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Abstract

The thesis describes the work carried out to identify the behaviour of liquid fuel within
the cylinder of a particular design of current spark ignition 4-valve engine for several
different designs of fuel injector including an air-assisted version. A combination of
techniques was used to study fuel behaviour, namely high-speed cine photography, image
capture with CCD cameras, and a cylinder wall liquid skimming technique. It was
concluded that the majority of the liquid fuel entering the cylinder travelled down the
cylinder bore and impacted on the piston crown, regardless of what type of injector was

employed.

The work changed to a study how the fuelling arrangements might be changed to satisfy
the even tighter emission legislation that was being implemented. The method chosen
was to develop a stratified charge engine by repositioning the injector such that its fuel
spray would be deflected off an open inlet valve in the direction of the spark plug. One of
the two inlet ports would be de-activated at part load to create axial swirl to stabilise the

air/fuel mixture during the compression stroke.

Initial development work of this concept was carried out to enable an injector mounting
block to be designed that would position the injector at the ‘optimum’ location when
mounted onto a single cylinder research engine. Testing of the concept revolved around
high-speed cine tests and the use of a Cambustion HFR400 fast flame ionisation detector
to measure real-time in-cylinder HC concentrations at various locations around the

combustion chamber.

The cine results indicated that the liquid fuel was mainly being deflected in the direction
of the spark plug. The gas sampling measurements showed that a mixture of
approximately 3 air fuel ratios richer around the spark plug at idle for the optimum -valve

injection timing of 135° ATDC and 6 air fuel ratios at 1500 rpm road load condition.
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4-hole injector, processed data, idle condition

23

119

120

120

121

121

122

122

123

124



NOMENCLATURE

General Abbreviations

AFR air fuel ratio

ATDC after top dead centre

BDC bottom dead centre

bmep brake mean effective pressure

bsfc brake specific fuel consumption
BTDC before top dead centre

CA crank angle

CAFE Corporate Average Fuel Economy
CARB Californian Air Resources Board
CCVS Combustion Control through Vortex Stratification
CI compression ignition

CVS constant volume sampling

DF deterioration factor

DI direct injection

DoT Department of Transport

ECE Economic Commission for Europe
EEC European Economic Community
EGR exhaust gas recirculation

EPA Environmental Protection Agency
EUDC extra urban drive cycle

EVC exhaust valve closure

EVO exhaust valve opening

EVT exhaust valve timing

Exh. exhaust

FFID fast flame ionisation detector

FTP Federal Test Procedure

GVM gross vehicle mass

HC hydrocarbon

HWA hot wire anemometry

IC internal combustion

imep indicated mean effective pressure
IVC inlet valve closure

IVO inlet valve opening

IVT inlet valve timing

LDA/V laser doppler anemometry/velocimetry
LEV low emission vehicle
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LML lean misfire limit

MBT minimum (ignition) advance for best torque
MVV Mitsubishi Vertical Vortex

MY model year

NDIR non-dispersive infra-red
NMHC non-methane hydrocarbons
NMOG non-methane organic gases
NOx oxides of nitrogen

PEEK polyetheretherketone

PI port injection

SC stratified charge

S1 spark ignition

SR swirl ratio

std.d. standard deviation

TA type approval

TDC top dead centre

THC total hydrocarbons

TLEV transitional low emissions vehicle
TWC three-way catalyst

ULEV ultra low emission vehicle

UHC unburnt hydrocarbon

VVT variable valve timing

WOT wide open throttle

ZEV zero emission vehicle
Symbols

A area

B bore diameter

Cs swirl coefficient

Cp specific heat at constant pressure
Cy specific heat at constant volume
d fuel jet diameter

m mass flow rate

mpg miles per gallon

N rotational speed

p pressure

Q quantity of heat

R, swirl ratio
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Ty compression ratio (volume)

t thickness

T temperature

U relative velocity

A% volume

Vo characteristic velocity

W gross work output

W, Weber number

W, load to collapse

B constant

s angular velocity of a solid body rotating flow
Notto Otto cycle efficiency

Y ratio of principal specific heats
Oy yield point

C surface tension

T torque

Pg gas density

n cycle efficiency

¢ equivalence ratio

Chemical Formulae

CO carbon monoxide
CO, carbon dioxide

H hydrogen (atomic)
H, hydrogen (molecular)
H,O water

N nitrogen (atomic)
N, nitrogen (molecular)
NH; ammonia

NO nitric oxide

NOx oxides of nitrogen
o oxygen (atomic)

