UCL

Department of Mechanical Engineering
University College London

A study of fuel spray structure and its relationship to emissions
and performance of a gasoline direct injection engine

Submitted for the Degree of Doctor of Philosophy
Shane T.C. O' Donoghue

2002

The author declares that all work within this thesis is his own, unless stated otherwise.

Signed: S.T.C. O’ Donoghue i
/“*"‘




ProQuest Number: U642540

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U642540
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ii

Abstract

The research reported in this thesis is one of three linked investigations aimed at improving the
understanding of the flow and fuel/air mixing processes that occur within direct injection
gasoline engines through the application of both experimentation and modelling techniques. The
components of work covered by this thesis are an investigation into the structure of fuel sprays
from four different high-pressure swirl injectors, and a subsequent investigation of how two of

them perform in a single-cylinder direct injection gasoline engine.

The fuel injectors were initially tested on a rig in the UCL fuel systems test facility. Two
different experiments were carried out to obtain a significant amount of information about each
of the injectors' sprays under various conditions. High-speed photography using a copper vapour
laser for illumination was employed to capture details of the spray structures, as well as
penetration rates and cone angles. In a separate series of tests, droplet sizes were obtained using
a Malvern particle sizer. A tomographic technique was developed in an attempt to deconvolve

the spray structure.

A statistical design of experiment approach was used because of the large number of variables
to be investigated during the engine testing. Two designs of injectors were tested in two
positions for two different fuel pressures. For each arrangement, a Central Composite Rotatable
Design of experiment was employed for four variables at five levels. The variables were inlet
valve timing, fuel injection timing, ignition timing and air/fuel ratio. The results of these tests
were modelled by regression analysis using quadratic functions, which included the possibility

of interactions between pairs of variables.

The measured engine responses were unburnt hydrocarbons (HC) emissions, oxides of nitrogen
emissions (NOx), brake specific fuel consumption (BSFC) and exhaust gas temperature. The
results from the engine and injector testing suggest that there is a strong, yet complex

interaction between the fuel spray structure and the engine performance.
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1 - A literature survey

1.1 The reasons for using Gasoline Direct-Injection (GDI)

The world's car manufacturers face a stiff challenge. Today's consumer demands a vehicle that
delivers superb fuel economy and performance while being very responsive to drive. The
marketplace is not the only force driving the car companies. World governments are introducing
ever-tightening emissions legislation. The most recent is the likely introduction of legislated
values of carbon dioxide (CO,). The only method of reducing the emission of CO, is the

reduction of every car's fuel consumption [Mitsubishi Website, 2000].

Research into new technologies is a continuing process to keep up with these demands. In
recent years several significant steps were made. Fuel injection replaced the carburettor,
improving control of engine operating parameters such as air/fuel ratio in order to reduce
emissions. The introduction of unleaded fuel and catalytic convertors greatly aided the reduction
in exhaust emissions. More recently, engineers have been experimenting with technologies such
as variable-valve actuation (VVA) and cylinder de-activation. It could be argued that the spark-
ignition (SI) internal combustion engine is near the end of its development cycle. However,
another technology has emerged which promises to keep the SI engine in wide-scale use, and to

improve its fuel economy so that it is close to that of the diesel engine.

Gasoline direct-injection (GDI) is not a new idea, dating from the early part of the 20th century.
An impetus was given to the development of the injection of gasoline during World War 2 by
the requirement of aircraft fuel systems to be able to operate over a range of altitudes with the
chance of experiencing quite high 'g' forces. Later versions of the Rolls-Royce Merlin engine
used a port injection system, but Daimler-Benz developed a full GDI system [Banks, 1950].
There were spasmodic attempts to apply GDI to automotive engines after the war, two attempts
being at opposite ends of the spectrum. Norbye [1988] described the application of GDI to a
small two-stroke engine to try to reduce the poor fuel consumption of the base engine, while the
1954 Mercedes-Benz 300SL sportscar [Scherenberg, 1955] applied GDI to obtain a gain in

performance.

However, it was port fuel injection that became the predominant method of obtaining
performance gains from the 1960s onwards. Arguably, the first modern generation GDI engine
was produced by Ford [Simko et al, 1972], but it was not put into production for several
reasons, even though stable stratified combustion was attained. The reasons centred on the
narrow-spacing configuration, where the spark plug was situated near the injector in the

combustion chamber and were as follows:
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* Increased hydrocarbon emissions due to incomplete combustion
*  Spark plug wetting leading to soot formation
* Poor performance and restricted range of possible modes ofoperation due to the

limitations in electronic control systems at that time

For these reasons, and others such as injector durability and carbonisation of gasoline, GDI
engines did not make any impression on the market until the 1990s, whenthe pressure for

greater fuel economy led to the required technical progress being made.

Mitsubishi launched a mass-production GDI vehicle in 1996. This launch convinced many of
the world's car makers that the future of the SI engine lay with GDI technology. Several other
manufacturers have reached a stage at which they are already manufacturing, or about to
manufacture, their own GDI engine [Ford: Schamel et a/, 2000, Nissan: Takagi et al, 1998,
Renault: Jost, 2000, Toyota: Tomoda ef al, 1997]. Mitsubishi alone has declared [Mitsubishi
Website, 2000] that it intends to replace all of its gasoline-powered models with GDI-powered

versions by 2010.

There are several potentially very good reasons why an engine injecting its fuel directly into the
combustion chamber is more desirable than one that mixes the fuel with air before drawing it
into the cylinder. The latter part of the previous sentence hints at the first - engine throttling.
This is the process by which traditional SI engines vary their output to match their load. As the
driver presses the accelerator pedal a throttle plate opens to increase the area for the fuel-air
mixture to flow. Unfortunately, at low loads, the pressure difference across the throttle is quite
high, reducing the part-load efficiency ofthe engine due to increased pumping losses. The GDI

engine has the potential to eliminate throttling completely.

End of
combustion

Ignition Exhaust
valve
opens

Intake
valve opens
Exhaust
Intake
TDC BDC v

Figure 1.1 - Pressure-volume diagram for a four-stroke SI engine [Adapted from Cengal/Boles, 1994].
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A pressure-volume diagram representing an SI engine with port fuel injection (PFI) at part-load
is shown in figure 1.1. The shaded area under the curve represents the pumping losses of the
engine due to throttling. The shaded area of negative work effectively acts to reduce the overall
work output by partially neutralising the positive work output of the compression/expansion
part of the cycle. This is obviously an inefficient way to control work output. The alternative
approach of simply reducing the fuel burnt per cycle will not work with the standard SI engine
due to the limited range of air/fliel ratios over which combustion can be sustained. Stratification

of charge is a possible way of maintaining combustion over a wide range of air/fuel ratios.

Since the 1920s [Heywood 1988], stratification in an SI engine has been acknowledged as a
source of great potential benefit, combining the full-load performance of the SI engine with the
part-load economy of a compression ignition (Cl) engine by eliminating the need for throttling.
Stratification is extremely difficult to achieve with PFI due to the long period that elapses
between the injection of fuel in the inlet port and the initiation of combustion. There have been a
number of attempts [Ando ef al, 1991, Takemura et al, 1991, Kiyota et al, 1992, Ohm et al,
1993, Queenan et al, 1997] to achieve stratification with PFI, but it has not proved possible to
totally eliminate the throttle. GDI offers the chance of short mixing times if the fuel is injected
late in the compression stroke, hence making stratified charge operation far more feasible. The
concept of stratified charge is based on establishing an ignitable air/fuel mixture around the
spark plug, at the time of sparking, while having a very lean mixture elsewhere. This way,
combustion can be maintained even though the overall air/fuel ratio is as high as 40:1 [Kume et
al, 1996].

Air/fuel ratio

Stoichiometnc

07 08 09 10 11 12 13
Fuel/air equivalence ratio

Figure 1.2 - Variation of pollutant concentrations in an SI engine with fuel/air equivalence ratio

[Adapted from Heywood, 1988].
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The reduction of fuel consumption has a direct impact on the emissions. The less fuel and air
being used, the lower the volume of pollutants produced. Operating with a mixture lean of
stoichiometric also has the effect of reducing the output of each of the pollutants shown in
figure 1.2. The fuel economy (and hence overall emissions) ofa GDI engine is further improved
over the PFI engine at start-up. In a PFI engine, when the walls of the inlet port are still cool,
fuel gathers in ‘puddles’. This is known as ‘wall-wetting’ and is a significant source of emission
of unbumed hydrocarbons (UHC). As the fuel is injected directly in a GDI engine, this source
of emissions is eliminated, although wetting of the cylinder surfaces themselves can still be a

problem.

Stratified charge GDI engines are returned to homogeneous operation at full load conditions
[Harada et al, 1997, Iwamoto et al, 1997] in order to achieve a comparable specific power
output to a homogeneous charge engine. In fact, there is the potential for increased power
[Anderson et al, 1996]. As the fuel is injected (as a fine spray) directly into the cylinder it
vaporises quickly into the airflow. This causes the air to cool and contract. More air may now be
drawn into the cylinder than would otherwise have been possible, improving the volumetric

efficiency, pv, according to equation 1.1 below [Stone, 1999].

volume of 'ambient' density air inhaled per cylinder per cycle (1)
= cylinder swept volume '

1300
0.46
1200
0.42 —7. ig
A " imep
mep, kPa
0.38 1100
bmep
0.34
1000
2000 rev/min
WwWOT
0.3 . MBT timing
900

20

Compression ratio

Figure 1.3 - Effect of compression ratio on IMEP and fuel conversion efficiency [Heywood, 1988].
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The cooling of the air also reduces the tendency for the engine to knock. Knocking is defined as
spontaneous ignition of the air-fuel mixture before sparking. It causes a sharp pressure rise
within the cylinder and is audible to the driver. It is undesirable as it can cause long-term
damage to an engine. In a PFI engine the compression ratio is limited by the onset of knock.
Indeed, modem PFI engines now utilise a knock sensor on the crankcase to aid the control of
the air-fuel mixture. GDI allows a higher compression ratio due to the charge-cooling effect
[Anderson ef al, 1996]. According to Heywood [1988], an engine's fuel conversion efficiency
(n)f) increases by approximately 3 percent per unit increase of compression ratio. The engine's
power output increases by the same amount. Figure 1.3 illustrates the effect of compression
ratio on indicated mean effective pressure (IMEP) and fuel conversion efficiency, Pf, of an
eight-cylinder SI engine at 2000rpm and wide-open throttle (WOT). Figure 1.4 below illustrates

Mitsubishi's claim of increased power due to GDI.
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Figure 1.4 - Mitsubishi’s claims for increased power due to GDI technology [Adapted from Mitsubishi
Website, 2000].

In Europe, unleaded gasoline is relatively high in sulphur content. This would contribute to
catalytic convertor poisoning in a GDI engine operating at the ultra-lean air-fuel mixtures
attainable with stratified combustion. To combat that, but still capitalise on the inherent
advantages of the GDI concept, a number of engines have been designed to operate with a
homogeneous charge [Anderson et al, 1996, Andrews, 1998, Webster, 1998]. Homogeneous
charge engines can operate lean, but not to the same level as a stratified charge engine. Toyota
claims to have operated their lean bum engine to 25:1 [Inoue et al, 1993]. However, lean bum
catalysts are particularly susceptible to sulphur poisoning from sulphur-rich European gasoline.
Renault use exhaust gas re-circulation (EGR) as the dilutent rather than air, so that a
conventional three-way catalyst can be used. Most of the same advantages accrue when EGR is

used rather than air.
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Homogeneous charge lean burn engines will show some gain in efficiency through the reduction
of pumping losses, although the improvement will not be as great as with stratified charge.
These advantages are based on efficiency gains. There will also be a gain in efficiency due to
the 'y effect', and reduced heat losses [Cengal et al, 1994]. The specific heat ratio, y (c,/c,), hasa
direct effect on the thermal efficiency:
Na=1-r"" (Otto cycle efficiency formula)

An increase in the specific heat ratio raises the thermal efficiency of the engine. The specific
heat ratio is higher under lean operation. The reduced heat losses come about because the
specific heat of exhaust gases is relatively high, such that they act as a thermal sink and reduce

the peak combustion temperature.

When compared with complicated engine designs such as Mitsubishi's stratified charge engine,
there will be a gain in volumetric efficiency due to fewer compromises having to be made in
port shape and piston profile to set up the pronounced reverse tumble motion. Homogeneous
GDI engines can also make full use of the charge cooling and increased compression ratio
effects discussed earlier. Although homogeneous charge GDI engines have their merits, it is
likely that some manufacturers will adopt this method only as their first-generation GDI design
before moving to stratified charge. Homogeneous units are inherently simpler to develop, as it is

easier to ensure mixing of fuel and air than to try to keep the two gas streams apart.

In summary, GDI engines have the potential to reduce the average fuel consumption across the
globe (if made in sufficient numbers), hence reducing the emission of pollutants such as CO,.
At the same time, the vehicles powered by GDI engines should live up to the driver's

performance, comfort and driveability expectations.

1.2 The current state of GDI development
It was mentioned previously that many car manufacturers either have a GDI engine in
production or on the way to market. The execution and technology of each differs significantly.

In this section, current research and development in GDI technology is reviewed.

In the years between the mid-nineteen sixties to the mid-nineteen eighties, the possibility of a
stratified-charge GDI engine was thoroughly researched [Bishop ef al, 1968, Mitchell et al 1968
& 1972, Simko et al, 1972, Haslett et al, 1976, Wood, 1978, Scusssel et al, 1978, Witze, 1980,
Lorusso et al, 1984]. One of the conclusions at the time was that the degree of control required
was not feasible. However, the technology now exists for computer control to be practical. The

computer is small enough to fit in a corner of the engine bay, not the whole luggage bay. This
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alone will not give the improvements required in fuel consumption and emissions control. The
area of greatest challenge is the establishment of an appropriate air flow field within the
cylinder prior to combustion, together with a fuel spray introduced in such a way as to promote
the type of combustion required, that is to say either stratified or homogeneous. Therefore, the

fuel injection system is currently one of the most active areas ofresearch in GDI.

