 O + hν

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
LA HC
LB HC
LC HC
LD HC
HC

σ HC

Result
238 ppm
-557 ppm
130 ppm
510 ppm
2087 ppm
150 ppm

LA NOX
LB NOX
LC NOX
LD NOX
NOX

σ NOX

-30 ppm
38 ppm
65 ppm
54 ppm
103 ppm
30 ppm

LA CA50
LB CA50
LC CA50
LD CA50
CA50

σ CA50

-2.5 CAD
1.6 CAD
-4.5 CAD
-16.3 CAD
5.8 CAD
2.73 CAD

Table 5 shows the main effects of the tested variables
on combustion phasing when the load was kept constant. 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 statistically 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 appeared to be affected by the timing of the stratification 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 combustion 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 variable on combustion phasing in the operating conditions 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 because it increased the amount of wall wetting. Furthermore, 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 increases 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 difference 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 influenced 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) increased 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 information were gained and in figure 5 the trend of the
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Figure 5: The averaged rate of heat release for experiment 1 when spark ignition was used (blue solid line)
and when it was not used (dashed black line).

Figure 6: Averaged rate of heat release for experiment 1 when the stratification injection was injected
early (solid blue lines) and late (dashed black lines).

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 initial 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 SI stratified charge. The
gentle initial slope for those traces corresponds to SI
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 ignited and thus there were a transition to a chemically
kinetically controlled combustion. This have been
seen by the authors in previous studies [27,28].

ified charge in cases without spark assistance seen
in previous studies by the authors [27] were not observed in the operational conditions used in this study.

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 injection 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 combustion, 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 combustion phasing of varying the injection timing of the strat-
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Figure 7: Averaged rate of heat release curves obtained 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 without spark assistance than in cases with spark assistance, in which the effect of SI combustion was dominant. 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-
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creased the temperature during the compression and
thus the combustion advanced.
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60

combustion parameters. However, the ultimate objective 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.

30

Effect
LA HC
LB HC
LC HC
LD HC

20

σ HC

50
40

HC

10

LA NOX
LB NOX
LC NOX
LD NOX
NOX

σ NOX

57 ppm
124 ppm
53 ppm
51 ppm
104 ppm
30 ppm

LA CA50
LB CA50
LC CA50
LD CA50
CA50

σ CA50

-0.9 CAD
2.7 CAD
-2.4 CAD
-13.1 CAD
3.8 CAD
2.23 CAD

Effects on combustion phasing

0
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Result
-7 ppm
-130 ppm
86 ppm
498 ppm
2819 ppm
150 ppm
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Figure 8: Averaged rate of heat release curves obtained in Experiment 1 for cases without spark assistance 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
2 (A = -)
4 (A = -)
11 (A = -)
5 (A = +)
10 (A = +)
13 (A = +)

CA50
15.1 CAD
15.2 CAD
14.7 CAD
8.4 CAD
12.8 CAD
13.1 CAD

σ CA50
2.97 CAD
2.60 CAD
2.92 CAD
1.55 CAD
2.81 CAD
2.65 CAD

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 advanced when the relative amount of fuel injected in
the pilot injection was increased, but the standard deviation of these timings needed to be thoroughly studied before it could be definitively concluded that the
pilot injection influenced the phasing.Calculated confidence 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 statistical 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

The main effects of the tested variables on combustion phasing are presented in table 7. As in Experiment 1, the variable with the strongest effect was variable 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 effect on combustion phasing in general (LA CA50 , in the
order of half a standard deviation, especially when an
SI 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 Experiment 2, where loads were varied. This was because the combustion was dramatically advanced by
spark assistance, resulting in most of the combustion 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 volume 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 NOX
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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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.
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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 figure 11. The four selected cases presented had similar
loads, so the effects on phasing are not due to differences in load, but solely to the relative size of the pilot
injection.
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Figure 9: Averaged rate of heat release curves obtained 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 injection 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 Experiment 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 combination of spark assistance and varying the injection
timing was the reason for the combustion phasing.
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Figure 11: Averaged rate of heat release curves obtained in Experiment 2 for the cases without spark assistance and different relative amounts of pilot injections.
OPTICAL RESULTS

C = + (D = +)
C = − (D = +)

Three operational conditions were chosen for the optical 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 conventional engine and, thus, the load for pure HCCI combustion were identical to that found at 1200 rpm by
Koopmans, i.e. case A.
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Figure 10: Averaged rate of heat release curves obtained 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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Table 8: Operating conditions and results from the optically studied cases.