0, oxygen (molecular)
OH hydroxyl radical
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(Heywood (1988)). Heat is rejected through gas exchange losses during blowdown and
the exhaust stroke, in addition to heat transfer from the gases to the combustion chamber

surfaces during the expansion stroke.

In a working engine the fluid is not an ideal gas but a mixture of air, fuel and residuals
(burnt and unburnt charge which have not been exhausted from the previous cycle). The
principal specific heats, ¢, and c,, do not remain constant therefore, but vary with the

temperature and the composition of the working fluid at any point in the cycle.

The individual areas enclosed by a pV diagram are defined as being positive or negative,
depending upon whether work is produced by processes or required for processes. The
area enclosed by the induction and exhaust strokes usually represents the amount of
negative work required to overcome the losses associated with the induction and exhaust
processes, although it is possible that these two processes combine to give positive work.
An example of this is a turbocharged engine where the induction stroke pressure is
greater than the exhaust stroke pressure. The summation of the individual areas on a pV
diagram represents the net indicated work output per cycle. Considering the differences
between the Otto cycle and the engine indicator diagram, it is not surprising to find that
the efficiency of a real engine is approximately 50 % less than that of the Otto cycle
(Stone (1992)), partly due to the pumping losses described above and partly due to other

losses such as mechanical friction.

1.2 Combustion

In a conventional SI engine under normal operating conditions, a mixture of air and fuel
(homogeneous or otherwise) is drawn into the cylinder as the piston moves from top
dead centre (TDC) to bottom dead centre (BDC) during the intake stroke. The fuel/air
mixture must be quite close to stoichiometric (14.7:1) for reliable combustion. The
mixture is then compressed to a pressure in the region of 15-25 bar (when unthrottled)
resulting in a compression temperature of 400-600°C. Prior to reaching TDC on the

compression stroke, (approximately 10°- 40° BTDC (Heywood (1988)) combustion is
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Boam et al (1992) found experimentally that the spark plug crevice did not trap a
significant amount of charge when compared with that trapped by the piston ring
crevices and the cylinder head gasket crevice. The spark plug crevice did not therefore

contribute significantly to the production of UHC emissions.

1.4.2 Absorption and Desorption of Fuel Vapour in Oil Films

It has been postulated (Kaiser et a/ (1981) that oil present on the walls of the combustion
chamber can absorb fuel vapour during intake and compression and then desorb it during
expansion and exhaust. Although some of the desorbed fuel vapour will mix with the
high temperature gases and oxidise, that which remains in the cooler regions such as in
the boundary layer, will remain unoxidised and eventually contribute to the UHC
emissions. Similarly, the desorbed vapour which mixes with the cooler bulk gases later in
the cycle may not be fully oxidised and again will contribute to UHC emissions. Kaiser e?
al (1981) showed that by increasing the oil layers up to 25 microns thick the UHC
exhaust levels increased linearly, and Boam ez a/ (1992) quotes from Ishizawa and
Tagaki as having reported a 30% reduction when running an engine without oil

lubrication.

1.4.3 Absorption and Desorption of Fuel in Deposits

The presence of deposits is known to increase UHC levels between 7-20 % (Heywood
(1988)). The position and size of the deposit is important in determining the effect it will
have on UHC levels, with locations close to the exhaust valves contributing to a greater

degree.