To achieve projected fuel savings, a GDI fuel injection system must match the airflow field
produced by an engine's combustion chamber design. The required air-fuel mixture must be
produced by this interaction over the operating range ofthe engine, at the correct time and place
within the cylinder. According to Kume et al [1996], a well-atomised, and repeatable spray is
required, especially when operating in stratified mode. Mitsubishi's GDI system has the ability
to operate in two distinct modes. As yet, part-load operation still requires a degree of throttling.
However, the fuel system is capable of injecting late into the cylinder. Mitsubishi have used a
combination of upright intake ports and a bowl-shaped cavity in the piston to bring a rich air-
fuel mixture to the spark plug at the correct time, as shown in figure 1.5. Mitsubishi brought this
design to the market in 1996 [Mitsubishi Website, 2000], and thereby won the accolade ofbeing
the first manufacturer to mass-produce a GDI engine capable of satisfying today's tight

emissions legislation.

Spark plug Injector

Bowl-shaped cavity

Figure 1.5 - Mitsubishi’s bowl-shaped piston cavity [Adapted from Mitsubishi web site, 2000].

Iwamoto et al [1997] describe the strategies of the Mitsubishi GDI engine in detail. In late-
injection (stratified-charge) mode, the fuel is injected at the rising piston surface. As the fuel
impinges on the hot piston crown, the fuel vaporises. This vapour is then entrained into the bulk
air motion towards the spark plug. The reverse tumble, created by the upright intake ports (see
figure 1.6) is maintained by the 'ramp' effect of the piston cavity. This ordered motion directs
the rich fuel-air mixture towards the spark plug at the time of ignition, enabling combustion to

occur with an air-fuel ratio exceeding 40:1 [Kume et al, 1996]. However, it has been shown that
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the production engine operates in this mode for a small proportion of its operating range,

limiting the advantages to idling and light load settings [Wirth ef al, 1998].

Late Early

Injection Injection

Reverse Reverse
Tumble Tumbl e

Figure 1.6 - Upright intake ports promote reverse tumble [Adapted from Kume ef al, 1996].

Homogeneous operation is achieved with the Mitsubishi GDI engine by changing the injection
timing to occur early in the induction stroke. The fuel does not hit the piston in this mode.
Instead, it mixes with the air to form a homogeneous mixture throughout the cylinder. In this
mode, the Mitsubishi engine behaves similarly to a PFI engine, but with the added advantage of
charge cooling. Therefore, the engine has an increased volumetric efficiency, and the potential

to run with a higher compression ratio, leading to increased power and torque.

Ricardo has also developed a GDI engine based on upright intake ports and a bowl-shaped
cavity in the piston [Jackson et al, 1996]. The Ricardo engine appears to be a 'mirror-image' of
the Mitsubishi engine as shown in figure 1.7, with the inlet and exhaust sides of the engine
changed around. This inversion in the schematic drawing of the engine has probably been
applied to make the design look different from Mitsubishi's pioneering engine. The inlet ports

are similarly shaped, as is the piston crown [Jackson ef al, 1997].

Fuel Spray

Figure 1.7 - Ricardo top entry GDI engine [Adapted from Jackson et al, 1997].
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ToyOta's production GDI engine utilises a 12 MPa fuel supply [Harada et al, 1997]. This engine
uses the same concepts as Mitsubishi: a shaped piston crown and enhanced bulk air motion
coupled with an advanced electromagnetic fuel injector. However, Toyota rely on swirl as
opposed to tumble, promoted by closing one port using a swirl control valve (SCV), so that flow
is directed through the second port which is helical-shaped. The cavity in the piston acts as the

combustion chamber. This system is represented schematically in figure 1.8.

Helical Port

SCV Swirl
Straight Port

High
Pressure
Injector

Helical Port

Figure 1.8 - Toyota’s combustion chamber configuration [Adapted from Harada et al, 1997].

Toyota utilises a three-stage strategy to release the potential of the GDI concept. Late injection
and early injection follow the same pattern as described with the Mitsubishi system. The Toyota
engine can also operate with two-stage injection. In this mode, the fuel is injected during both
intake and compression strokes. Toyota claim that this smoothes the transition between ultra-
lean operation (stratified) and stoichiometric (homogeneous). The three modes are illustrated in

figure 1.9.

Early Injection

(homogeneous combustion)
2 Stage Injection

Lean Bum (homogeneous)

I 100km/h

Lite Injection

(stratified chii;3[e combustion)

0 1000 2000 3000 4000 5000
Engine Speed (rpm)

Figure 1.9 - Toyota's 3-mode combustion strategy [Adapted from Harada et a/, 1997].

Chapter 1- A literature survey



11

More recently, Toyota have developed a new approach based around a fan-shaped spray formed
by a slit nozzle [Koike et al, 2000]. The fan-spray and a shell-shaped piston cavity produce a
stratified mixture, but a distinct air motion such as tumble or swirl is not necessary although it
may be desirable. This reduces packaging constraints and allows the inlet ports to be optimised
for increased power. Toyota claim [Kanda ef a/, 2000] that this new combustion process (NCP)
allows a wider range of stratified combustion operation and excellent homogeneous operation,
without the need for a complicated inlet port. The NCP is shown in figure 1.10 along with a
photograph of the fan-spray. The exit hole is very thin (0.16 mm) and arch-shaped, producing a
highly atomised spray in the shape of a fan.

Fan-shaped
Fuel Spray

Shell-shaped
Piston Cavity

. Slit Nozzle
Straight Port

High Pressure
Injector

Image of Fan Spray

Figure 1.10 - INlustration of Toyota NCP system and image of fan spray (2 views: from the front and the
side) [Kanda et al, 2000, Koike et al, 2000].

Yamaguchi (2000) describes the operation of this new system applied to a 3.0-litre six-cylinder
production engine. The GDI engine is designated as the 2JZ-FSE, and is compared directly to
the 2JZ-GE, a port-injection engine with the same cylinder dimensions. Quoted power and
torque figures are identical, but the GDI version produces the peak figures at lower engine
speeds, reducing engine wear and increasing passenger comfort. The compression ratio of the
2JZ-FSE is 11.3:1 compared to 10.5:1 for the PFI unit, which should bring a fuel conversion
efficiency gain of nearly 3% according to Heywood [1988]. Toyota claim a 21% fuel-economy
improvement over the Japanese urban cycle, due to the combination of advantages offered by

the GDI system.

ToyOta's first production GDI engine (with helical ports) operated as lean as 50:1 when in

stratified-charge mode. However, there was a limited range of engine speeds and loads at which
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this engine was capable of sustaining stratified-charge operation. The latest concept has
improved on this by allowing stratified-charge operation to occur up to approximately 75 mph.
The new 2JZ-FSE operates with air/fuel ratios between 20:1 and 40:1 for the lean-bum mode.
The complicated helical ports required for the first engine are no longer needed. The new engine
has two straight ports. One is fitted with the SCV as before. At light loads and low speeds this
valve closes fully. This has the effect of increasing the flow rate through the other port and
promoting axial swirl within the combustion chamber. At high engine speeds and loads, this
valve is fully open. There is a weak stratified charge mode in between, which ensures a smooth

transition between the two extremes.

AVL introduced a radical approach to GDI mixture preparation with their Direct Mixture
Injection (DMI) concept [Fraidl ef al, 1996]. The DMI concept utilises the advantages of air-
assisted injection and pre-evaporation of the fuel without the need for an external pressurised air

supply. Figure 1.11 illustrates the main components in the DMI injector.

Injection
valve
actuation

Mixture injection valve .
! Fuel delivery valve

Mixing chamber

Figure 1.11 - AVL's DMI injector installed centrally [Adapted from Fraidl ez al, 1996].

The DMI injector utilises charge from the preceding engine cycle to produce the mixture
injection pressure. The DMI valve is opened when there is a greater pre-chamber pressure than
combustion chamber pressure during the late part of the induction stroke and the early part of
the compression stroke. The fuel-air mixture then flows into the combustion chamber until the
pressures equalise. The flow is reversed as the combustion chamber pressure rises during the

compression stroke. Pressurised gas flows back into the pre-chamber for use in the next cycle.
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The DMI valve closes to avoid combustion in the pre-chamber. As soon as the valve is closed,
fuel is injected into the pre-chamber to evaporate before the opening of the DMI valve. The

timings ofthe engine cycle at part and full load are provided in figure 1.12.

Fuel miection
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Figure 1.12 - AVL's DMI timing diagrams [Adapted from Fraidl ef al, 1996].

Fraidl ef al (1996) claim that unthrottled operation is possible with certain late injection timings.
The fuel itself need only be injected into the pre-chamber at a pressure just above that of the
chamber, because atomisation during the injection event is not required. The time available for
evaporation is up to 20 times as long as is achieved with conventional GDI systems using a late

injection strategy.

Mixture stratification is improved with the DMI system because the penetration velocities are

significantly reduced. This is due to the relatively low-pressure difference driving the entering

charge. The mixture enters with the fuel in its vapour form, which also serves to reduce the
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penetration. The shape of the resultant spray can be tailored to suit an engine strategy by

altering the valve and valve seat geometry.

The DMI engine runs in homogeneous mode at high speeds or under heavy loads. The pressure
difference between the pre-chamber and the cylinder is increased in this mode, transforming the
spray into a wide hollow cone, spreading the fuel-air mixture around the combustion chamber
for homogeneous combustion. A high-velocity airflow field is not required which means that

less complicated combustion chamber and inlet port designs are possible.

The DMI concept has not reached production to date, however, as there appear to be many
disadvantages associated with the concept. Packaging the DMI injector in a four-valve
combustion chamber will reduce the effective valve area, constricting the engine's breathing.
This need for space also restricts the design of the camshaft spacing, etc. AVL claim that UHC
emissions are reduced at idle by nearly 50% by the use of DMI, but do not mention cold-starts.
It is thought that fuel could remain in the pre-chamber on engine turn-off, leading to increased
UHC emissions when the engine is next started. It is also thought that there will be some loss of
efficiency due to the extra pumping work required between the cylinder and the pre-chamber
while running in the homogeneous mode. Finally, as with all engines operating with a lean
mixture, suitable exhaust after-treatment has yet to be satisfactorily developed.

Swirl Control Valve

Spark Plug

Swirl
Air Motion
High- Pressure
Fuel Injector

Hollow Cone
Spray

Bowl

y

Renault became the first European car manufacturer to offer a GDI engine on the market in

Figure 1.13 - Layout of Nissan's GDI system [Takagi et al, 1998].

1999 [Jost, 2000]. Renault's aims were to reduce overall fuel consumption without increasing
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the emission of harmful pollutants. A fuel economy improvement of 20% is claimed. A high
EGR ratio is employed to produce fewer oxides of nitrogen (NOx) emissions. However, this
engine does not operate with a stratified charge at any time and so the 20% improvement in fuel
economy would seem to be rather optimistic, though the increased EGR would reduce the

amount of throttling necessary.

Nissan also have produced a direct injection SI engine [Takagi et al, 1998]. Fuel consumption is
claimed to have been reduced by more than 20%, with power output increased by 10% and a
reduction in cold start UHC production of 30%. Nissan have achieved this by use of straight
intake ports (increasing volumetric efficiency for high power) and a swirl control valve similar
in concept to Toyota's GDI system. Nissan also employ a piston cavity to control the positioning

of the charge. A schematic of this engine is shown in figure 1.13.

This layout enables the Nissan engine to operate with a homogeneous charge at high speed and
heavy loads with a small loss in volumetric efficiency (due to the piston cavity). The swirl
control valve and the piston cavity enable the engine to operate with a stratified charge at light
loads, improving the fuel consumption by operating as lean as 40:1. Nissan do acknowledge,
however, that the engine-out NOx and HC emissions are quite high, which will require more
sophisticated after-treatment in the exhaust, or the addition of EGR to the engine. This engine

would not be suitable for use with European gasoline which is high in sulphur content.

Iwamoto et al [1997] attribute the recent success of Mitsubishi's GDI engine in part to
developments in the design of the electromagnetic swirl injector. Zhao et al [1997] state that the
GDI injector may be the most critical component in determining the success of the GDI
combustion system. The requirements for the GDI injector substantially exceed those of a

normal PFI injector, and hence add to the cost of the overall system. Some of the criteria are:

e Increased level of fuel atomisation

e Expanded operating range

e Resistance to deposit formation

e Resilience to elevated cylinder temperatures and pressures

e Stable operation over a range of cylinder pressures
In summary, the injector should be capable of injecting an accurately measured fuel quantity in

a highly atomised spray structure, which is stable and repeatable. According to Dodge [1996],
the Sauter mean diameter (SMD) of the drop-size distributions should be approximately 15 pm
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or smaller if the fuel is to have evaporated before sparking. The design of the injector itself

plays a major part in determining droplet size, as does the fuel-line pressure.

With PFI engines, operation is possible with relatively low fuel pressures, as the spray is very
often impacted on hot port and valve surfaces from where it evaporates. A GDI engine usually
requires small droplets so that evaporation occurs before impaction, at least at some of the
operating conditions. Mitsubishi's engine utilises a fuel pressure of 5.5 MPa, while Jackson ef al
[1996] describe a similar engine which operates within a range of 5 - 10 MPa. Lower fuel
pressures are not likely to be possible due to a number of reasons. The first, and most
significant, is the requirement for good fuel atomisation. Even if fine atomisation were possible
at lower pressures, metering errors would occur due to the variation of metering pressure
differential caused by rapid changes in cylinder pressure. However, it is not practical to have
very high pressures either, as pump wear becomes a problem. Currently, some diesel fuel
systems operate at pressures up to 200 MPa [Kimberley, 1999]. However, this is aided by the
lubrication properties of diesel. Gasoline does not have this lubricity. Therefore a higher-

pressure system will be, at best, more expensive to design and produce. At worst, impractical.

1.3 An investigation into the structure of GDI fuel sprays

It has become apparent that the success of the GDI engine depends heavily on the characteristics
of the fuel spray. Modern tools have enabled the researcher to examine closely the structure of
these sprays. This, in turn, leads to precise control of the spray position, direction and content.
The contribution of the GDI fuel injector becomes more important as manufacturers strive to
optimise the stratified-charge gasoline engine. In this section, previous work on fuel sprays for

GDI engines will be reviewed in detail.

In the years since Mitsubishi launched their first GDI engine on the market, a significant
amount of research has been carried out specifically on the spray of fuel from GDI injectors.
This research can be divided into two categories: modelling and experimental work. The former
requires the use of sophisticated software and a significant amount of experimental data before
it may become an acceptable method of prediction. The latter requires more resources than a
fully developed model, and yet it provides data that is required to develop a successful model.
Different models have to be used for different designs of injector, each requiring experimental

data. To date, there is no single fuel spray model that has the ability to characterise every fuel
spray.
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1.3.1 Modelling of fuel sprays

Models of varying complexity have been employed to try to predict fuel spray behaviour. The
simplest models use single component fuels in their prediction of evaporation. This technique
simplifies the calculations, but fails to predict the complex volatility characteristics of gasoline.
Simpler models require information on droplet diameters and velocities exiting the injector

nozzle. The nozzle geometry is rarely included.