HCCI operating range
2.8

A
1.2

2.4

B

1.0

0.8

C
900

IMEP [Bar]

Indicated load [kW]

1.6

2

1.6

1200
1500
Engine speed [rpm]

Figure 12: The loads in the three operating conditions
used in the optical studies.

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 highest 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 directly applicable. NOX 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.

Pilot inj.
330/1.5
330/1.1
330/1.1

Main inj.
-300/1.2
-300/1.1
-300/0.7

Strat. inj.
—
-50/0.9
-30/1.0

Case
A
B
C

Load
1.3 kW
1.0 kW
0.75 kW

λ
1.3
1.4
1.55

ISFC
265 g/kWh
239 g/kWh
246 g/kWh

Case
A
B
C

HC
3100 ppm
2100 ppm
1700 ppm

NOX
20 ppm
44 ppm
18 ppm

CO
0.6 %vol.
0.4 %vol.
0.6 %vol.

Spark tim.
—
-46
-26

η combustion
0.983
0.988
0.983

Figure 13 shows averaged pressure traces for the
three cases. The rise in pressure during the NVO can
also be seen.
25
20
P [Bar]

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 intended 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 SI stratified 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 injection timing also differed between them. Equivalence 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.

Case
A
B
C

A
B
C

15
10
5
0
-360 -270 -180

-90
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CAD

90

180

270

360

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 initial SI combustion, followed by a distinct change in
rate to the HCCI combustion, are clearly visible. However, the averaged rate of heat release trace for case
C, in which the load was lowest, was highly unrepresentative since the combustion displayed great cycleto-cycle variations and thus an averaged trace is not
presented. Instead rate of heat release traces for several 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 timings) of average LIF signals from the fuel tracer 3pentanone, indicating fuel vapor concentrations, acquired for case A. The images show that the fuel
concentration was heterogeneously distributed in the
cylinder shortly after additions of fuel in both the pilot injection and the main injection. However, during compression the fuel was sufficiently mixed and
showed an evenly distributed and homogenous pattern. 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

the molecules collide more frequently and the excited
electrons fluoresce less, since some of their energy is
dispersed during the collisions. The increased pressure 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 image. The combustion was initiated at various spatial
locations near the center of the combustion chamber, 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 occurred 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 figure 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 spatial 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 because 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.
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Figure 16: Average images (from 10 separate cycles) (and corresponding timings) of LIF from the fuel tracer 3pentanone in case B.
The images presented in figure 16 are averaged images and the spatial location of the flame front (where
there is a sharp drop in signal strength) varied. However 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 normal flame propagation. The global air equivalence ratio could easily be determined by the use of a lambda
sensor. The local air equivalence ratio were determined by using the LIF images of the fuel tracer for
the case B and by comparing to reference images.
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Reference images were taken during the compression 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.

In figure 17 the average image obtained of the fuel
concentration at -40 CAD (10 CAD after the stratification injection), with the stratified charge near the center 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 image with the closest signal strength, at the same position or height (in order to minimize effects of possible variations in intensity within the laser plane). The
global air equivalence ratio for this operation condition were 1.4 and the local air equivalence ratio was
slightly richer, ca. 1.16.
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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.

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
SI combustion had been initiated, but the flame had
only propagated a very short distance and the average image did not display any region near the center
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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 SI stratified charge in order to increase combustion control the stratified charge was kept fairly lean,
as shown in figure 17, 18, 19 and 21.
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with low signal strength. Near the center of the combustion 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 propagation 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 signal 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 propagation of a normal flame, and at this height all images
show that the stratification injection enriches the region where the flame will propagate, and thus allows

320

-330

340

-280

350

-270

TDC NVO

-60

Signal

Figure 19: Average image for case B at -20 CAD, LIF
with 3-pentanone as fuel tracer and its signal strength.
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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 intensity 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 center, 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 reasons). After TDC the signal shows a region with reduced signal strength as seen for cases A and B, but
at a slightly different location. For case C the stratification 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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Figure 20: Average images (from 10 separate cycles) (and corresponding timings) for case C of LIF from the 3pentanone fuel tracer.
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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 24: Average image for case C at -10 CAD,
of LIF from the 3-pentanone fuel tracer and its signal
strength.
LIF-FORMALDEHYDE

Figure 22 shows the average image for the fuel concentration at -20 CAD (10 CAD after the stratification 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 equivalence 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 concentration 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 illustrated in figure 24. The remaining stratified charge
near the cylinder wall displayed an air equivalence ratio of around 1.18.