1.4.4 Flame Quenching

During combustion, the gas temperatures can reach 2000 °C whereas the temperature of
the cylinder wall remains at a relatively low temperature, approximately 200 °C. The
cylinder wall acts as a heat sink, quenching the flame as it approaches and as a result
there exists a thin boundary layer, or quench layer, of combustible mixture on the surface
of the cylinder wall. Work investigating combustion in bombs (Adamczyk et al (1983))
has suggested that the gases in these quench layers diffuse into the burned gases and fully

oxidise 1-2 ms after quenching. Under cold start conditions the scenario may be quite
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different, with the quench layer being thicker and less readily consumed thus contributing

to UHC emissions.

An alternative flame quenching process is bulk quenching. This can occur during the
expansion stroke if the pressure and temperature in the cylinder fall too rapidly, causing
the flame to be extinguished in the bulk gases. The probability of bulk quenching
occurring may be reduced by increasing the combustion burn rate, thereby decreasing the

time available for the flame to be extinguished.

1.4.5 The Effect of Liquid Fuel Present in the Cylinder

Boam et al (1992) carried out experiments both with a standard piston and a sealed
piston. The engine was supplied with vaporised fuel and it was discovered that the effect
of the vaporised fuel was not as great in terms of UHC emissions if the crevices were
eliminated. The conclusion drawn was that some liquid fuel found its way into the

crevices, thereby escaping combustion and contributing to the overall UHC emissions.

The rate of evaporation is increased significantly if the fuel is prepared as small droplets.
Mineo et al (1990) quote an 8% reduction in UHC emission with the installation of fine
atomisation injectors, and Matthes and McGill (1976) quantified the effect of the degree
of atomisation of a carburettor, using a single-cylinder engine to eliminate the effect of
cylinder to cylinder variability. In order to simplify the situation further, they also tried to
eliminate the effects of air motion as much as possible by using different combustion
chamber designs. They investigated three mean sizes of fuel droplets and showed greater
amounts of UHCs being produced with larger droplets than with smaller droplets. The

difference was as much as 20% for a particular engine speed and AFR.

1.4.6 Exhaust Valve Leakage
When the engine is new, exhaust valve leakage is not thought to be significant when
compared with other UHC formation mechanisms (Boam ef al (1992)). However, with

wear of the valves and valve seats, this may become a significant.
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1.5 Sources of CO

CO is formed in significant proportions whenever there is a deficiency of air to burn all
the fuel. The cause may be that the overall mixture is rich of stoichiometric, or local
regions are rich due to poor mixture preparation. Small quantities of CO are formed even
with lean mixtures due to dissociation of CO, at the high combustion temperatures,

followed by insufficient time for the reversion reactions to take place.

1.6 Sources of NOx

NOx is the name given to the oxides of nitrogen that are present in the exhaust gases,
with nitric oxide (NO) accounting for over 90% of the total NO,. The basic mechanism
for the formation of NOx is the dissociation of oxygen and nitrogen molecules (O, and
N_) into oxygen and nitrogen atoms (O and N) which then combine to form NO. Three
principal reactions (equations 1.3.1-1.3.3) are responsible for the formation (and
destruction) of NO and are collectively referred to as the Zeldovich reactions (Heywood
(1994)).

O+N, <> NO+N (13.1)

N+O;, < NO+O0O (13.2)

N+ OH < NO +H (13.3)
[Heywood (1994)]

The bulk of these reactions occur in the post-flame gases with negligible amounts (except
at very lean AFRs) being produced in the flame reaction zone. NO formation rates are
strongly dependent upon temperature, the higher the peak combustion temperature, the
greater the degree of dissociation, and so the greater the level of NOx emissions. A
reduction in peak combustion temperature (for example through the addition of exhaust
gas or the use of leaner mixtures) will lead to a decrease in the NOx levels as a result of
an increase in the heat capacity of the cylinder per unit mass of fuel. Retarding the spark
timing also reduces the peak temperatures due to a reduction in the peak cylinder
pressure since a greater quantity of the fuel burns after TDC. However, this has an
adverse effect on the power output and fuel economy of the engine. Thus, the

concentration of NO being produced tends to decrease with increasing combustion time