Yamauchi et al [1998] employed these techniques to predict fuel spray development from a
high-pressure swirl injector in a Subaru GDI research engine. The single-component fuel used
was octane. The CFD software employed was KIVA, and the Discrete Droplet Model (DDM)
was utilised. Han et al [1997] explained the basic idea of this modelling technique - illustrated

in figure 1.14.

Figure 1.14 - Sheet disintegration according to the DDM technique [adapted from Han et al, 1997].

Instead of modelling the complex interior ofthe nozzle, it is assumed that the spray consists ofa
conical liquid sheet with a given length and thickness. The angle of the spray is determined by
the injector geometry. The liquid sheet is not assumed to be intact however. It is divided up into
discrete packets of droplets, each packet with a characteristic size. These packets are given a

thickness equal to that of the sheet. The packets are assumed to experience negligible drag
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force. Once beyond the break-up stage, these discrete packets must be divided up into actual
droplets. Figure 1.15 illustrates the break-up of these parcels and the swirl angle assigned to

them.

needle swirl angle

injection cone angle

Figure 1.15 - Schematic of a high-pressure swirl nozzle outlet and the treatment of the injection of

droplet parcels in calculation [Yamauchi ef al, 1996].

To simplify the model further, Yamauchi ef al assumed that the droplet parcels were injected at
a position downstream of the injector nozzle, with a swirl velocity component. This
simplification was made to eliminate the need for modelling the complex break-up ofthe liquid
sheet after exiting the nozzle. The experimental data was taken from an engine using gasoline as
its fuel. The calculated distribution of the droplet parcels at 0.8 ms after start of injection is

shown in figure 1.16.
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Figure 1.16 - Calculated droplet parcel distribution a) at 0.8 ms after start o f injection, b) at 2.6 ms after

start of injection [adapted from Yamauchi ef al, 1998].
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Other researchers to use this approach were Han et al [1997], Selim et al [1997], Suh et al
[1999] and Fan et al [1999]. The advantage of this type of model is its relative simplicity.
However, every nozzle will produce different droplet diameters and velocities, each requiring
experimental data before the model can be run. In recent years, this technique has been refined
with multi-component fuel models as the effects of the different boiling points of the various
components in gasoline are now thought to be very significant in spray formation. Modelling
the initial atomisation as the fuel exits the nozzle is another obvious area for modellers to

address.

Ambient conditions play a significant part in the atomisation of multi-component fuels [Shelby
et al, 1998]. Data input is similar to the single-component fuel model, but extra care must be
taken with regards to the ambient temperatures and pressures. This adds complication to the
model, but increases its prediction accuracy. Zeng et al [2000] approached the problem of
modelling a multi-component fuel. The test fuel had four components. Its distillation curve was
similar to that of a California Phase 2 gasoline, and consisted of 15% iso-pentane, 20% hexane,
45% iso-octane and 20% decane by mass. The disintegration of the liquid sheet of fuel exiting
the injector was also modelled using the technique developed by Han ef a/ [1997]. This new
model took into account internal circulation within the droplets, leading to preferential
vaporisation of the more volatile components and droplet surface regression due to vaporisation.
Results for single and multi-component fuels were compared. It was found that the improved
modelling of the fuel’s volatility influences several important spray characteristics: penetration
and global vaporisation being the most significant. Senda ef a/ [1994 & 2000] also investigated

multi-component fuels.

single component )
multi-component

Figure 1.17 - Plot of equivalence ratio distribution (light intensity) and droplet position at 490° CA

[Adapted from Zeng et al, 2000].

Chapter 1 - A literature survey



20

'Flash boiling' is a known phenomenon of multi-component fuel sprays [VanDerWege et al,
1998]. Flash boiling (or 'disruptive evaporation') is the phenomenon that occurs when the
vapour pressure of one or more components of the fuel exceeds the local atmospheric pressure.
It tends to cause a sudden disruption of the spray. Experiments have shown that this behaviour
is only to be found when using a fuel containing high volatility components [VanDerWege et al,
2000]. It can be deduced that it should be a requirement for any comprehensive multi-
component fuel model to have the ability to predict the changes in the spray structure due to

these fuel volatility effects.

However, in recent years this phenomenon has not been included in model development,
although quite early research suggests that it may be possible to simulate the effect of flash
boiling. Brown et al [1962] were one of the first to acknowledge the effect of flash boiling on
spray disintegration. Testing was carried out using sprays from water and Freon-11 jets to
investigate the disruptive effects of flashing. Lienhard et al/ [1970] expanded on this work by
developing expressions for spray break up due to flashing and aerodynamic forces. A
distribution function for break-up length was predicted. As with Brown et al/, gasoline was not
used. Water and liquid nitrogen were used in free orifice jets. It was concluded that the break up
was difficult to describe mathematically. For water, an equation was derived, but it depended on
a random variable. The variability, in turn, depended on an equation derived from the histogram
of experimental results. Due to the limitations of the authors’ apparatus, break-up was almost

impossible to predict with liquid nitrogen.
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Figure 1.18 - Comparison between experimental and calculated spray shapes [Adapted from Senda et

al, 1994].
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A more detailed study was conducted by Oza et al/ [1983] based around the use of direct-
injection into a constant volume vessel filled with nitrogen. Three fuels were used (propane,
methanol and Indolene clear) and three different injectors (a modem electromagnetic injector
with a needle valve, a pencil injector and a diesel injector with a poppet valve). Photographs
were taken of the resultant sprays for subsequent analysis. Flash boiling was induced by heating
the fuel and the injector bodies and reducing the atmospheric pressure. It was found that there
are two distinct flash-boiling regimes: internal and external. Internal flashing occurs within the
injector nozzle and causes liquid-sheet break up before the spray is formed. External flashing
occurs after injection, and serves to shatter the initially intact liquid jet of fuel. This causes an
increase in the spray-cone angle and a reduction in droplet size. However, at the high pressures
demanded to produce a suitable pressure ratio (the ratio between fuel pressure and cylinder
pressure) for acceptable atomisation, bubble growth may be retarded and disappear altogether.

Fuel Fuel
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Figure 1.19 - The basic principle of the swirl nozzle [Iwamoto et al, 1997].

Senda et al [1994] attempted to model the atomisation process with a flash boiling spray and
compared their results with experimental values. The engine under investigation had port fuel
injection. With regards to spray shape and penetration, their predictions were accurate, but the
estimation of characteristics of a flash boiling spray was dependent upon the experimental
results to a certain degree. Figure 1.18 shows the difference between experimental and model

results for injection, where the atmospheric pressure was 8 kPa and the fuel was n-Hexane. This
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relatively low cylinder pressure is required to induce flash boiling in n-Hexane. This would not

be the case within the cylinder ofa GDI engine operating with gasoline.

Several researchers have extended their models to predict how fuel will leave the injector, given
the nozzle geometry. These models utilise a fine mesh describing the injector nozzle shape and
are capable ofpredicting the fuel droplet sizes and velocities on exit from the injector. To date,
most of these models concentrate on the swirl-type nozzles, the basic principle of which is

shown in figure 1.19.

Afzal et al [1999] investigated the effects of internal geometry on spray formation with multi-
hole diesel injectors. The study consisted of an experiment with enlarged transparent models
and a parallel Computational Fluid Dynamics (CFD) analysis. The fine mesh, built inside the

nozzle geometry is shown in figure 1.20.

(«) e (b)

Figure 1.20 - Numerical grid for conical sac (a) and valve covering orifice (VCO) nozzles (b) [Adapted

from Afzal et al, 1999].

The work mainly concentrated on predicting when cavitation would be present as this has a
great effect on the final form ofthe spray. The findings were that there are two identifiable types
of cavitation: conventional hole cavitation and a vortex cavitation formed inside the sac volume.
The latter was found to induce hole-to-hole variation. The predicted velocity flow field and

turbulent kinetic energy distributions inside the injection hole are illustrated in figure 1.21.

Abo-Serie et al [2000] expanded on the work of Afzal et al [1999] by applying the theory
specifically to GDI injector sprays. The model developed is a sophisticated one. It is based on a
two-phase extension of the GFS CFD code. This allowed the tracking of liquid-gas surfaces
using the volume of fluid (VOF) methodology. According to the published paper the model

solves the full Navier-Stokes equations describing the motion ofthe moving fluids.
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Figure 1.21 - Predicted velocity flow field and turbulent kinetic energy distributions inside the injection

hole [Adapted from Afzal et al, 1999].

The first step of the calculation resulted in predictions for the behaviour of the pressure wave
dynamics within the fuel system itself, with four injectors attached to a common-rail system.
The computed results showed considerable fluctuations in the injection pressure. The formation
of a liquid sheet within the injector nozzle was then predicted and this two-phase calculation
was extended outside the nozzle in order to determine the spray cone angle. The latter was
calculated as a function ofthe swirling motion and the geometry ofthe nozzle. The authors state
that the predictions from the model are to be compared with experimental values in a future

study.

It is obvious that a good working model would decrease the development time ofa GDI engine.
For instance, Miyajima et at [2000] developed a model to predict the spray shape from a newly
designed nozzle. The model was not a complicated one. CFD using the finite volume method
was employed, with an unstructured mesh. The fuel velocity was the inlet condition and the
outlet condition was that the fuel velocity and fuel pressure gradients were set to zero. As can be
seen in figure 1.22, the only internal geometry modelled was the cross-section of the outlet. The
type of fuel modelled was not stated, but in the accompanying experiment, a low aromatic white

spirit was used as the fuel. The modelling approach enabled predictions to be made of changes
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in the spray resulting from alterations to the nozzle design, without the need for any further
experimentation. However, it is likely that experimental work will always be required, if only to

validate new models.

atmospheric atmospheric
11f1 region region
(a) conventional nozzle (b) L-type nozzle

Figure 1.22 - Computational mesh used by Miyajima et al [2000].

1.3.2 Fuel spray experiments

Experimental work on GDI fuel sprays has been performed extensively over the past decade.
Some fundamental work has been carried out using test rigs rather than firing engines. This is
simpler from the experimental point of view, and it also helps building up an understanding by
concentrating on certain aspects. In a laboratory, ideal conditions are produced so that fuel
injectors may be tested without the complications ofreal-engine conditions. This type of testing
allows an understanding to be obtained of the relative effects of fuel pressure, ambient
conditions, fuel volatility, etc. The complexity of rig experiments has increased as researchers

strive to gain more understanding.

Experimental work can be divided into qualitative and quantitative measurements. Visualisation
techniques are used in qualitative work, such as Mie-scattering or Laser Induced Fluorescence
(LIE), where the results are in the form of images. Mie-scattering reveals the pattern of the
liquid fuel spray, while the application of LIE extends the visualisation to cover fuel vapour. In
principle, LIE can be calibrated to indicate actual air-fuel ratios, but its sensitivity to
temperature and quenching effects means that any quantitative data has to be treated with great
caution. The development of an engine is aided by optimising injector spray characteristics,
such as penetration rate and spray angle. Quantitative experiments, such as Phase Doppler
Anemometry (PDA) or Laser Diffraction, result in numerical data, which can be used as a guide
to develop the engine further, or for the purposes of producing a CED model. PDA gives
measurements of droplet diameter and velocity, while laser diffraction is limited to the
measurement of droplet size distribution. Laser diffraction is restricted to test rig applications,

as it is virtually impossible to apply to the cylinder of a firing IC engine.
Investigations of fuel sprays began by spraying into quiescent air at ambient temperature and

atmospheric pressure. These tests replicate the pressure inside a cylinder under early injection

strategies, when the air pressure is close to atmospheric [Parrish et al, 1997]. The effects of fuel
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pressure can be investigated in this way. In general, it is found that, as injection pressure is
increased, the volume of fuel in the initial slug of fuel increases, as does the penetration. Figure
1.23 illustrates this. This slug at the start of injection does contain a high density of fuel, which
is undesirable from the point of view of subsequent evaporation. However, it represents a very

small proportion of the overall spray volume on a well-designed injector.

(a) 00
Figure 1.23 - Illustration of slug growth with fuel pressure - (a) Fuel pressure 4.83 MPa. (b) Fuel

pressure 6.21 MPa [Adapted from Parrish et al, 1997].

Atomisation improves at higher fuel pressures. Spray cone angle is found to be relatively
independent of injection pressure, but the formation of counter-rotating vortices on the
periphery of the leading edge of the spray is more prominent, and forms earlier with a higher

fuel injection pressure [Arcoumanis ef at, 1999, Shelby et al, 1998] as shown in figure 1.24.

(a) (b)
Figure 1.24 - The formation of counter-rotating vortices increases with fuel pressure - (a) Fuel pressure

2 MPa. (b) Fuel pressure 10 MPa [Adapted from Arcoumanis et al, 1999].
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Variations in ambient conditions are found to have considerable influence on spray
characteristics. Naitoh et a/ [1996] found that both the initial spray cone angle and the spray
penetration decrease with an increase in the ambient pressure. These changes are evident in
figure 1.25. The mean droplet size was also found to increase with an increase in ambient
pressure. Changing the ambient pressure is achieved by using a pressure chamber or a vessel
into which the injector sprays [Meyer et al, 1997]. The pressure may then be increased with an

inert gas or decreased using a vacuum pump [Miyajima et al, 2000].

ambient pressure = 0.1 MPa

ambient pressure = 0.6 MPa
Td=l ms Td=2 ms Td=3 ms Td=4 ms

Figure 1.25 - Penetration reduces with an increase in ambient pressure [Adapted from Miyajima et al,

2000].

Single-component fuels are often used [Pontoppidan ef al, 1997] instead of gasoline. The more
common are hexane, heptane and iso-octane. These three have thermophysical properties
similar to gasoline, such as the dynamic viscosity, density, thermal conductivity and surface
tension [Fardad et al, 1999]. Recently, the effects ofthe temperature of the injector body and the
fuel have also been investigated with the aim of understanding the volatility effects of multi-
component fuels [VanDerWege ef al, 1998]. The major difference between rig tests and engine
tests is that rig tests do not replicate the interaction between the fuel spray and the airflow

within an engine's cylinder [Iwamoto et al, 1997].