In figure 23 average images of the LIF from formaldehyde for case A can be seen. During the NVO the
concentration of formaldehyde varied within the combustion chamber, and the same regions with low intensity as those observed in the LIF images of the
fuel tracer could be seen at 330 and 340 CAD. After TDC the intensity of the formaldehyde signals increased, low temperature reactions occurred throughout almost the entire combustion chamber, and after 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 compression, when (as the temperature increased) the rates
of low temperature chemistry again rose and were
then superseded by high temperature reactions during 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 periphery.
In figures 25 and 26 the signals from the formaldehyde within the combustion chamber can be seen for
cases B and C, respectively. The amount of fuel injected 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 temperature reactions prior to the compression were significantly lower for cases B and C, since less reactions
occurred during the NVO and less heat was retained

330
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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 easily 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 injection, partly because the fuel had not been evenly
distributed and partly because of the high temperature reactions that occurred during the 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 chemiluminescence from OH radicals can be seen. The chemiluminescence 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 unevenly 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-
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-25
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-20

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 reduced signal strengths just after the pilot injections in
the LIF images for both the fuel tracer and formaldehyde, as for case A, despite the fact that the chemiluminescence images were taken along the line of sight
of the combustion and the fuel vapor and formaldehyde images were taken by LIF, and thus were restricted to the spatial location of the laser plane. This
was probably possible because the images were acquired 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 chemiluminescence 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 SI stratified charge.

-350

-10

-340

TDC

-330

10

Figure 28: Average images (from 10 separate cycles) (and corresponding timings) for case B of the chemiluminescence
of OH.
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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 SI
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 operation 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 reactions and chemiluminescence of OH to locate the high
temperature reactions.

stratified charge affected the degree of phasing. Varying 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 efficiency or low NOX emissions.

When the load range of HCCI combustion was decreased by using a SI stratified charge, the concentrations of formaldehyde during the NVO, and between
the NVO and compression, declined, indicating that
the low temperature reactions were significantly reduced in these phases. However, the high temperature reactions (as indicated by the strength of the
chemiluminescence signals) that occurred during the
NVO did not decrease when the load was decreased.
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APPENDIX
POST PROCESSING
Post processing of the measurement data for the
cylinder pressure traces and for the images was carried out using MatLab. The pressure trace were
recorded using a Kistler 6061b piezo electric pressure transducer, with a sampling rate of 5 or 10 samples 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 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.
and
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DEFINITIONS, ACRONYMS, ABBREVATIONS

if the convective heat transfer and the crevice volume
is small (compared to the combustion chamber volume). CA50, rate of heat release and heat release
were all based on this equation with the assumption
that γ remained constant. Calibration of the heat release calculation was carried out with a motored pressure trace.

HCCI: Homogenous Charge Compression Ignition.

ACCURACY AND REPEATABILITY

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

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

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

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 temperatures 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 parameters from day to day could have small but perhaps 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 during 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 release script in MatLab 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.
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 %vol in CO. The accuracy 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 λ was measured by using a Horiba MEXA-110λ and for all measurements lean mixtures were used, which in terms of
measurement accuracy is not favorable but the conditions used were close enough to stoichiometric to be
in the range where the measurement accuracy is acceptable (± 0.5 % at λ=1 and ± 2 % at λ=1.6), so the
values are good enough.

The operating conditions used to acquire the reference images for the LIF from the fuel tracer were chosen to be as identical as possible to those used in
the optically studied cases, but with an homogenous
mixture with known λ values. However, even if reference images are taken at identical pressures with
similar masses the homogenous mixture will give a
larger amount of absorption and a decreasing signal strength the further in in the combustion chamber would be achieved. The differences in load due
to differences in lambda could also result in different
amounts of O2 and H2 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 λ values of 0.02 could be detected by analyzing
the signal intensity. Thus, it was possible to estimate fuel concentrations with sufficient accuracy for
our purposes using reference images taken at the respective timings, but the local temperature will also
contribute to a measurement error. Locally rich regions 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 local temperature would result in an measurement error. The rich regions would probably be richer than
what is indicated when they were compared to reference images. The signal strengths observed in the
LIF fuel tracer images were highly dependent on the
condition and settings for the equipment, so any differences in the shape of the laser plane, intensity or
wear of the dichorit mirrors would influence the results. The images must be taken during the same
measurement campaign in order to make valid comparisons between images. The laser intensity was always 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. However, 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 reaction 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 SI
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 SI
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 SI 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].

phenomena and trends observed in the optical
engine could be validly compared to those that occur
in traditional engines.