~—
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because mixture which burns early is compressed to a higher temperature and pressure
after combustion as the cylinder pressure continues to rise. Mixture which burns later is
primarily compressed as unburned mixture and ends up after combustion at a lower
burned gas temperature, the density of burned fuel being approximately 4 times less than
that of unburned fuel. Another factor in determining NOx levels is the rate at which the
gas cools during the expansion stroke. The slower the cooling, the greater the time

available for the reverse reactions to occur, converting NO back to N; and O,.

1.7 Abnormal Combustion

The mechanisms for the production of UHC, NOy and CO have all been discussed so far
in relation to ‘normal’ combustion. However, there are situations in which ‘abnormal’
combustion may take place. Two major abnormal combustion phenomena which are
widely recognised are knock and surface ignition. Tests have shown that CO and UHC

emissions are high when these abnormal combustion phenomena occur.

1.7.1 Knock

The compression ratio of a SI engine is usually between 8 and 12. If this compression
ratio is set too high, then the resultant increase in the temperature and pressure of the
end gas (i.e. the gas waiting to be burnt) caused by combustion can lead to some of the
end gas undergoing a series of chemical reactions prior to the flame front reaching it.
These reactions may cause autoignition, in which chemical energy is rapidly released at a
rate of 5-25 times greater than for normal combustion (Heywood (1988)). A high
frequency pressure oscillation occurs inside the cylinder which produces a sharp metallic
knocking noise. Other factors which affect the tendency to knock are the chemical

structure of the fuel and the speed of combustion.

1.7.2 Surface Ignition

Surface ignition refers to the ignition of fuel by any source other than the spark formed at
the spark plug. Alternative sources could be an overheated valve or spark plug, or an
incandescent hot spot somewhere else in the combustion chamber. Surface ignition may
occur before the spark (preignition) or after the spark (postignition). Following surface

ignition, a turbulent flame develops at each surface ignition point and propagates across
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the chamber in a manner similar to that associated with normal combustion. Since there
is less control over when surface ignition occurs, it may cause a loss in power output and

driveability and contribute to increased emission levels.

1.7.3 Activated Radical Combustion

Engine researchers are looking at using abnormal combustion and the promotion of free
radicals to help reduce emission levels. Ishibashi er a/ (1996) claim a reduction of
approximately 60% from a 250 cm’ two-stroke engine when using this abnormal
combustion phenomenon known as activated radical combustion (AR combustion). The
processes that occur are not yet fully understood and the literature does not discuss the

reactions.

1.8 Emission Legislation

In the earlier days of IC engines, combustion was studied with a view to improving
engine performance, but since the late 1960s the world’s population has become
increasingly aware of problems caused by pollution from exhaust gas products. Much of
the current research into production is driven by the need to meet emission legislation,

and so the following section discusses current and future legislation.

1.8.1 Transportation

The world's car population in the 1950s was less than 50 million, by 1986 this figure had
increased by some 700% to a figure beyond 350 million and is likely to increase further
right into the 21st century (Goldsmith (1990)). Considering Europe alone, there is a
predicted increase in car ownership of some 52 million to a total of 167 million over the
period 1987-2010 (Newman ef a/ (1993)), and an increase in vehicle kilometres of 25%
between 1990 and 2010 (Murley (1993)). The problem of vehicle pollution is therefore a

serious one.

Legislation has evolved in an attempt to control the quantity of vehicle pollution entering
the atmosphere. It varies from region to region, with the United Nations Economic

Commission for Europe (ECE), and the European Economic Community (EEC) setting
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standards for Europe, whilst the Environmental Protection Agency (EPA) and the
California Air Resources Board (CARB) set the standards for the USA.