Bottom view Side view Top view

Mirror

Figure 1.26 - The three conventional types of optical engine [Adapted from Kano et al, 1998].
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The next logical stage of complexity is testing with a firing engine. The same experiments may
be carried out as with rig tests if an optical engine is used. There are three types of optical
engine generally used: bottom view, side view, and top view [Kano et al, 1998]. These are

illustrated in figure 1.26.

In the bottom view method both the piston and the engine block are extended. This is to
accommodate a mirror in the piston angled at 45°, which enables the combustion chamber to be
observed in association with a transparent piston crown and a source of illumination. Bowditch
[1961] devised this system so that no modifications are required of the combustion chamber.
Unfortunately, the increased use of bowl-cavity pistons in GDI engines restricts the application
of this method. The side view method relies on cither a transparent (usually quartz or sapphire)
cylinder or a cylindrical window flush with the cylinder. The latter is claimed to be easier to seal
and is less complicated to manufacture [Davy, 2000]. The top view method requires an
observation window in the top of the combustion chamber. This is rarely used on current

research engines, as most modern engines have a four-valve pent-roof configuration.

With all of the above, the usual practice is to introduce illumination to the combustion chamber
and to record the images for subsequent analysis. Mie-scattering and LIF are the techniques
usually employed. In this way, each of the experiments performed in the rig tests can be carried
out, with the added effect of the airflow within the cylinder, to build an accurate picture/model
of the changes within a GDI fuel spray, and the factors that affect those changes. The main
parameters under investigation to date are:

o Fuel pressure

¢ Fuel volatility

e Fuel temperature

e Ambient pressure

¢ Bulk air motion
The spray characteristics being examined are generally:

e Droplet size

e Spray angle

e Penetration
To date, not many researchers have examined all of these factors. As it is relatively easy to vary
the fuel injection pressure, this has been thoroughly investigated, both qualitatively and
quantitatively. Images of a GDI spray do not appear significantly different in shape with a
change in fuel pressure [Moriyoshi et al, 1998], but reducing the fuel pressure has an adverse

effect on the atomisation of the spray. This means that the droplets will be larger, leading to
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slower atomisation within an engine. This, in turn, is likely to lead to higher emissions of
pollutants, a higher coefficient of variation of IMEP and lower power output, as indicated in
figure 1.27. Slower evaporation also reduces the range of injection timing available to an engine

designer. In general, penetration is increased at higher fuel pressures [Miyajima et al, 2000].

Start of Injection (deg. BTDC) Start of Injection (deg BTDC)
150d«{ BTDC 1*0d.t BTDC # ' 160dtg BTDC —ér— 1*0dnf BTDC
-*-210 d«, BTDC —m— 210d*| BTDC
0)=0.62-0.69 <$=0.60-0.63
Inj. Amount: 12.8mg Inj. Amount: 12.1mg
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Figure 1.27 - Comparison of emissions and power output at different fuel injection pressures [Adapted

from Moriyoshi et al, 1998].

Fuel volatility was not considered a significant factor in gasoline direct injection spray research
until recently [VanDerWege et al, 1998]. Using planar laser-induced fluorescence (PLIF),
VanDerWege et al [2000] investigated the effects of fuel volatility and operating conditions on
fuel sprays. As mentioned earlier, flash boiling of the lighter fractions of the fuel disrupts the
fuel spray. If evaporation in the core of the spray is fast enough then the overall spray width
reduces, due to the production of a vapour core along the axis of the spray, caused by an
increase in fuel temperature and a decrease in ambient density. This phenomenon is shown in
figure 1.28, where the bottom row of pictures illustrates how the spray changes from its normal

form (top row) when flash boiling is present.
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AA A A

Figure 1.28 - VanDerWege et al [2000] illustrated the effects of evaporation in the core of the spray.

The flash boiling also affected the penetration of the spray. Higher volatility components of the
fuel were found to penetrate faster (surprisingly). It is thought that this was due to the rapid
evaporation of the light ends, which then become entrained towards the centre of the spray and
followed the air motion created by the initial slug of fuel. The flash boiling (caused by volatility

effects) also served to reduce the size of the fuel droplets, improving atomisation.

Davy et al [2000] investigated the effects of flash boiling on mixture formation as well as the
change in spray structure at different temperatures. At low temperatures, the spray appeared to
be a hollow cone. As the fuel temperature was increased, the spray became filled and eventually
the angle of the spray reduced. It was also noted that at the lower temperatures, individual fuel
droplets were visible, but the spray appeared more 'misty' with elevated temperatures. This
suggested a reduction in the size of the fuel droplets. A comparison was made between gasoline
(multi-component) and two other fuels (iso-octane and a blend of pentane, iso-octane and n-
nonane) to assess the effect. The single-component fuel did not undergo these changes, which
were attributed to flash boiling. It was therefore assumed that the rapid evaporation of the light

ends of gasoline was responsible for the onset of flash boiling.

The ambient pressure into which the injection of fuel is occurring has a significant effect on the
resultant spray. Drag force acting on the fuel increases as the density of the air increases. The
spray narrows as the ambient pressure increases, forming a more solid cone [Shelby ef al,

1998]. Conversely, a decreased pressure (i.e. below ambient) opens up the spray. Penetration is
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increased with a reduced ambient pressure due to the reduced drag between the air and the

droplets.

Several researchers have investigated the effects of bulk air motion on fuel spray formation. The
usual method is to motor an engine without spark, but with the fuel injector spraying and then to
use Laser Doppler Velocimetry (LDV) to measure the in-cylinder velocities. It is generally
observed that the shape of the fuel spray is significantly distorted by the intake airflow. This
effect becomes more pronounced with increasing engine speed [Stanglmaier ef al, 1998]. Other

researchers on this subject include Himes et a/ [1999] and Moriyoshi et al [1998].

Himes et al made velocity measurements in a motored engine in the vicinity of the fuel spray.
To simplify the test the spray was not present. Three operating conditions were investigated:
low load and speed, medium load and speed and high load with a medium speed. The swirl
motion was found to change direction from anti-clockwise during the low load case to
clockwise under high load. It was also shown that the air motion in the cylinder would cause a

movement of the spray towards the region between the intake valves.

Moriyoshi et al evaluated a GDI system with enhanced air motion. Combining a strong swirl
flow with a cavity in the piston created the enhanced motion. A complicated inlet design was
utilised to create the swirling motion. One inlet port was helical and the other straight, but
incorporating a swirl control valve (SCV). It was found that the fuel would be conserved at the
centre of the swirling motion (in the piston cavity), but nearing TDC the combination of swirl
and squish carries the rich mixture toward the spark plug. Stable combustion was achieved and
it was stated that engine load control was easier than other GDI systems as it was proportional
to the amount of fuel injected. However, oxides of nitrogen pollution were worse than other lean
burn systems. This was claimed to be due to the charge stratification, extending to almost
stoichiometric in the combustion chamber. At the high load case, the increased swirl intensity

was detrimental to the engine performance. This can be offset by strict control of the swirl.

14 The way forward

It is apparent that the GDI engine offers many advantages, but not all of them have yet been
fully realised. The crux of the total success of this type of engine is the fuel spray and its
interaction with an appropriate air motion within the cylinder. Researchers are making progress
towards developing modelling tools that will allow GDI engines to reach their full potential.
The review of the literature has suggested that all of the following features will have to be
modelled if accurate predictions are to be obtained of a GDI spray:
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e The internal geometry of the injector - particularly how it affects cavitation,

e The initial fuel slug - particularly how it influences subsequent air motion in the
centre of the spray,

e The atomisation processes as the fuel leaves the injector,

e The evaporation characteristics of realistic multi-component fuels,

e The prediction of whether or not flash boiling will occur and, if it does, what its
effects will be,

e The prediction of realistic penetration rates that, in turn, are dependent on the
adoption of suitable drag coefficients for the droplets combined with realistic

modelling of the air motion surrounding the spray.

There is still much work to be performed before these requirements are met. It is apparent that
there is relatively limited experimental data available which researchers can apply to help
develop their models. Individual experimental investigations have tended to be restricted to one
type of injector and a limited number of variables (e.g. effects of fuel and ambient pressures). It
has not been clear which of the effects observed were dependent on the particular design of
injector used and which were typical of swirl-type injectors in general. The first part of this
thesis will be devoted to describing how a comprehensive set of experiments was performed
with different types of injector, tested using a relatively large number of variables (fuel pressure,
fuel temperature, ambient pressure and fuel type). It was hoped that these results would allow a
better understanding to be developed of the influence of injector design and the effects of the
variables and any interactions. The results are being utilised by the other two PhD in the group
of three. One student is able to validate his spray models with the information, while the second
student is finding the results useful to understand the modifying effects of airflow on fuel sprays

that he observed in a firing engine.

The second part will address another important area, namely how changes in injector spray
affect engine performance, particularly the emissions characteristics. The point being that
improvements in spray modelling can only be fully effective if linked with a better
understanding of how fuel preparation influences engine performance. An area of particular
interest will be the influence of valve timing. Variable Valve Timing is being used quite
widely on PFI engines and some of the benefits are applicable to GDI engines too. However,
complex interactions occur between GDI fuel sprays and air flows at different inlet valve
timings and a greater understanding is required of their effects. The results obtained by the PhD
student working with the optical version of the engine will be used to explain some of the

results.

Chapter 1 - A literature survey



32

The work is based on a GDI cylinder head designed to produce a homogeneous charge (as
opposed to stratified charge). The cylinder head was chosen for reasons of availability. It was
versatile in that it could accommodate a GDI injector in either a central or a side-mounted

position.

Chapter 1 - A literature survey



33

Chapter 2
GDI FUEL INJECTOR SPRAY CHARACTERISTICS

Chapter 2 - GDI fuel injector spray characteristics



34

2 - GDI fuel injector spray characteristics

2.1 Introduction

The purpose of the testing described in this chapter was to provide more comprehensive data
than hitherto available in the literature on the differences in sprays between four types of swirl-
type injectors designed for use in direct injection gasoline engines. The injectors were to be
tested over a wide range of variables on a test rig to simulate as far as possible the conditions
experienced on a running engine. The test results were to benefit the three students working on

the GDI engine project in the following ways:

(i) Provision of penetration rates, droplet sizes and spray angles for the student
working with CFD programs to validate his models.

(ii) Provision of images for the student working with the optical engine to compare his
results with those obtained in quiescent air on a test rig. The comparison was to
give insights as to the influence of airflows on spray formation and dispersion.

(iii) Provision of data for the author to help him understand the emissions results that he

subsequently obtained on the Hydra test bed engine.

2.2 Description of test equipment

2.2.1 Spray imaging

The first part of the testing centred on photography of the fuel sprays using a high-speed drum
camera. A copper-vapour laser provided the required illumination. The basic layout of the test rig is
illustrated in figure 2.1. Note that to produce a relatively thin light sheet (less than 2.0 mm thick),
the laser beam was first passed through an Oxford Lasers designed light-sheet box, which contained
a series of optical lens and mirrors. A copper-vapour laser was used as it provided the combination

of high-energy pulses (up to 2.0 mJ), short pulse duration (10-30 ns), and a rapid repetition rate.

The laser frequency was set at 10 kHz for the duration of the testing, resulting in photographs of the
fuel spray 0.1 ms apart. The pulsewidth of injection was set at 4 ms, enabling the drum camera to
capture a complete pulse on one 1.0 m length of film while operating at a rotational speed of
approximately 180 rev/second. The camera shutter was set to open for the duration of injection, but
the film was only exposed while the laser was pulsing, resulting in two pictures per frame (frame

size: 35 mm). The orientation of the light sheet was altered according to requirements.
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Figure 2.1 - Schematic of test rig for spray imaging.

2.2.2 Particle sizing

A Malvern 2600 series particle sizer was employed to measure the size of the fuel droplets. This
instrument is based on a class 3a Helium-Neon laser, fitted with a beam expander to produce a 9 mm
diameter beam. When the beam encounters a spray of small drops, light is diffracted according to
Fraunhofer Diffraction Theory. The diffracted light is collected and focussed by a Fourier-
Transform lens onto a series of 31 half-annular light-sensitive rings. Thus, the pattern of diffracted
light is recorded, and subsequently transformed by mathematical analysis into a droplet size
distribution. The software calculates a series of mean diameters, the most relevant one for this

investigation being Sauter Mean Diameter.

Data was collected over a number of consecutive spray sequences, the readings being recorded at the
same point in each spray sequence by the use of the Malvern Spray Synchroniser. The sampling
time for each reading was approximately 10 ps. Readings were taken over 100 spray pulses. The
experience of Williams [1994] was that more representative results are obtained by averaging over

this number of pulses.
The Malvern Spray Synchroniser, in series with the injector's drive circuit, controlled pulsing of the

injector in this instance. An extraction system for the fuel vapour was employed throughout the

testing. A schematic of the apparatus is provided in figure 2.2.
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Figure 2.2 - Schematic of test rig for particle sizing.

2.2.3 The fuel injectors

In total, four different types of gasoline direct-injection (GDI) injectors were tested. The injectors
most often considered for use in GDI engines are the high-pressure swirl variety. As the name
suggests, the internal design of the injector sets up a swirling motion of the fuel spray on exit from

the injector tip, as illustrated in figure 2.3.

Cross-section of

fuel injector tip Fuel spins to

outside surface

Hollow core

Swirling motion

Figure 2.3 - A high-pressure swirl injector.

All injectors under test were of this description, but their characteristics varied as follows. Note that

the L/D ratio represents the orifice length-to-diameter ratio in the summary tables.
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Injector A

Injector A was a production unit taken from a current GDI engine. The Ford Motor Company
supplied the injector and drive circuit for the test injector. The injector was of relatively early design
and therefore utilised a relatively low fuel pressure (55 bar) in comparison to later designs. It was

still described as a high-pressure swirl injector.

Nozzle type Swirl device upstream of an open nozzle
Measured outlet diameter' ’ 915 um

Estimated L/D ratio for outlet orifice' ’ <1

Manufacturer's nominal offset angle None

Manufacturer's nominal fuel pressure 55 bar

Manufacturer's nominal spray cone angle 60 degrees

Manufacturer's nominal flow rate Not known

Fuel pressure for testing 55 bar

Figure 2.4 - Summary of injector A properties.
* Measured by photographing the nozzle through a microscope lens at a known magnification.