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.

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 traditional 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).

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 laserinduced 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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2. Experimental apparatus

2.1 Multi-cylinder engine
Table 1: Specifications for the multi-cylinder engine.
Bore
84 mm
Stroke
96 mm
Swept volume
3192 cm3
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 6 cylinder, 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, SI 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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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.

90 180 270 360 450 540 630

CAD
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 cm3
Compression ratio
10:1
Inlet air temperature
90°C
Fuel
Iso-octane 85 %
n-heptane 15 %
EOI Main
- 310 CAD
EOI 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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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.

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 postprocessing 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 μs 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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P [Bar]

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.
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25
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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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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 4: Pressure traces obtained at various loads
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.

1
0.5
0
340

360
CAD

380

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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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.
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Figure 7: Pressure traces for the optically studied
cases.

Figure 8: Rate of heat release traces during the NVO
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.

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. Postprocessing 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

A
340

TDC NVO

380

400

420

TDC NVO

380

400

420

TDC NVO

380

400

420

B
340
C
340

Figure 9: LIF images of OH for three operational conditions during the NVO.

The Spark Ignition Engine of the Future Conference

Page 6/9

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.

1

Relative OH signal

0
1
0
A
B
C

1
0

340

360

380
CAD

400

420

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.

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 multicylinder 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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8. Glossary
HCCI: Homogenous Charge Compression Ignition
LIF:
Laser-Induced Fluorescence
NVO: Negative Valve Overlap
EGR: Exhaust Gas Recirculation
SI:
Spark Ignited
OH:
Hydroxyl
PLIF: Planar Laser-Induced Fluorescence
NOX: Nitrogen Oxides
PM:
Particulate Matter
CA50: Crank angle when 50% of the energy is burned
DI:
Direct Injection
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
COV: Coefficient Of Variation
RoHR: Rate of Heat Release
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ABSTRACT

INTRODUCTION

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

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 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 yields 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
in many places simultaneously [5].

One of the crucial parameters to control in HCCI combustion is the combustion phasing and one way of doing 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 fluorescence (PLIF) from OH radicals was analyzed in
a series of experiments with an optical single-cylinder
engine, since these radicals are known to be associated with high temperature reactions. A series of experiments 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 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 indicate that the extent of the high temperature reactions was influenced by both varied parameters, since decreasing the relative amount of the pilot
injection and/or increasing the total amount of fuel led
to larger amounts of OH radicals.

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 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 indicator 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 associated with combustion control. One is to adjust the
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inlet air temperature by heating the incoming air with
air heaters [9-12] or by varying the coolant temperature [13]. 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 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 ignition temperatures to allow correct phasing of the combustion 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 increase 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 followed 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 [2427]. 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 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
(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 reactions, manifested by OH chemiluminescence. For

instance, chemiluminescence of OH was found between 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 temperature reactions that occurred during the NVO in a
spark-assisted HCCI engine operated with short duration 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 temperature reactions were studied in an optical engine,
and the high temperature reactions have been associated with the presence of OH radicals. Planar laserinduced fluorescence (PLIF) of OH was used to determine its intensity and location since it is difficult to
study the high temperature reactions by solely studying pressure traces, and thus optical studies were required to detect them. Furthermore, the effects of different injection parameters on engine behavior were
studied in both a multi-cylinder engine and the optical single cylinder engine to confirm that the behavior
observed in the optical engine could be validly compared to that of a normal engine, and to explain the
observed trends, especially the advances in combustion phasing associated with increases in the relative
amount of fuel injected in the pilot injection. Furthermore, to verify that the behavior observed in previous
studies using NVO was replicated, and that the responses 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 increased 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]. Illustrative 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 exhaust. 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 exhaust 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 combustion 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 motored 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, injection timing, injection pressure, injection amount, throttle and the VCT/CPS system in real time.
The optical experiments were carried out in a singlecylinder engine with optical access. For all experiments a prototype cylinder head was used with geometry 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 identical but had similar values, and since the investigations 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

measured directly at the intake valve using a thermocouple and maintained at 90◦ C for all measurements,
while in contrast the multi-cylinder engine was supplied 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 operated 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 nheptane was used since neither of these components
fluoresce significantly at the chosen excitation wavelength. For the multi cylinder engine a certification
fuel was used that displayed similar behavior to conventional petrol.