1.8.2 European Legislation

The ECE is responsible for most of the initial work in vehicle pollution control in
Europe, with ECE Regulation Number 15 establishing the first emission standard
criterion for all new cars (1968). These regulations have been superseded by the EEC
Type Approval System for motor vehicles (defined by directives), set-up in 1970 to work

alongside corresponding approval systems already in place in its member states.

1.8.3 Current Legislation

1.8.3.1 Test Cycles: Light Duty Vehicles

Several different test cycles exist in different parts of the world, however the cycle
relevant to Europe is the ECE 15 (urban driving cycle) combined with EUDC 15
(suburban driving cycle) (Anon. Ford Motor Company (1994)). The combined driving

cycle is shown in figure 1.11.

e —— — po———— w————
— — — ——

+—ECE 15 N EUDC15 —

120

100

Speed
(km/hr) .

h \ATRITATIRI) :
e

Time (seconds)

Note 1: Collection of the exhaust starts from cranking
Note 2: Test and soak temperatures are currently set at 20 °C and 30 °C
Note 3: Applicable to all new cars sold from the beginning of 1993 [Briesly et al (1993)]

Figure 1.11: EUDC 15 test cycle [Anon. Ford Motor Company (1994)]

43



1.8.3.2 Exhaust Pollutant Measurement

The method of measuring the exhaust gas pollutants has changed from the ‘big bag’
method to that of constant volume sampling (CVS), whereby a known quantity of
exhaust gas is collected (Anon. DoT (1992)). Depending upon the test cycle used, the
methods of measuring the pollutants may vary but, in general, to measure UHCs a flame
ionisation detector is used, to measure CO, and CO, nondispersive infrared techniques

are used and to measure NOx a chemiluminescent analyser is used (Heywood (1988)).

1.8.3.3 Pollutant Levels
Table 1.3 shows the European exhaust emission standards for all new cars effective from

January 1997 and table 1.4 the standards proposed for the years 2000 and 2005.

CO (HC+NO,) | Particulates
Engine Type (g/km) | (g/km) (g/km)
Petrol 22 0.5 N/A
Diesel, indirect injection | 1.0 0.7 0.08
Diesel , direct injection 1.0+ 0.9 0.1

+ di diesel standards are more relaxed than idi for three years

Table 1.3: European exhaust emission standards for all new cars effective from January
1997 [Anon. Automotive Engineer (1997)]

Cco HC NO, Particulates
(hkm) |(ghkm) | (ghkm) | (g/km)
Engine Type
Petrol
(2000/1) 23 0.2 0.15 N/A
(2005) 1.0 0.1 0.08 N/A
co HC+NO, [ NO, Particulates
Diesel
(2000/1) 0.64 0.56 0.50 0.05
(2005) 0.50 0.30 0.25 0.025

Table 1.4: European exhaust emission standards for the years
2000 and 2005 [Anon. Automotive Engineer (1997)]
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1.8.3.4 US Legislation

The levels of allowable emissions for California and the other US states are shown in the
tables 1.5 and 1.6 below. The levels are based on the FTP75 driving cycle which
comprises of three stages. The first stage is the cold start transient stage (average speed
25.7 mph), the second stage is the cold start stabilised phase (average speed 16.2 mph)
and the final stage is the warm start transient phase (average speed 25.8 mph). California
is leading the way with a push towards ‘zero emissions vehicles’, which in practice are

battery-powered vehicles.