** This is a best estimate, obtained from a combination of examination with a microscope, measurement and
knowledge of the nozzle though other literature.

Injector B
Injector B differed from the others in that it sprayed at an angle (20°) to the injector's axis (figure
2.6). It too was classified as a high-pressure swirl injector. It was designed to be used with 120 bar

fuel supply pressure. All necessary hardware for testing injector B was provided by Jaguar Cars.

Nozzle type Swirl device upstream of an offset nozzle
Measured outlet diameter' ’ <500 pm

Estimated L/D ratio for outlet orifice® ’ >1

Manufacturer's nominal offset angle 20 degrees

Manufacturer's nominal fuel pressure 120 bar

Manufacturer's nominal spray cone angle 37 degrees

Manufacturer's nominal flow rate 11.0 cm’/s

Fuel pressure for testing 120 bar

Figure 2.5 - Summary of injector B properties.

** This is a best estimate, obtained from a combination of examination with a microscope, measurement and
knowledge of the nozzle though other literature.
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Figure 2.6 - The angle of injection for injector B.

Injector C

The nominal spray angle of injector C was 60°. The spray angle was the only major difference
between injector C and injector D. Jaguar Cars supplied both injectors and their drive circuits. Its
manufacturer suggested three possible operating fuel pressures for this injector: 20, 50 and 100 bar.
Testing was conducted at both 20 and 100 bar. It is likely that the 20 bar pressure would only be

used for starting and early running.

Nozzle type Swirl device upstream of an open nozzle
Measured outlet diametef 450 pm

Estimated L/D ratio for outlet orifice'' 0.467

Manufacturer's nominal offset angle None

Manufacturer's nominal fuel pressure 20, 50, 100 bar

Manufacturer's nominal spray cone angle 60 degrees

Manufacturer's nominal flow rate 12.5 em*/s

Fuel pressure for testing 20, 100 bar

Figure 2.7 - Summary of injector C properties.

* Measured by photographing the nozzle through a microscope lens at a known magnification.

Injector D
Injector D was of the same basic design from the same manufacturer as injector C, but differed in
that its spray angle was 90° as opposed to 60°. Both injectors were described as high-pressure swirl

injectors.
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Nozzle type Swirl device upstream of an open nozzle
Measured outlet diameter' ~ 800 pm

Estimated L/D ratio for outlet orifice ’ <0.5

Manufacturer's nominal offset angle None

Manufacturer's nominal fuel pressure 20, 50, 100 bar

Manufacturer's nominal spray cone angle 90 degrees

Manufacturer's nominal flow rate 12.5 cm’/s

Fuel pressure for testing 20, 100 bar

Figure 2.8 - Summary of injector D properties.

** This is a best estimate, obtained from a combination of examination with a microscope, measurement and
knowledge of the nozzle though other literature.

2.3 Discussion of results

2.3.1 Spray imaging

Fuel was injected into quiescent air for all tests. Most tests were performed with the injectors
spraying into the open atmosphere, but some testing took place with the injector under test spraying
into a partially evacuated chamber at a pressure of 0.5 bar absolute. A mounting block was designed
with water passages such that it was possible to vary the temperature of the injector body over the
range from ambient up to 80°C. Heating was applied by pumping hot water through the mounting
block of the injector. A thermocouple was attached to the injector body to measure its temperature.
Regular unleaded gasoline was used for the tests, with some tests repeated using iso-octane as a
control fuel. The method of supplying fuel at pressure was that of using a combination of pneumatic
and hydraulic cylinders. This was first applied on a previous project [Salters, 1996], and then re-
designed by the author for this project to give the potential of higher delivery pressures (up to 150
bar). It should be noted that there was no additional heating of the fuel with this arrangement caused
by the fuel being passed through an electrically-driven pump. Figure 2.9 shows a schematic diagram

of this arrangement.

Connecting rod

Pneumatic / Hydraulic

W4

cylinder cylinder

Up to 150 bar fuel pressure
Up to 10 bar air pressure

Fuel rail

Air compressor

Figure 2.9 - Fuel system.
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The orientation of the camera could be changed from the basic arrangement where the light sheet
intercepted the spray parallel to the injector axis to obtain a side view (figure 2.1) or at right angles
to it to obtain an end-on photograph. This is illustrated in figure 2.10. Note that the light sheet
appears as a thin line in this plane. Additionally, it was at times necessary to mount the light sheet
box underneath the injector, with the light sheet approaching the injector along its axis. This is

illustrated in figure 2.17.

Laser light sheet Light
sheet box

Optic fibre

Cone-shaped
fuel spray

Copper
vapour
laser

Drum camera

Figure 2.10 - Orientation of light sheet for end-on photographs.

The resolution of the high-speed photography was such that a detailed visual analysis ofeach picture
was possible. The areas under investigation were:

» Cone structure: hollow or filled?

* Formation of curl-up vortices

* Penetration rates

» Cone spray angle

* Presence of swirling motion

These characteristics will be examined in turn for each injector in the following sections.

2.3.2 Cone structure: hollow or filled?
There has been discussion in published work [Zhao ef al, 1997] as to whether or not it is possible to
have a completely hollow cone structure. Figure 2.11 illustrates the initial formation of a hollow

cone in a high-pressure swirl injector. Current understanding is that fuel emerges from the injector in

Chapter 2 - GDI fuel injector spray characteristics



41

the form of a cone, which then breaks up into droplets at a short distance from the injector tip. There
is a low-pressure area formed in the centre of the cone by the high-velocity spray as it entrains
surrounding air. This will serve to suck inward droplets formed from the disintegrating surface of
the conical sheet of fuel. The extent to which the cone will fill will be dependent on a number of
factors including droplet size. The break-up of the spray may be enhanced if ‘flash boiling’ occurs.
Flash boiling is the phenomenon that takes place when the vapour pressure of one or more
components of the fuel exceeds the local atmospheric pressure, and it will tend to cause a sudden

disruption of the spray.

Cross-section of

fuel injector tip Fuel spins to

outside surface

Entrainment
Swirling motion
Hollow region of
Break-up of low pressure
fuel sheet

o

Figure 2.11 - Initial formation of the hollow cone.

In recently published work [VanDerWege, 2000a] the sprays from a high-pressure swirl injector
designed for use in a GDI engine were found to change from a well-defined hollow cone to a filled-
in cone with either an increase in temperature or a decrease in ambient pressure. This effect was
found only to occur when using a fuel containing high volatility components. Each sequence of
spray photographs was examined carefully to observe whether there were any signs of the

occurrence of this phenomenon.

Appendix 1 contains a complete index of the photographs recorded. Frames of interest will be
reproduced here for discussion. Note that an arrow is included to indicate the direction of approach

of the light sheet.
Injector A

At ambient conditions the cone appeared to be densely filled with droplets (figure 2.12) rather than

having a hollow structure.
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Figure 2.12 - Injector A: atmospheric pressure, 23°C fuel temperature, 55 bar fuel pressure, gasoline, 1.9 ms

aSOl, figure Al.1 029.

However, this was not conclusive. It was inevitable that some light from the sheet was reflected and
illuminated parts of the spray not cut by the original sheet. To investigate this further a microscope
lens was used to magnify the spray. Figure 2.13 shows a section of this magnified spray. There
appears to be a significant dense region on the edge ofthe cone, and it is believed that features ofthe
spray structure apparent in the centre are mainly details on the outside of the spray illuminated by

reflected light, suggesting that the core could be hollow after all.

Figure 2.13 - Injector A: atmospheric pressure, 23°C fuel temperature, 55 bar fuel pressure, gasoline, 1.6 ms

aSOlI, figure Al.1 062.

Further proof was found in the end-on view ofthe spray (figure 2.14). This shows the view when the
camera was placed looking into the spray with the light sheet cutting the spray some 40 mm from
the injector tip. A dense outer ring is visible with an apparently hollow ring inside. Although the
outside ring appears to be incomplete, it is assumed to be a uniform ring. The width of the light
sheet itself did not span the complete width of the spray, hence the loss of some detail. The fuel
visible in the centre of the spray was probably formed from the 'slug' of fuel that issued from the
injector at the start of the injection process, as apparent in Figure 2.14b. There is a tendency for the
first fuel leaving the injector to travel along the axis of'the injector, as the swirling motion that forms

the cone takes some time to become established.
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53 mm

(a)
(b)
Figure 2.14 - Injector A: atmospheric pressure, 23°C fuel temperature, 55 bar fuel pressure, gasoline, (a)

End-on photograph, 2.0 ms aSOl, 40 mm from injector tip, figure Al. 1082. (b) Side photograph, 0.9 ms aSOl,
figure A 1.1024.

Injector B

At atmospheric pressure there did not appear to be a hollow cone present in the photographs taken
from the side (figure 2.15a). Note that the side view has a 5 mm blank area. This is due to the need
for a revised viewing arrangement to accommodate the 20° angle of the spray. The injector was
mounted at 20° to the vertical so that the spray travelled axially along the cylinder, and a window
was mounted in the injector holder to view the spray leaving the injector. This arrangement was
used with the dummy cylinder for testing below atmospheric pressure, but also for atmospheric
pressure testing. The ‘anomaly’ in the end-on spray view in figure 2.15b at the 9 o’ clock position
was thought to be a feature linked to the manufacture ofthe injector with a 20° inclination. The end-
on view (figure 2.15b) was taken with the plane of illumination 44 mm away from the tip of the

injector and supported the contention that the spray was filled.
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Figure 2.15 - Injector B: atmospheric pressure, 120 bar fuel pressure, gasoline, (a) Side view, 24°C fuel
temperature, 0.7 ms aSOl, figure A 1.2 004. (b) End-on view, 25°C fuel pressure, 1.6 ms aSOl, figure A 1.2
042.
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Injector C

The spray structure from injector C was seen to vary significantly with fuel pressure under
atmospheric conditions. The cone appeared to be filled at all times under atmospheric conditions
(figure 2.16). However, it is worth noting that the light sheet was obscured much earlier when
injecting at the higher fuel pressure (100 bar). In this arrangement, the light sheet approached the
spray along the axis of the injector as shown in figure 2.17. Comparing this diagram with figure 2.1,
it is possible to see how the fuel may obscure the light sheet itself. This arrangement was necessary
for some tests as a dummy cylinder was used to perform tests at reduced ambient pressure, and was
retained for most testing as it reduced the amount of time taken to change configuration. At 100 bar
injection pressure there is more fuel injected along the path ofthe light sheet for the same time after

the start of injection, causing greater obscuration.
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uug

L \/
(@) (b)

Figure 2.16 - Comparison of sprays from injector C at atmospheric pressure, 22°C fuel temperature, (a) 20

bar fuel pressure, gasoline, 2.5 ms aSOI, figure A 1.3 049. (b) 100 bar fuel pressure, gasoline, 0.7 ms aSOI,
figure A 1.3 058.

A hollow cone structure was apparent when testing injector C at a cylinder pressure of 0.5 bar and a
fuel pressure of 20 bar. Even when the injector was heated to 80°C (above the boiling point of some
of gasoline’s components) the cone still appeared to be hollow. Figure 2.18 illustrates the difference
between injection at 20 and 100 bar under these conditions. The hollow cone structure is clearly
apparent at 20 bar in figures 2.18a and 2.18c, but it is likely that the structure had changed to a filled
cone at 100 bar in figures 2.18b and 2.18d. The relatively poor quality of the images is due to

impaction on the window that had to be inserted in the test rig to reduce the pressure to 0.5 bar.
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Figure 2.17 - Re-orientation of the light sheet.
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Figure 2.18 - Comparison of sprays at 0.5 bar cylinder pressure, (a) 23°C fuel temperature, 20 bar fuel
pressure, gasoline, 2.2 ms aSOI, figure A1.3 120. (b) 23°C fuel temperature, 100 bar fuel pressure, 0.7 ms
aSOl, figure A1.3 93. (¢) 80°C fuel temperature, 20 bar fuel pressure, 1.9 ms aSOI, figure A1.3 135. (d) 80°C

fuel temperature, 100 bar fuel pressure, 0.9 ms aSOI, figure A1.3 142.

Chapter 2 - GDI fuel injector spray characteristics



46

Injector D
A hollow cone structure was apparent under certain conditions with injector D when spraying into
atmospheric pressure. As with injector C the hollow cone was only visible at 20 bar fuel pressure.

Figure 2.19 illustrates the difference between the sprays at ambient pressure and temperature.

Figure 2.19 - Injector D: atmospheric pressure, (a) 25°C fuel temperature, 20 bar fuel pressure, gasoline, 1.1
ms aSOIl, figure A 1.4 058. (b) 21°C fuel temperature, 100 bar fuel pressure, gasoline, 1.1 ms aSOI, figure

A 1.4 076.

The same phenomenon was observed when injecting into a cylinder pressure of 0.5 bar. However, a
relatively hollow cone was also present for testing at 100 bar fuel pressure when injecting at ambient
temperature. Those results are displayed in figure 2.20. Note that the cone appears more hollow for
the 20 bar case, and droplets appear larger and less ‘misty’. There is some loss of definition, as with
figure 2.18, due to the insertion ofthe viewing window for testing at reduced pressure. In figure 2.20
some of the fuel droplets appear larger than they are (especially in the 20 bar case). This indicates

that they are out of focus. This was confirmed by close examination ofthe original film.

Figure 2.20 - Injector D: 0.5 bar cylinder pressure, 22°C fuel temperature, gasoline, (a) 20 bar fuel pressure,

2.1 ms aSOl, figure A1.4 169. (b) 100 bar fuel pressure, 2.1 ms aSOI, figure A1.4 149.

2.3.3 Formation of curl-up vortices
A predominant characteristic of the sprays is the formation of curl-up vortices near the leading edge
of the spray. All four injectors displayed this characteristic under certain conditions. It is understood

[Kume et al, 1996] that the formation of these curl-ups is due to the drag forces between the air and
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the fuel. This causes the smaller fuel droplets on the outside of the cone to become entrained in the
slower moving air, and then to join a recirculating current that is trying to fill the region from where
the air has been entrained. Fuel leaves the injector as a sheet in the form of a hollow cone but this
soon breaks up, sometimes with quite dramatic changes to the structure. There will be a tendency for
the droplets formed on the inside of'the hollow cone to be pulled inwards to the low-pressure region.
There may be quite low levels of migration under some conditions but, for example, when flash
boiling takes place the remaining small droplets are likely to move inwards at quite a high rate.
Figure 2.21 illustrates this. Likewise, fine droplets on the outside will be pulled first outwards and

then into a recirculating flow.