Table 1: Engine parameters.
OPTICAL ENGINE
Bore
83 mm
Stroke
90 mm
Swept Volume
487 cm 3
Compression ratio
10:1
Inlet air temperature
90 ◦ C
Fuel
iso-octane 85 %vol
n-heptane 15 %vol
MULTI-CYLINDER
ENGINE
Number of cylinders
6
Bore
84 mm
Stroke
96 mm
Swept Volume
3192 cm 3
Compression ratio
11.5:1
Inlet air temperature
Ambient air
Fuel (CEC legislative fuel) RF-02-03, 99.5 RON
ENGINE SETTINGS
EOI Main
-310 CAD
EOI Pilot
310 CAD
Camshaft duration
Intake
130 CAD
Exhaust
130 CAD optical engine
110 CAD multi-cylinder
Valve lift
Intake
3 mm optical engine
3 mm multi-cylinder
Exhaust
3 mm optical engine
2 mm multi-cylinder
Spark-assist
-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 optical 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
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Laser sheet

ferent NVO’s in the multi-cylinder engine and for a single NVO in the optical engine, see table 2.

Mirror
Camera

Mirror
Filter

Reference burner
Nd:YAG

Optics

Mirror
Lens Filter

Dye 2xω
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.

Intake valves

Table 2:
MULTI-CYLINDER
Engine speed
NVO
Experiment 1
Pilot/Main ratio
Load
λ180 NVO
λ160 NVO
Experiment 2
Pilot/Main ratio
Load
λ180 NVO
λ160 NVO
OPTICAL ENGINE
Engine speed
NVO
Experiment 1
Pilot/Main ratio
Load
λ
Experiment 2
Pilot/Main ratio
Load
λ

Test matrix.
1200 rpm
160 and 180 CAD
25 - 40 %
Constant 1.5 Bar IMEP
Constant 1.31±0.01
Constant 1.59±0.03
37 - 43 %
1.6 - 1.85 Bar IMEP
1.27 - 1.35
1.47 - 1.63
1200 rpm
180CAD
31 - 40 %
Constant 1.5 Bar IMEP
Constant 1.29±0.01
37 - 43 %
1.5 - 1.9 Bar IMEP
1.22 - 1.3

OPTICAL EQUIPMENT

Sparkplug

Injector

Exhaust valves

Figure 4: The optically accessible combustion chamber. 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 multiple injections. To control the timings of the injections
and the ignition in the optical engine an AVL 4210 instrument 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 injector 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-

Planar laser-induced fluorescence was used to detect and image the OH molecules. The Q1(6) transition in the A(ν=1) - X(ν=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 Q2 , Q12 and Q21 -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 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(ν=0) - X(ν=0) and A(ν=1) - X(ν=1) bands
in the 300-320 nm-range was used for detection.
The tunable 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 could be detected by a photomultiplier
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tube. Three cylindrical lenses were used to form a
50 mm wide horizontal laser plane passing 5 mm beneath the spark plug. A schematic diagram of the setup is shown in figure 3.
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The images were taken using an image intensified LaVision Dynamight camera, providing up to
1024x1024 resolution equipped with LaVision DaVis
6.2 software. However, all post-processing of the images 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 μs) 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
μs were kept constant in this study.
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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 λ 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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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 multicylinder engine was averaged from 200 consecutive
revolutions for the whole engine, thereby from 100
cycles from each of the six cylinders. The combustion phasing was advanced when the relative amount
of pilot injection was increased, by varying degrees
depending on the cam settings (i.e. NVO), in accordance with observations in previous studies by the authors [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 7: IMEP, air equivalence ratio and combustion
phasing for 180 NVO, (a) and for 160 NVO (b), for different pilot to main ratios. Standard deviation is represented as dots.