Standard NMHC g/mile | CO g/mile NOx g/mile
Tier I (MY 1996) 0.25 34 0.4

0.125 1.7 0.2
Tier II (MY 2004)

Table 1.5: US passenger car pollution limits {Anon. Automotive Engineer (1997)]

Vehicle Class NMOG g/mile | CO g/mile NOx g/mile
MY 1993 0.250 ®MHO 13 4 0.4
TLEV 0.125 3.4 0.4
LEV 0.075 3.4 0.2
ULEV 0.040 1.7 0.2
ZEV 0.000 0.0 0.0

Note 1: NMOG = non methane organic hydrocarbons, NMHC = non methane
hydrocarbons, TLEV = transition low emissions vehicle, LEV = low emissions vehicle,
ULEYV = ultra low emissions vehicle, ZEV = zero emissions vehicle

Note 2: Standards are for S years/50,000 miles

ote 3: From 1998 2% of cars sold by each manufacturer in the state must be ZEV, this
percentage increases to 10 % by 2003

Table 1.6: Californian passenger car pollution limits {Heimrich et al (1991)]

1.9 Exhaust Gas Treatments: The Catalyst

Existing legislation has led to the development and widespread use of catalysts. Here the
main reduction in pollutant levels is achieved in the exhaust system where the catalyst is
situated, rather than in improving the combustion process itself. The pollutants are made

to undergo further reactions by the catalyst to produce N,, H,0 and CO,.
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1.9.1 Oxidation Catalyst
Oxygen is required to oxidise the HCs and CO into CO; and H,O through the following

reactions.

4HC+50,—>4C0,+2H0 (1.4)
2CO0+0,—>2CO, (1.5)
[Stone (1994)]

The excess oxygen may be provided by operating lean of stoichiometric or by using an
air pump to introduce air into the exhausts ports upstream of the catalyst. NOx is

controlled by retarding the ignition or using EGR (see section 1.10.2).

1.9.2 Reduction Catalyst

Removal of NO is afforded through promotion of reactions with CO, HC and H, which
are also present in the exhaust gases, particularly so with rich mixtures (equations 1.6-
1.6.6). To ensure all the CO and HC has been removed from the exhaust gas, a second
oxidation catalyst is required downstream with air supplied between the two catalysts by

a pump in order to provide the necessary oxygen for this oxidation process.

2NO+5CO+3H0>2NH;+5C0O; (1.6)

2CO+2NO—->2CO;+N, (1.6.1)
2NO +CO - N,O + CO, (1.6.2)
2NO+2H; »> N, +2H,0 (1.6.3)
2NO+5H; »2NH; +2 H,0 (1.6.4)
2NO +H; - N,O + H,O0 (1.6.5)

4HC+10NO »>4CO,+2H,0+5N, (1.6.6)
[Stone (1988), Heywood (1994)]

1.9.3 Three-Way Catalyst

The three-way catalyst (TWC) requires only a single catalyst bed to simultaneously
reduce NOx and oxidise CO and HC to form the products CO,, N, and H,O. It is the
oxygen that is present in the NOx that is used to oxidise the HC and CO. However a
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the torque being equal to the flux of angular momentum through the plane coinciding
with the flow straightener upstream face. Several swirl coefficients have been defined for

use with the impulse swirl meter, one of the simplest being:

87
- mv,B

(1.8)

5

where C, = Swirl coefficient
T = torque
m = mass flow rate of air
Vv, = characteristic velocity derived from the
pressure drop across the valve
B = bore diameter

[Heywood (1988)].

1.10.1.4 Effect of Swirl on Part Load Engine Performance

Tumble rapidly breaks down close to TDC and produces high levels of small-scale
turbulence which decreases the ignition delay and main combustion period albeit by
differing amounts. Detailed flow modelling and 2-dimensional calculations of a tumbling
regime suggested that combustion of the first 10 % of the charge occurred at a faster
rate than the main combustion period (burning of 10 %-90 % of the charge) (Boer ef al
(1990)). This was due to the fact that the highest turbulence intensities close to TDC
occurred approximately in the centre of the chamber which, coupled with the rotation of
the bulk flow, combined to increase the flame area and promote rapid inward burning of

the flame during the early stages of combustion.