Cross-section of

fuel Injector tip Fuel spins to

outside surface

Entrainment of air . )
Swirling motion

Hollow region of
Break-up of r low pressure
fuel sheet®

o o 0 0 o o

GO

Entrainment of Filled region
fuel droplets

Figure 2.21 - The formation of curl-up vortices.

Injector A
Strong curl-up was observed for the injector A fuel spray at atmospheric conditions. This is
consistent with the theory that the spray forms from the break-up of the hollow-cone sheet of fuel.

Figure 2.22 shows an example of the curl-up vortices observed for injector A.

Figure 2.22 - Injector A: atmospheric pressure, 23°C fuel temperature, 55 bar fuel pressure, gasoline, 1.9 ms

a SOI, figure A 1.1 029.
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Injector B

Under atmospheric pressure, injector B was found to produce strong curl-up at both ambient
temperature (24°C) and at 80°C. Heating the gasoline had the effect of making the curl-up vortices
appear more randomly ordered. This is thought not to be due to flash boiling, as substituting iso-
octane for gasoline produced a similar spray. Injector B was only tested at atmospheric pressure.

Figure 2.23 illustrates the difference in the curl-up formation between the hot and cold cases.

Figure 2.23 - Injector B: atmospheric pressure, 120 bar fuel pressure, gasoline, (a) 24®C fuel temperature,

1.1 ms aSOl, figure A 1.2 006. (b) 80®C fuel temperature, 1.2 ms aSOI, figure A 1.2 023.

Injector C

At some atmospheric conditions, injector C displayed characteristic curl-up vortices when the fuel
pressure was 100 bar. However, at a fuel pressure of 20 bar, this was not apparent. Figure 2.24
compares the two conditions. As the droplets are moving slower in the 20 bar case, the shear force
between them and the air is less than in the 100 bar case. The lower drag leads to delayed break-up

of'the fuel and also the recirculating air currents were not so strong.

/\

(a) (b)
Figure 2.24 - Curl-up formation in the injector C spray at atmospheric pressure, (a) 22°C fuel temperature,
100 bar fuel pressure, gasoline, 1.3 ms aSOI, figure A1.3 061. (b) 21°C fuel temperature, 20 bar fuel pressure,

2.4 ms aSOI, figure A 1.3 048.
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Switching to iso-octane instead of gasoline had no discernible effect on the spray structure. Raising
the temperature of the injector to 80°C did not alter the shape of the spray, but did cause more
pronounced vortices to be formed when using gasoline, possibly due to the presence of flash boiling.
This was not the case when using iso-octane. Reducing the cylinder pressure to 0.5 bar had the
largest effect on the curl-up vortices with them disappearing almost entirely. This was true for both
high and low temperature conditions. Figure 2.25 illustrates these effects at both 20 and 100 bar fuel

pressures.

\/

Figure 2.25 - Injector C: 0.5 bar cylinder pressure, 23°C fuel temperature, iso-octane, (a) 100 bar fuel

pressure, 1.5 ms aSOI, figure A 1.3 096. (b) 20 bar fuel pressure, 1.4 ms aSOI, figure A 1.3 115.

Injector D

Injector D displayed considerable curl-up at many test conditions. Figure 2.26 shows the difference
in the formation of the vortices under atmospheric conditions at the two different fuel pressures.
Note how the curl-up vortices in the 20 bar case appear finer, as if only the lightest droplets are
being entrained. The reduction in the velocity of the fuel sheet (and hence the drag forces) resulted
in fewer small droplets and less air movement due to entrainment, so it was not surprising that the

vortices were less pronounced.

Figure 2.26 - Injector D: atmospheric pressure, gasoline, (a) 21°C fuel temperature, 20 bar fuel pressure, 3.4

ms aSOI, figure A 1.4 070. (b) 25°C fuel temperature, 100 bar fuel pressure, 1.9 ms aSOI, figure A 1.4 079.
Heating this injector seemed to have little effect on the curl-up formation early in the injection

period. However, as the spray developed, the vortices moved with the leading edge, so in the later

frames, the curl-up was more apparent towards the bottom of the picture. As with injector C,
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switching to iso-octane instead of gasoline had no discernible effect on the spray structure. Reducing
the cylinder pressure to 0.5 bar produced a similar effect as that observed with injector C. There was
some initial curl-up, but as soon as the spray developed, the vortices seemed to disappear. The
exception was when the fuel pressure was 20 bar and the injector was heated to 80°C. This is
compared with the same condition at 22°C in figure 2.27. There is no visible curl-up on the outside
of the spray. However, the spray shows the unusual characteristic of being most dense in the centre
at the leading edge. It can be seen from viewing a complete injection sequence (see appendix 1.4)
that it is likely that this effect was caused by the injector emitting an initial ‘slug’ of fuel. The
reasons why this slug should be more pronounced in some case than others, and explanations for the
series of mechanisms involved in the development of this part of the spray, cannot be easily

provided.

1

Figure 2.27 - Injector D: 0.5 bar cylinder pressure, 20 bar fuel pressure, gasoline, (a) 22°C fuel temperature,

3.3 ms aSOlI, figure A 1.4 175. (b) 80°C fuel temperature, 1.4 ms aSOI, figure A 1.4 181.

2.3.4 Penetration rates

The speed at which a fuel spray penetrates the cylinder of an engine will strongly influence the
combustion process of the engine. With high-resolution images it is possible to follow the spray
ffame-by-frame and measure the resulting penectration rates. The spray was broken up into two
distinct areas - the leading edge (LE) and the main spray (MS). The penetrations ofthese arecas were
considered to be separate issues, as previous experience [Zhao et al, 1997] had shown that certain

GDI injectors produced an initial slug of fuel, which was not representative of the main spray.

The penetration data was extracted from the film sequences and displayed in graphical format, in
which the distance of penetration was plotted against the time taken. The accuracy of these
measurements was estimated to be +/- 1.0 mm for the leading edge, +/- 2.0 mm for the main spray
and -0.1 ms for the timing ofthe spray (as the frames are 0.1 ms apart, it is possible that the moment
the spray exits the nozzle is between shots). The penetration distances were measured along the
centre line of the spray axis. Figure 2.28 shows a comparison for each injector at atmospheric

pressure and ambient temperature (20 - 25°C), at their highest rated fuel pressure with gasoline.
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— A (MS - 55 bar)

B (LE - 120 bar)

B (MS -120 bar)
- - C(LE-100 bar)
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LE - Leading Edge
MS - Main Spray
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time :: (ms)
Figure 2.28 - Penetration rates, comparison of each injector (atmospheric pressure, 20-25°C fuel

temperature, gasoline).

Injector C penetrated further and more quickly than the others. This may at first be surprising
considering the higher fuel pressure of injector B (120 bar versus 100 bar). The included angles of
the spray cones were measured at exit and again once the main spray had developed. The results are

tabulated in figure 2.29, and may help to explain the penetration values.

Injector Exit Spray Angle: degrees (+/- 2) Developed Spray Angle: degrees (+/-2)
A 71° 61°
B 56° 43°
C 60° 40°
D 91° 790

Figure 2.29 - Table of spray cone angles at atmospheric pressure and 20-25°C fuel temperature, gasoline.

Spray cone angles are discussed in detail in a later section. The table of penetration rates in figure

2.30 was calculated from the characteristics in figure 2.28.

Injector Penetration rate (LE): m/s Penetration rate (MS): m/s Fuel pressure: bar
A 77 43 55
B 54 31 120
C 136 78 100
D 60 27 100

Figure 2.3() - Table of penetration rates at atmospheric pressure and 20-25°C fuel temperature, gasoline.
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Injectors C and D (similar injectors, different spray angles) were tested at two different fuel
pressures: 20 and 100 bar. As expected, injector C with its narrower cone angle, penetrated further

and faster than the injector D in every comparable case. Figure 2.31 illustrates the results.

90.0
SOI 120* aTDC
80.0
-— G, 20 bar (LE)
70.0 SOI 90* aTDC G, 20 bar (MS)
—A— C, too bar (LE)
g 60.0
— ¢, t00 bar (MS)
aTDC e D, 20 bar (LE)
D, 20 bar (MS)
40.0
& D toobar (LE)
C30.0 D, t0O bar (MS)
SOI 30* aTDC
20.0
LE - Leading Edge
10.0 MS - Main Spray
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

time :: (ms)

Figure 2.31 - Penetration rates for injectors C and D. The effects of fuel pressure (atmospheric pressure, 20-

25°C fuel temperature, gasoline). The black lines indicate the position of a piston at different timings.

This graph has four extra lines inserted to indicate the piston’s position in relation to the fuel for
different injection timing. These lines were drawn assuming that the injector was mounted centrally
in a pent-roof combustion chamber, and were derived using the equation describing the motion ofa
piston in a crankshaft/connecting-rod/piston mechanism [Stone, 1999]. The calculation was
performed for an engine speed of 700 rpm. It is evident that there is the possibility of spray
impaction on the piston crown with injector C (at 100 bar) even with the start of injection (SOI) at
90° after top dead centre (aTDC). Injector D would allow more timing flexibility, as significant
impaction should not occur with SOI at 60° aTDC. However, the wider spread of this injector is

more likely to lead to impaction on the cylinder walls.
For a given condition, the 60° injector appears to penetrate twice as quickly as the 90° injector. The
fuel pressure effect is not as significant. Initial penctration appears to be unchanged by a fuel

pressure increase, and then the difference develops to being within the range of around 15-35%.

Injectors C and D were used again to investigate the changes due to raising the temperature of the

injector body. Figure 2.32 illustrates the effects on the leading edge of the spray.
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Figure 2.32 - Penetration rates for injectors C and D. The effects of temperature - leading edge of spray (atm.

pressure, 100 bar fuel pressure, gasoline).

Figure 2.32 shows little difference in the penetration of the leading edges of the sprays for a change
of temperature. The same conclusion can be drawn from figure 2.33, which shows the penetration of

the main sprays.
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Figure 2.33 - Penetration rates for injectors C and D. The effects of temperature - main spray (atm. pressure,

100 bar fuel pressure, gasoline).
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Lastly, the effects of ambient pressure were investigated for the same two injectors. Figure 2.34
shows the results for both injectors spraying into atmospheric pressure and reduced pressure (0.5

bar) at 100 bar fuel pressure, and an injector body temperature of20-25°C.

90.0
80.0 * C, atm. press.
(LE)
—* C, atm. press.
70.0 (MS)
-- - C,0.5 bar (LE)
60.0
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1*%50.0 ° D, atm. press.
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40.0 H— D, atm. press.
' (MS)
* D, 0.5 bar (LE)
- D, 0.5 bar (MS)
10.0 LE - Leading Edge
MS - Main Spray
0.0
0.0 0.5 1.0 1.5 2.0

time :: (ms)

Figure 2.34 - Penetration rates for injectors C and D. The effects of ambient pressure (20-25°C, 100 bar fuel

pressure, gasoline).

The penetration rates of the injectors do not appear to be very sensitive to changes in the ambient
pressure. A decrease in ambient pressure decreases the rate of penetration in every case, but by no
more than the effect shown by fuel pressure changes shown in figure 2.31. The effect is somewhat
unexpected since it might be thought that the droplets would penetrate faster in less dense air.
However, a counteracting effect may be that flash boiling is more pronounced leading to smaller
droplet sizes (and hence less penetration) at reduced ambient pressure. It was also noticed that the
spray cone angles in general increased at reduced ambient pressure, reducing the axial momentum of

the droplets.

2.3.5 Cone spray angle

The included angle of the spray cone was measured from the photographic images. It was
discovered that the initial exit angle differed from the angle of the cone once the spray had
developed, so both were recorded. It was estimated that the accuracy of measurement of cone angle
was -t-/- 2 degrees. Figure 2.35 illustrates the difference between the exit angle and developed spray

angle.
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Exit angle

Developed spray angle

Figure 2.35 - Measuring the included angle.

A table (figure 2.36) was compiled to compare the cone angles at different conditions.

Injector Cylinder Injector Fuel Fuel Exit spray Developed
pressure temperature: pressure: angle: spray angle:
(°C) (bar) (degrees)  (degrees)
A Atm. 20-25 55 Gasoline 71 61
B Atm. 20-25 120 Gasoline 56 43
Atm. 80 120 Gasoline 58 37
Atm. 20-25 120 Iso-octane 59 40
Atm. 80 120 Iso-octane 61 40
C Atm. 20-25 20 Gasoline 54 46
Atm. 20-25 100 Gasoline 60 40
Atm. 20-25 100 Iso-octane 60 40
Atm. 80 100 Iso-octane 53 35
Atm. 80 100 Gasoline 63 41
0.5 bar 20-25 100 Gasoline 60 53
0.5 bar 80 100 Gasoline 57 45
0.5 bar 80 20 Gasoline 68 54
0.5 bar 20-25 20 Gasoline 62 56
D Atm. 20-25 20 Gasoline 88 83
Atm. 20-25 100 Gasoline 91 79
Atm, 20-25 100 Iso-octane 95 73
Atm. 80 100 Iso-octane 93 77
Atm. 80 100 Gasoline 92 71
0.5 bar 20-25 100 Gasoline 93 80
0.5 bar 80 100 Gasoline 94 62
0.5 bar 80 20 Gasoline 86 76
0.5 bar 20-25 20 Gasoline 92 83

Figure 2.36 - Spray cone angles.

The variations in the cone angle for different conditions are significant. Injector C, for instance,
varied only from 53° to 68° on exit from the injector, but, once developed, changed from 35° to 56°.
Even allowing for the accuracy of +/- 2 degrees, the variation is large. Similarly, the exit spray angle
of injector D ranged from 86° to 95°. As with the 60° injector, the developed spray angle of the 90°

injector varied more: 62° - 83°,
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Interestingly, the angle of the cone for injector B remained consistent with temperature and fuel
changes although it may have changed with ambient pressure, but no readings were taken at 0.5 bar.

Both exit and developed sprays displayed this characteristic.

2.3.6 Swirling motion

It has been claimed by several injector manufacturers [Iwamoto ef al, 1997] that the high-pressure
swirl injectors do just that - produce a swirling fuel spray. Figure 2.3 displays how a swirling motion
may be achieved. In reality, the situation may be very different. To investigate whether the four
injectors under test produced swirling sprays, they were photographed from underneath. If swirl was

present, then animating the sequence of frames should reveal it.