Reprinted with permission © 2008 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

versed, and cases with higher pilot injection proportions 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 proportions led to increased evaporation and, hence, reductions 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 ratios.
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rate of heat release when it was averaged over the
different cycles. However, the combustion was stable 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 constant. 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 λ. The effects 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 deviations. Thus, it was statistically unlikely that the differences 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.

340
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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 analysis were performed to investigate if the heat generated by the reactions that occurred during the NVO
was a major factor responsible for the finding that increasing the relative amount of the pilot injection advanced the combustion phasing. Other factors that
may have influenced the phasing include the possibility that radicals were formed during the NVO that
subsequently influenced the phasing of the main combustion 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 figure 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 proportions. However, later in each cycle this trend re-

Figure 9 shows accumulated heat release curves during the NVO obtained with various pilot to main injection ratios. The evaporation of the pilot injection was
manifested by a reduction in the accumulated heat release 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 proportion led to a slightly increased evaporation, as indicated 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, during the NVO η combustion,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.
η combustion,NVO varied from 18 to 25 % when 180 CAD
NVO was used, and between 23 and 27 % when 160
CAD was used. However, the η combustion,NVO values
were lowest for the higher proportions of pilot injection. 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 λ, which the η combustion,NVO indicated.
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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 pilot injection constant and, as seen by many authors,
increasing the load in HCCI combustion led to an increase in the maximum rate of heat release and a
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Figure 10: Pressure traces and calculated mass averaged temperatures for 25% and 40% of pilot injection
when 160 CAD NVO was used. Dashed lines corresponds to 40% pilot and solid lines to 25%.
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slightly advanced combustion. The combustion phasing 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 cycleto-cycle variations (see figure 12) when the load was
increased, which led to the averaged rate of heat release traces displaying a shorter combustion duration and higher maximum rate of heat release, and
partly to the fact that the shorter NVO led to a higher
λ value, and thus more reactions could occur during
the NVO and subsequently influence the combustion
phasing. Since the influence on combustion phasing was stronger, the maximum rate of heat release
increased more when the load was increased with
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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 during the compression was calculated. This was done
using polytropic calculations, as further described in
the Appendix. In figure 10 the pressure and calculated mass-averaged temperature can be seen for two
cases: one with 25 % and one with 40 % pilot injections, both with an NVO of 160 CAD; the maximum 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 during 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 maximum 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 temperature during the compression (for the main combustion) 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 temperature during HCCI combustion by using Coherent AntiStokes Raman Spectroscopy (CARS), for HCCI combustion with similar amounts of EGR, but at slightly
higher loads. The cited authors found 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 thus it was
concluded that the heat generated by the pilot injection was a major contributor to the combustion phasing. Furthermore was the temperature difference at
the start of combustion (SOC) for the two cases analyzed in the order of 5 K, the case with 40 % of pilot injection displayed a slightly higher temperature, but 5K
is in the order of the accuracy of the measurement.
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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).

Reprinted with permission © 2008 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

λ
IMEP

0

-1

-1

CA50

0

-2

-2

-3

-3

3
RoHR [J/CAD]

IMEP
CA50

1.4
2
1.5
1

7
0
14 21 28
Increased main injection [%]

7
0
14 21 28
Increased main injection [%]

(a)

(b)

Figure 12: IMEP, air equivalence ratio and combustion 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 obtained when the load was varied can be seen in figure 13 and, as for the cases with varying pilot to main
injection ratios, the maximum rate of heat release during 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 release were lower when the load was increased, presumably because the higher load led to a lower λ and
thus less excess O2 during the NVO, so less reactions 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 injected 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 injection 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

1.5
1.6
1.7
1.8
1.9

1.5
1.6
1.7
1.8
1.9

3

2

1
0
320

340

360

380

2

1
0
320

340

360

CAD

CAD

(a)

(b)

380

Figure 13: Rate of heat release during the NVO for
180 CAD NVO, (a) and for 160 CAD NVO, (b) for different loads (from 1.5 to 1.9 Bar IMEP).
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compression in the NVO, thus allowing the reactions
to start earlier, while later in the cycles the greater excess of oxygen at the lower loads led to higher maximum rates of heat release in those cases. The accumulated 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 λ values.
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160 CAD NVO than with 180 CAD NVO. In addition,
changing the load from 1.5 to 1.9 bar IMEP had a statistically 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 deviations of the measured values no statistically clear
trends could be seen.
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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).
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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 during the NVO for different pilot to main ratios, (a) and
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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 injection 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 optical engine led to slightly different results despite the
similarity of the settings. However, it was encouraging that the correlation between advanced combustion 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 averaged over just 50 cycles because longer data acquisition periods led to unacceptable time trends due to
increases in the temperature of the combustion chamber surfaces, which gradually advanced the combustion 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 experiments 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 influence 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 cylinder engine was run continuously at the settings determined 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-