Prior to the initiation of combustion the turbulence intensities remained relatively
constant until approximately 80° BTDC whereupon they increased, peaking around 40°
BTDC (figure 1.18). Rapid decay of the turbulence intensity occurred after this, allowing
the main part of combustion to take place at a slower rate than that induced in the early
stages. The relationship between burn rate and tumble measured on a steady-flow rig is
shown in figure 1.19, while the corresponding changes in UHC and bsfc are illustrated in

figure 1.20.
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Unfortunately tumble tends to increase NOx levels due to the increase in combustion
temperature and pressure associated with rapid burning. At higher swirl ratios, UHC
emissions also increase due mainly to the lower exhaust gas temperature caused by
combustion occurring more quickly and thus leaving conditions less conducive to the

oxidation of UHCs.

1.10.2 Exhaust Gas Recirculation (EGR)

Induced in-cylinder motion increases the tolerance of combustion systems to exhaust gas
recirculation (EGR) which is beneficial in reducing emissions of NOx and part load fuel
consumption (Stone (1993)). EGR may be internal or external with acceptable EGR
levels being up to 30% depending on the engine configuration (Heywood (1988)).
Internal EGR refers to that portion of burned gas which is not purged from the cylinder
into the exhaust port, and also to the back flow of exhaust gases from the cylinder into
the inlet port during valve overlap at low speed and load conditions. External EGR is
additional EGR that may be added to the cylinder through a connection between the
exhaust and inlet manifolds. In some cases it is preferable to limit internal EGR so that
greater amounts of external EGR may be added over which there is better control but
regardless of the means by which EGR is present in the cylinder, it acts as a heat sink,

decreasing the combustion temperature and reducing NOx emissions.

The pumping work will also decrease with increasing EGR levels because EGR dilutes
the charge. In order therefore to achieve the same power output, the throttle must be
opened to restore the quantity of flammable mixture in the cylinder, thus increasing the
manifold pressure during induction and reducing throttling losses. The presence of EGR
results in more favourable values for the ratio of specific heats with a consequential

increase in the Otto cycle efficiency (equation 1.2).

Unfortunately, the UHC emissions often tend to increase slightly with the addition of
EGR because of the lower combustion temperature and hence lower rate of UHC

oxidation in the exhaust. The effect can be counteracted to some extent if combustion
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achieved at 800 rpm if the port volume is 22% or less than the swept volume (Newman
et al 1989)). The cylinder pressure at the start of the intake stroke will be closer to the
plenum manifold pressure before falling to its normal throttling pressure. On the pV
diagram this manifests itself as a decrease in the pumping loop area, and hence a

reduction in the pumping work.

1.10.3 Variable Valve Timing (VVT)

An alternative to port throttles for control of internal EGR 1is to apply variable valve
timing (VVT). This more sophisticated method controls the phasing of either the intake,
or exhaust camshafts, or both, thus allowing varying quantities of internal EGR to be
induced into the cylinder at different speed and load conditions. Duckworth (1996) has
made a comparison of the merits of VVT versus port throttling. Tests were carried out
on a 2-litre, 16-valve, 4 cylinder engine, and the results showed that for optimisation of
VVT, a camshaft swing from 86° to 128° ATDC was required. Significant improvement
over a conventional engine design was achieved in terms of idle stability. which allowed
the spark timing to be retarded with benefits in decreasing the catalyst light-off
temperature. Other improvements resulting from VVT included a 4% reduction of fuel
consumption at idle and 3% at part load conditions. Barrel throttles, however, showed
no improvement in idle stability, but fuel consumption was improved by 4% at MBT and

8% at part load conditions.

Stein et al (1996) have made a thorough survey of the effects of different camshaft
phasing strategies. They list 4 possible means of employing VVT through camshaft phase
changes when twin overhead camshafts are used, and these are listed below. A summary

of each method is also given together with a diagrammatic representation (figures 1.23 a-

C).

1) Phasing only the intake camshaft (Intake Only)
2) Phasing only the exhaust camshaft (Exhaust Only).
3) Phasing both the intake and exhaust camshafts equally (Dual Equal).
4) Phasing both the intake and exhaust camshafts independently
(Dual Independent).
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