Injector A

The end-on shot of the spray from injector A shown in figure 2.14a was potentially easy to interpret.
The periphery of the spray appeared to be made up of ‘spikes’ that could easily have been rotating
about the injector axis. However, close examination of the sequence of photographs reveals that the
spikes do not rotate. Figure 2.37 illustrates this with a number of frames from the sequence. A line
has been drawn on each photograph. The spikes do not move relative to this. The complete sequence

can be found in appendix 1.1.

Figure A1.1 080 Figure Al.1 081 Figure Al.1 082
Figure 2.37 - Sequence of frames showing lack of swirl in the injector A spray at atmospheric pressure, 20-

25°C fuel temperature, gasoline, 1.6 ms aSOI, 40 mm away from injector tip.

Injector B
Injector B was photographed from underneath under atmospheric pressure, both at ambient
temperature and heated. Figure 2.38 displays six shots from a sequence to illustrate that there was no

apparent swirl. However, there is a characteristic anomaly on the left of each shot in the spray.
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Figure A1.2 044 Figure A1.2 045 Figure A 1.2 046
Figure 2.38 - Sequence of frames showing lack of swirl from injector B at atmospheric pressure, 25°C fuel

temperature, gasoline, 2.0 ms aSOI, 45 mm away from injector tip.

This anomaly was apparent throughout testing with ambient conditions and is thought to be due to
the fact that the spray was turned through 20° (see figure 2.5) in the injector tip with the anomaly
caused by some form of machining groove. Somewhat surprisingly, it is not visible in the images of
the test performed at 80°C (figure 2.39). There is no obvious reason for this. Again no swirl is

apparent. The spray appears fainter as the dense fuel spray obscures the light sheet.

Figure A1.2 055 Figure A1.2 056 Figure A1.2 057
Figure 2.39 - Sequence of frames showing lack of swirl from injector B at atmospheric pressure, 80°C fuel

temperature, gasoline, 1.4 ms aSOI, 45 mm away from injector tip.

Injectors C & D

Injector C was not photographed from underneath so it is not possible to conclude whether or not
swirl was present. It is believed that it would have shown similar characteristics to injector D
though. This injector was photographed under atmospheric pressure at 100 bar fuel pressure at two
conditions - without heating the injector body, and with the injector heated to 80°C. The first
sequence shown in figure 2.40 is the unheated case - the ambient temperature was 25°C. Lines are

used in the same way to illustrate the lack of change in the developed spray.
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Figure A 1.4 100 Figure A1.4 101 Figure A 1.4 102

Figure 2.40 - Sequence of frames showing lack of swirl from injector D at atmospheric pressure, 25°C fuel

temperature, gasoline, 3.1 ms aSOI, 40 mm away from injector tip.

In the heated case there were no significant changes. Figure 2.41 is a part of the sequence. The black

line is used once again to illustrate the lack ofa swirl motion.

Figure A 1.4 136 Figure A 1.4 137 Figure A 1.4 138
Figure 2.41 - Sequence of frames showing lack of swirl from injector D at atmospheric pressure, 80°C fuel

temperature, gasoline, 2.5 ms aSOI, 40 mm away from injector tip.

It may be argued that the absence of any observed rotation insuccessive frames taken in one
particular plane (as cut by the light sheet) was not positive proofoflack of swirl. Such an argument
would be dependent on spray patterns following a perfectly helical path. This seemed unlikely,
particularly as the leading edge of the spray could be expected to behave differently from the

established spray - there was no evidence ofrotation of the leading edge or the first part of the main

spray.

2.3.7 Droplet size

In order to characterise a fuel spray, data is required on the droplet size distribution, and how it
might vary with position within the spray and time after initiation ofinjection. Tests were performed
with a Malvern particle sizer (section 2.2.2) in order to, at least in part, provide this data.The
Malvern particle sizer takes a ‘line of sight’ reading. That is to say it sizes all droplets thatfall
within the 9 mm diameter column of the laser beam as it passes through the spray. Readings were
taken as the beam was traversed across from the centre-line to the edge of the spray. If there was
spatial variation in droplet size distribution then it would more likely have a ring structure (figure

2.42) than be in a series of slices. The readings displayed in this section are the ‘line of sight’

Chapter 2 - GDI fuel injector spray characteristics



59

readings without any attempt made to analyse the ring structure. A tomographic analysis is

described later in which an attempt was made to deconvolve the ring structure.

Laser light Possible ring
structure

of spray

Figure 2.42 - Diagram showing how ‘line of sight’ laser beam cuts across possible ring structure of fuel

spray.

Injector A was not included in this investigation. Also, due to the limitations of the test rig, it was
not possible to obtain droplet size data for the 0.5 bar cylinder pressure conditions. The variables,

therefore, were temperature, fuel pressure, fuel type and distance from the centre-line of the injector.

Injector B

Injector B was tested with both gasoline and iso-octane. The photographic evidence was that the
multi-component fuel did not have a significantly different structure of spray from the single
component fuel at atmospheric pressure. This is also the conclusion from figure 2.43. The gasoline
and iso-octane plots are virtually identical. The temperature increase did reduce the Sauter mean
diameter (SMD) of the droplets, but not by a significant margin. It can be deduced that the spray was

relatively stable, and insensitive to temperature or fuel changes.

The crosses indicate readings outside the limits proposed by the manufacturer for accurate readings.
The reading of obscuration is a measure of the scattered light, with a value greater than 60%
indicating the danger of inaccurate results due to multiple scattering (i.e. light scattered from one
droplet first and then scattered again from a second, third, etc.). A lower limit on obscuration of 5%
was also observed, because readings of less would be prone to inaccuracy due to too few droplets
being present. Testing showed that readings close to the centre line of the injector tended to give
values of obscuration that were too high, and those nearest the edge tended to return values that were
too low. Values outside the limits have been included on the plots as their accuracy diminishes
progressively rather than suddenly becoming invalid. It should be noted that evaporation from the
fuel droplets also affected the accuracy of the raw results. However, the technique pioneered by

Williams [1994] was applied to correct for this problem.
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Figure 2.43 - Effects of temperature and fuel on SMD - injector B. (Readings taken across plane at 85 mm

away from injector, atmospheric pressure).

Injector C

The testing ofinjector C is summarised in figure 2.44, where the SMD is plotted against the distance
from the centre-line of the injector. The droplet size readings were recorded at a plane 85 mm along
the injector axis away from the tip. Attempts to take readings any closer to the injector resulted in

the obscuration reading rising to an excessive value.

The plots follow a characteristic form. The SMD remains virtually unchanged until moving 10 mm
away from the centre-line. The SMD values then rise steadily as the area of investigation nears the
outer edges of the cone. As expected, the smallest droplets were found at the higher fuel pressure
and temperature, i.e. at 100 bar and 80°C. For the most part at this condition, the droplet diameters
were around 10 pm, which is very impressive for an injector of this type. The largest droplets for
injector C were at 20 bar fuel pressure and an injector temperature of 23°C. The droplet diameters
were measured as below 20 pm close to the centre-line, rising to almost 40 pm at the limits of the

obscuration (i.e. the edge of the spray).

Injector D

Similar tests were carried out using injector D, resulting in the characteristic shown in figure 2.45.
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Figure 2.44 - Effects of temperature and pressure on SMD - injector C. (Readings taken across plane at 85

mm away from injector, gasoline).
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Figure 2.45 - Effects of temperature and pressure on SMD - injector D. (Readings taken across plane at 85

mm away from injector, gasoline).

The temperature effects were not as pronounced in this case, with very similar values of SMD for a

given fuel pressure, regardless of the temperature. However, reducing the fuel pressure has a
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significant influence on the size of the droplets in the spray, increasing the diameter size from below
10 pm to above 25 pm. The photographs of the spray support this measurement. Individual droplets
were visible in the low pressure (20 bar) sprays, but appeared as a dense ‘misty’ cloud in the high

pressure tests (figure 2.26).

As a final experiment, the injectors were tested again, but rotated 90° around their axis. This was to
establish the symmetry of the sprays. In general, the spray symmetry was found to be good. Figure
2.46 illustrates the findings of this experiment. Each column represents one injector at one condition
(all are at atmospheric pressure and 20-25°C). The total height is the higher of the two recorded
values. The shading at the top of the column represents the difference between the higher and lower

values.

N wgS =

Inj. D

Inj. D
100 bar

20 bar Inj. C

Inj. B
20 bar 100 bar J

120 bar
Figure 2.46 - Spray symmetry experiment (Atmospheric pressure, 20-25°C fuel temperature, gasoline, 85.0

mm away from injector tip).
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2.3.8 Tomographic analysis

Further analysis of the droplet sizing data was carried out in the form of a tomographic
investigation. Utilising a computer program developed by the author (algorithm provided in
appendix 2), the fuel sprays were divided into rings of fuel (see figure 2.42). In each ring, SMD and
fuel concentration were assumed to be uniform, enabling a relatively simple calculation, first aimed

at determining the fuel concentration, and then the SMD.

Before deriving the algorithm, previous work on this subject was investigated [Lee et al, 1997, Yule
et al, 1981]. These investigations utilised Fourier transforms to carry out the tomography to good
effect. Unfortunately, the algorithms were not provided. The decision was taken to adopt a simpler
approach, not previously applied. This method is based on the assumption that the spray may be
divided into a number of rings with the same width as the laser beam, and the SMD and the fuel
concentration were taken to be uniform within each ring of fuel. There may be some loss of
accuracy in this method due to these assumptions. If the spray does not have a ring structure, then
the calculations will produce misleading results. The restriction of the ring width being the same as
the laser beam diameter also reduces the accuracy as the resolution is limited to the 9.0 mm band
width. Taking further slices, which intersect, and then reprogramming the algorithm to allow for the

intersections could improve this.

The tomographical method employed here requires knowledge of the concentration of liquid fuel in
each ring. This may be calculated using the software supplied with the Malvern 2600 particle sizer.
There are four options in the Malvern software with regards to the experiment type: particles in
liquid (pil), particles in air (pia), liquid droplet sprays (Ids) and metal particles in liquid (mil).
Previous experience [Williams, 1994] has shown that the most accurate method for measuring the
droplet diameters in a fuel spray is 1ds. This approach assumes light scattering through Fraunhofer
diffraction and is generally considered to describe light scattered from liquid droplets down to
diameters of 0.5 pum. This method was employed throughout initial calculations. However, the
results from this method of calculation do not lead to accurate concentration values. To evaluate the
concentration, it was necessary to change to the pil method of calculation [Wedd, 1999]. The
original values for the SMD were retained, because the pil method assumes an incorrect refractive
index ratio between the droplets and the air. These values were then used in conjunction with the

algorithm provided in appendix 2.

The results obtained from applying the tomographic analysis program were virtually the same as

those from the line-of-sight measurement. This is shown in figure 2.47 for injector C and D.
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Figure 2.47 - Comparison of experimental results with data after tomography analysis.

2.3.9 Further discussion and conclusions

The driving force for performing this experimental study of injector sprays was first of all to
accumulate information to support attempts to model sprays from DI gasoline injectors, and
secondly to assist with the interpretation of the engine test results in chapter 4. In general, it can be
observed that there were very significant differences in the sprays from one type of injector to
another, and also a considerable variation in the sprays from a single injector in response to changes
in operating parameters such as fuel pressure, ambient pressure, and fuel temperature. It may be
deduced that the task of developing a single model to describe the observed behaviour will be
extremely difficult, maybe even impossible. Ultimately, the answer could be for each injector
manufacturer to supply an appropriate model for his injector so that engine manufacturers can apply
appropriate predictive techniques to aid engine development. More specific conclusions are

attempted in the following:

(i) Hollow orfilled cone?

It has been described how swirl injectors, such as those tested, produce a conical sheet of fluid
which becomes unstable and subsequently breaks down into small droplets. It was apparent from the
photographs that, in some sprays, the radial momentum of the droplets was maintained to form a
hollow cone, whereas in others the spray tended to narrow and fill the centre region. Injectors C and
D were tested over a wide range of operating conditions and it was apparent that the form of the
spray could change with operating condition. It is likely that these changes could have a profound
effect on the subsequent mixing of fuel and air and an attempt is made here to conclude what

variables affect the form of the spray.
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1) Sprays with a larger nominal cone angle resist collapse better than those with narrower
cone angles. In particular, the comparison between injectors C and D bears this out.

Therefore, the more open sprays are more likely to encompass a hollow region.

2) One of the most influential variables on the spray structure is the ambient pressure into
which the fuel is injected. The initial cone angle is more likely to be sustained at lower
ambient pressure due to the lower acrodynamic drag, and a smaller pressure difference
across the walls of the fuel spray itself. This condition would increase the likelihood of
hollow sprays. As soon as the ambient pressure is increased, the sprays are found to
collapse. As an engine may use many different injection timings (hence a range of ambient
pressures) it will be important to understand the spray structure under each different

condition.

3) Fuel pressure has two main effects on the spray structure. Increased fuel pressure would
increase the overall spray momentum, creating a larger exit spray cone angle. However, as
the individual droplets are smaller (reduced mass), and their momentum is a product of mass
and velocity, then their individual momentum may be smaller. The droplets would then be
more susceptible to entrainment into the low-pressure region at the centre of the spray,

leading to a reduced developed cone angle.

4) When the fuel temperature (in a multi-component fuel) is sufficiently high to cause flash
boiling, the spray has been found to collapse. The reason for this is the reduction in the
number of large droplets present. Smaller droplets are easily entrained into the low-pressure

core of the spray, giving the appearance of a completely-filled cone.

5) Although not investigated in full in this work, the pre-spray from the nozzle may have a
significant effect on the spray structure. It is thought that a larger 'slug' of pre-spray along
the axis of the injector would cause a lower pressure region in its wake within the centre of

the spray core. The spray would be more likely to collapse under such conditions.

6) It was found that the above mechanisms are not always additive. Once collapsed, the
spray appears to stabilise. Further heating or an increase in pressure does not tend to force
the spray to collapse further. Also, the relatively sudden onset of flash boiling (and hence
collapse of spray) can be brought about by the combination of two changes (e.g. increased
fuel temperature and reduced ambient pressure), whereas one alone may have a relatively

small effect.
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(ii) Spray penetration and cone angle

Two other particularly important spray characteristics are its rate of penetration and its radial spread,
the latter being touched on in the preceding section. These two parameters will determine when and
where the spray will impact on combustion chamber surfaces, which in turn will determine the level

of UHC emissions. The following general conclusions were made.