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 until 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 magnitude 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 engine. Thus, the effects of the shortcomings of the
optical engine (notably that it was not thermally stabilized 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 traditional engines.
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Relative OH signal

As observed by the authors in previous studies OH
was
sig320 present during the
340 NVO [19], and the
TDCOH
NVO
nal appeared slightly before any evidence of reactions
was noted in the rate of heat release traces (see figures 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 reactions appeared to last in the rate of heat release
traces during the NVO, especially for the cases with
smaller relative pilot injections. The excitation wavelength was chosen to give a signal that was insensitive to any temperature change during the NVO, however many other factors influence LIF signals, for instance O2 or H2 O contents can strongly affect the
quenching. The pressure also affects the signal, however the pressure difference between the cases for
the studied interval were minor, and both the consumption of O2 and production of H2 O in the combustion during the NVO were only modest, so differences observed between the cases were believed
to be mainly due to changes in operational settings.
Each of the images presented in figure 18 were averaged from 10 separate images from 10 different cycles 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 signals 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 investigation, and the filtering process, are described in
more detail in the Appendix.
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Figure 18: Averaged LIF images from OH for different amounts of pilot injection and for different timings.
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Figure 19: Variations in LIF signals from OH with relative 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 detail and different threshold values were used to determine how many pixels in the images could be associated 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 figure 19 it can be seen that an increase in the pilot to
main injection ratio reduces the OH signal. For instance, 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 normalized, and the same trend as that discerned using
the threshold values was seen. Thus, it gave a further indication that the OH intensity decreases with
increasing pilot ratio.

Reprinted with permission © 2008 SAE International. This paper may not be printed, copied, distributed or forwarded without prior permission from SAE.

IMEP 1.6 Bar
340

TDC NVO

380

400

420

380

400

420

380

400

420

380

400

420

380

400

420

380

400

420

IMEP 1.65 Bar
340

TDC NVO

IMEP 1.7 Bar
340

TDC NVO

IMEP 1.75 Bar
340

TDC NVO

IMEP 1.8 Bar
340

TDC NVO

IMEP 1.85 Bar
340

TDC NVO

Figure 20: Averaged LIF images from OH for different loads and different timings.
Figure 20: da

1
1
0.5
0.98
0

Threshold 450
Threshold 550
Threshold 750
Summed value

0.96

Summed relative signal

ased amount of combustion to a reduction in O2 and
increased production of H2 O. These changes would
also affect the levels of quenching of the LIF signal.
However, the changes in O2 concentrations would
have a stronger impact on the level of quenching than
the changes in H2 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.

Relative OH signal

As in the experiments with varying amounts of pilot 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 figure 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 duration of the OH signal was unaffected by the changes
in settings, only the intensity and/or spatial distribution of the signal were affected. Signals were consistently 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 pixels, 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 threshold 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 intensity threshold might have been due to greater cycleto-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 λ and the incre-

1.6 1.65 1.7 1.75 1.8 1.85
Load [Bar IMEP]

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 compression temperatures due to the generation of heat
during the NVO.
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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. figures 17, 19 and 21). Reductions in the amount of
fuel introduced in the pilot injection led to lower maximum rates of heat release during the NVO, but increases in the amounts of OH, and when the load
was increased the maximum rate of heat release during 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 similar conditions during the NVO have been previously
detected in the form of OH chemiluminescence [19],
together with large amounts of formaldehyde indicating extensive low-temperature reactions. The heat released 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 temperature reactions. In terms of the high temperature reactions the increased residual gas temperature compensated for reductions in the amount of excess O2
available for combustion during the NVO caused by
the increases in load, but for the low temperature reactions the reductions in the amount of O2 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 reduced the OH intensity. However, the equal amounts
of excess O2 , and the higher amount of fuel in the
cases with larger pilot injections led to the noted increases in maximum rates of heat release, as shown
in figure 17(b). In both experiments fairly large relative 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 previously seen results), and in the multi-cylinder engine
study it was found that the heat generation during the

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 pilot to main injection ratio and the total amount of fuel
in a spark-assisted HCCI engine using NVO was performed 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 increases 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 combustion duration with higher maximum rates of heat
release.
The pilot to main injection ratio influenced the maximum rate of heat release from the reactions that occurred in the trapped residuals during the NVO; increases in the proportion of the pilot injection leading
to higher maximum rates. The excess O2 was combusted to a greater extent because greater amounts
of fuel were combusted during the NVO. The contribution 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 compression. 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 reductions in λ and, hence, in excess O2 .
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 reactions were not the major source of heat generation during the NVO since the LIF OH signals were
stronger in the cases with lower rates of heat release during the NVO. Higher loads led to increasing amounts of OH during the NVO due to the higher
temperature of the trapped residuals. Greater proportions of pilot injection led to more evaporation, which
reduced the temperature during the NVO and thus reduced the amount of OH radicals.
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POST PROCESSING - PRESSURE TRACES
Post processing of the measurement data for the
cylinder pressure traces was carried out using MatLab. 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 cylinder engine using an AVL Indimaster and an AVL Indicom. 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. Estimates of CA50, the rate of heat release and the heat
release were all based on this equation with the assumption that γ remained constant. Calibration of
the heat release calculation was carried out with motored 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 optical engine, suggest that the trends are plausible.

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 reduced variation in the filtered images led to those reactions being detectable in the averaged images. The
average value and the standard deviation of the intensity 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 correspond to the mean and mean +/- one standard deviation.
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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 postprocessing of the images was essential. This was
performed by using MatLab, and the effect of the 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
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The temperature calculations were performed by assuming a polytropic process and the polytropic coefficient, was less than γ, since the polytropic compression 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 combustion. The accuracy in absolute terms was naturally
sensitive to the values of the different parameters, but
the intention of the temperature calculations was to investigate 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 γ on the
temperature differences between the cases was analyzed and the obtained differences were robust to
changes.
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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 location, 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 intensities 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 generated 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
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To verify that the excitation wavelength corresponded
to the resonance wavelength for OH, images were
taken with wavelengths off resonance to assure that

no significant signal was obtained for those wavelengths (see figure 23). This also verified that appropriate filters had been selected and that any reflection or scattered light at the excitation wavelength
was deleted. The resonance wavelength for OH was
tested in both a reference burner and in the combustion within the combustion chamber.
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spatially different location in the combustion chamber
could have been affected by the differences in laser
intensity. However, this study did not involve any comparisons 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 chamber (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 timings. So, despite the non-homogeneity of the laser
sheet and absorption in the LIF images, it was believed 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 dichorit 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.
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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 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 CA50, 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 S21(8) transition, and 2-D, using the Q1(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 Q1(6) transition in the A(ν=1) - X(ν =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 Q1(6) transition overlaps with 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 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(ν =0) - X(ν =0) and A(ν =1) - X(ν =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 isooctane 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:YAG 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:

StV =

τV
τT

where τv is the momentum response time for the particle and τT is a characteristic time
of the flow, which can be approximated (in the clearance volume) for this setup by:

τT =

T
U

where T is the distance between the piston and the cylinder head and U is the velocity
of the flow. For StV<<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:

ρ p D2
τV =
18μC

where D is the diameter, ρp is the density of the particles and μC is the dynamic
viscosity of the gas. In the experiments the flow was seeded with plastic micro
balloons (diameter 18-28 μm, density 60±5 kg/m3), 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 BG25 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 µs, 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 hightemperature 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 CO2 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 cm3

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 % iso-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

λ

1.21

1.27

1.30

HC (C3)

1725 ± 50 ppm

2525 ± 250 ppm

2275 ± 170 ppm

CO

0.5 - 0.6 %volume

0.5 - 0.6 %volume

0.5 - 0.6 %volume

NOX

16 ± 2 ppm

10 ± 1 ppm

22 ± 9 ppm

1.6 CAD

1.1 CAD

1.2 CAD

1.0 CAD

1.1 CAD

0.6 CAD

No stratification

0.8 CAD

1.0 CAD

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

Pilot injection
duration
Main injection
duration
Stratification
injection duration

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
CA50: The timing when 50 % of the fuel is combusted
CAD: Crank Angle Degree
CO: Carbon monoxide
CO2: 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

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.