1) When the ambient pressure is decreased, the aerodynamic drag reduces. Under this
condition it was assumed that penetration would increase. However, it has already been
stated that the cone angle increases when the ambient pressure is decreased. An increase in
cone angle will increase the radial momentum, but importantly, will reduce the axial

momentum, hence decreasing the penetration.

2) The temperature of the fuel was found to affect the penetration rate of sprays that were
not already stabilised (collapsed). For instance, with injector D, heating the fuel resulted in
higher penetration rates. The increase in penetration was due to the collapse of the spray,
and hence an increase in the axial momentum. However, injector C did not display this

characteristic as the spray was already collapsed at ambient conditions.

3) When testing with low ambient pressure and high fuel temperature, the effects discussed
above are seen to counteract each other. The exception is injector D, which appears to
collapse further. This indicates that the spray was not yet fully collapsed in previous tests

where the injector was heated and the fuel was injected into atmospheric pressure.

4) Increased fuel pressure was found to significantly increase the spray penetration rates
from injectors C and D. Higher fuel pressures lead to decreased developed spray cone

angles, but increased the exit cone angles in most cases.

(iii))  Swirl

As described earlier, images were taken of the underneath of the sprays. In all cases, the
photographs were of the cross-section of the spray approximately 40 mm from the injector tip. At
this point there was no visible bulk rotation (swirl) of the spray periphery. This was the case for all
injectors under test. What is of interest is the irregularity of the spray periphery. This is attributed to
the presence to a greater or lesser extent of curl-up vortices. Overall, it was felt that the photographic
evidence of lack of swirl was strong. However, only measurements of droplet velocity in three
orthogonal planes could confirm this. For instance, it may be that the lack of any swirling motion
within the air surrounding the spray led to the appearance of no swirl because the small droplets on

the periphery of the spray were mainly influenced by the air motion.
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Curl-up vortices

The following points summarise the findings with regards to the formation of curl-up vortices.

)

1) Curl-up vortices are caused by the smaller drops on the outside of the spray becoming

entrained in the recirculating air currents set up by the motion of the spray.
2) The vortices are particularly predominant when flash boiling is present due to the
presence of many small droplets. For the same reason, higher fuel pressures increase the

likelihood of curl-up vortice formation.

3) It is likely that curl-up vortices will not be seen on sprays in engines as the in-cylinder

flow patterns will tend to distort the recirculating air pattern.

Droplet sizes

In general, the sprays exhibited an initial transient period in which the main structure was formed,

and a steady state, at which time most of the droplet sizing was carried out. The following

conclusions were obtained from the data.

1) The smallest droplets were found at the core of the spray. SMD values of as low as 10 pm
were recorded. Measurements further away from the centre revealed that the droplet

diameter increased gradually towards the periphery.

2) In general, increasing the temperature of the fuel reduced the SMD values in the spray.
However, the effect was small, suggesting that flash boiling was not an important influence

at the 1.0 bar atmospheric pressure used for the tests.

3) Fuel supply pressure was by far the most influential variable on droplet size. Increasing
the pressure had the effect of reducing the droplet diameter. The effects of pressure and
temperature were additive, though the change due to the fuel pressure was noticeably

greater.
4) It was found that, at the lower fuel pressure, there was a wider distribution of droplet
sizes across the spray, with the largest measured at the periphery. This is supported by the

photographic work.

5) Changing the fuel from gasoline to iso-octane did not alter the droplet diameter.
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3 - Engine and test cell description

3.1 Introduction

This chapter describes the engine used for testing, the test bed and its instrumentation in more
than usual detail. The reason is that none of it existed prior to the work described in this thesis
and the author was responsible for all ofthe design and commissioning work. The starting point
for the engine was a bare Ricardo Hydra cylinder block and a GDI cylinder head supplied by the
Ford Motor Company. A new crankshaft had to be fitted and a cylinder block designed. Oil,
water, fuel, air and ignition systems had to be assembled. On the test bed side, the dynamometer

had to be installed and engine instrumentation built up and commissioned.

3.2 Engine description

The assembled engine is shown in the test cell in figure 3.1.

Figure 3.1 - The GDI engine assembled in the testing cell (shown without timing belt guard).

3.2.1 Combustion chamber
The engine under test was designed around a prototype, single-cylinder. Ford-manufactured,
cylinder head. The head incorporated four valves (two inlet and two exhaust) and two overhead

camshafts. The spark plug was located in a near-central position. There were two possible entry
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points for a GDI injector: one was next to the spark plug, and the second was underneath and
between the inlet valves. The diameter of the inlet valves was less than it would have been if the
head had been designed for PFI operation. This reduction in size was necessary to accommodate
the GDI injector mounting position. Care was taken in the design of the inlet porting to
minimise any loss of volumetric efficiency due to the smaller valves [Anderson et al, 1996].
There was an additional drilling in the head to allow the fitting of a pressure transducer. The
head had to be modified to accept the particular types of GDI injectors under test. The cylinder

head is shown in figure 3.2.

Spark plug axis Central injector axis (close to vertical)
Inlet port
Exhaust
port

Side injector axis
(27~inclination
to horizontal)

Figure 3.2 - Details of the Ford GDI cylinder head.
3.2.2 Cylinder block design

A new block was required to fit the cylinder head described above. The design was based on the

Ricardo Hydra component, which is a barrel and sleeve design, between which the coolant

Chapter 3 - Engine and test cell description



!

flows. The bore was machined to suit a production piston and connecting rod, supplied by

Jaguar. The workshop drawings for these components may be found in appendix 3.

3.2.3 Camshaft and fuel pump drive arrangement

A Dbelt drive system was utilised to drive the camshafts from the crankshaft. The camshaft
pulleys had a diameter twice that of the crankshaft pulley, so that the camshafts operated at half
engine speed. It was decided to drive the high-pressure fuel pump for GDI operation with the
timing belt as this was thought to be easier to implement than a remote electrically-driven
arrangement. The nominal pumping volume of the fuel pump was quite high for the requirement
of the engine, but it was necessary to drive the pump at engine speed because its volumetric
efficiency dropped rapidly at low speed (see appendix 4.1 for further details of the pump). To
ease removal and adjustment a belt tensioner was added to the arrangement, as shown below in

figure 3.3.

Inlet Exhaust
camshaft camshaft
pulley pulley

GDI high pressure _
, fuel pump pulley Tensioner

Crankshaft pulley

Figure 3.3 - Schematic representation of timing belt route (see also figure 3.1).

A consideration ofthis design was the need to easily change the position ofthe inlet camshaft in
order to alter the inlet valve timing. For this purpose taper-lock bushes were used. These taper-
lock bushes could grip the camshafts firmly when tightened, but could be loosened to allow one
or both camshafts to turn, ensuring infinite adjustment. This method reduced the need to remove
the timing belt during testing. Full details of the individual components are provided in figure

3.4.
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Component Details

Camshaft pulley (two off) Fenner 043K0044.

Camshaft taper-lock bushes (two off) Fenner Bush 029K0 025.

Crankshaft pulley Modified Fenner 043K0022.

Fuel pump pulley Fenner 043K0022.

Tensioner Sourced from Ford Zetec engine.

Timing belt Torque Drive Plus timing belt 285K0128.

Figure 3.4 - Components used in timing of engine.

3.2.4 Oil system

A high-flow oil pump, powered by a three-phase electric motor, was used to provide lubrication
to the engine. The high flow rate from the pump required the selection of a high-capacity
pressure relief valve. This valve was adjusted through the setting of its spring to maintain the oil
pump delivery pressure at 3 bar (gauge). The excess was spilled back into the sump within the

engine itself.

Pressure
relief valve

Pressure gauge

Cylinder head

Oil pump

Three phase Cylinder block

electricity
power supply

Oil sump

Temp, probe

Figure 3.5 - Schematic representation of engine lubrication system.

A dual feed of oil was supplied to the cylinder head (camshaft bearings and cam surfaces) and

the Hydra cylinder block (crankshaft and connecting rod bearings). Initial testing was performed
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to check that a suitable balance was obtained between the two feeds. Care was taken to return
the excess flow to the sump in a manner that minimised oil splashing. The crankcase was
ventilated to atmosphere through a specially-constructed wire-wool filter. Full details of the

individual components are provided in figure 3.6 below.

Component Details
Oil pump Varley double helical gear pump, model SM3/4EXD6R704, manufactured in
cast iron, fitted with mechanical and internal safety valve. Driven by 0.55

kW EXD flameproof motor running at 960 rpm.

Filter Parker Hannilin 15SCN-1-10B-M-25-C2C2-1.
Pressure gauge RS 110-826, bottom entry, 0-10 bar.
Temperature probe RS 228-7445, type k, 1.5 x 50 mm.

Pressure relief valve Hy-Pro supplied hydraulic pressure relief valve.

Figure 3.6 - Components used in engine lubrication system.

3.2.5 Water system

Water header tank

Three phased
electricity

s Drain Heat exchanger
power siippiy

Thermostatic vaive

Water pum
pump Temp, sensor

Temp, probe
Cyiinder head

Flow control
valves /

Cylinder biock ‘
Mains water

Figure 3.7 - Schematic representation of engine cooling system.

A high-flow water pump, powered by a three-phase electric motor, was used to provide cooling

water to the engine. To ensure that both the cylinder head and the cylinder block received

Chapter 3 - Engine and test cell description



74

sufficient cooling, these circuits were separated and controlled via two taps to allow system
balancing. Tests were performed during the early stages of engine running to set the valves to

ensure that there was an approximately equal temperature rise between the water flows in each

circuit.

Component Details

Water pump Eurostream horizontal end suction pump, model 32/13, manufactured in
cast iron, fitted with 139 mm diameter impeller and mechanical seal.
Driven by a 1.5 kW EXD flameproof motor running at 2900 rpm.

Heat exchanger Bowman FG100-1427-2, 3-pass exchanger.

Thermostatic valve Spirax Sarco SA128 control system with a range of -20°C to 110°C.

Temperature probe RS 228-7445, type k, 1.5 x 50 mm.

Figure 3.8 - Components used in engine cooling system.

For emissions testing, it was important to control the engine temperature. This was achieved by
the use of a thermostatic valve. Once the temperature of the water exiting the engine reached
70°C the sensor of the thermostatic valve opened the flow control valve allowing cold mains
water to flow through the heat exchanger. As the system was not pressurised, temperatures
higher than 100°C were not attainable. Full details of the individual components are provided in

figure 3.8.

3.2.6 Fuel systems

Even though the majority of the testing was carried out with a GDI fuel system, it was required

to run with PFI for starting and for baseline testing. Two distinct systems were developed.

Figure 3.9 shows the more complicated GDI system. The high fuel pressure (up to 100 bar)
required by the GDI injectors necessitated the development of a high-pressure fuel delivery
system. Consideration was given to using the type of pressurised system employed for the
injector spray measurement (see chapter 2). However, the limited capacity of such a system was
considered unsuitable for engine testing. Pumps from current production GDI vehicles were
very difficult to obtain, so a high-pressure hydraulic pump was used. The pump was a fixed
displacement pump, containing its own lubricant. It was modified by its manufacturer (Hydro
Rene Leduc) to make it suitable for pumping gasoline. The chosen item was a Micro-Pump
PB36.5 ES. Technical specifications for this pump are shown in appendix 4.1. It was driven at
crankshaft speed by the same belt used to drive the camshafts. A low-pressure fuel pump was
required to supply fuel to the high-pressure pump. An electrically-driven unit was chosen,
providing 0.3 - 0.4 bar fuel pressure.
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t 11
Fuel tank
Filter Temp, probe
Air bleed valve
Low press High press Pressure
fuel pump fuel pump relief valve

Pressure gauge
12v battery ure gaug

power supply
Driven by belt at I

crankshaft speed GDI injector

Signal from
GDI injector
driver circuit

Figure 3.9 - Schematic representation of GDI fuel system.

The fuel pressure to the GDI injector was measured with a Bourdon-type pressure gauge. One of
the test variables was fuel pressure, so it was imperative that this could be precisely set and
maintained. The pressure was adjusted via a pressure relief valve, which was capable of fine
adjustment. Excess fuel was spilled back to the main fuel tank. Full details of the individual

components are provided in figure 3.10 below.

Component Details

Low-pressure fuel pump Facet Automotive Electronic 574A.

Filter Facet Fuel Injection Pump Filter, 4 inch dia.
Pressure gauge Hydraulic Equipment PGF-1001-250.
Pressure relief valve Oil Control Ltd. 03.51.01.121.
High-pressure fuel pump Hydro Rene Leduc Micro-Pump PB36.5 ES.
Temperature probe RS 228-7445, type k, 1.5 x 50 mm.

Figure 3.10 - Components used in GDI fuel system.
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regulator

Pressure gauge

Filter
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power supply Fuel pump PFI injector

Signal from
PFI injector
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Figure 3.11 - Schematic representation o f PFI fuel system.

The PFI system shown in figure 3.11 was much more straightforward. A standard electric PFI
pump was used to supply fuel under pressure to twin PFI injectors. The fuel pressure was 3 bar
(gauge), held constant by a pressure regulator. Full details of the individual components are

provided in figure 3.12 below.

Component Details

Fuel pump Facet Roller Vane Fuel Pump, 98 1/h, 80 Ibf/in*.
Filter Paper-type fuel filter.

Pressure gauge RS 243-5919, bottom entry, 0-6 bar.

Pressure regulator Bosch B280 500048.

Figure 3.12 - Components used in PFI fuel system.

3.2.7 Air control system
The strongly pulsating type of flow experienced in the inlet systems of single-cylinder engines
can lead to engine instability. For this reason, a large plenum chamber was designed, using the

calculations shown in appendix 4.2.
The first estimation of the plenum volume required to allow stable engine running as low as 500

rpm was 0.33 m\ It was not practical to accommodate a plenum of such a size in the relatively

small test cell. A compromise design had an internal volume of 0.2 m®, and an estimated stable
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minimum engine speed of 650 rpm. As most testing was conducted at 1500 rpm, this was

satisfactory.

'Hot-wire' airflow meter
(see appendix for diagram)
Plenum chamber Inlet at atm.

(0.2 nf) conditions

Start throttle Main throttle Temp, probe
Pressure
- """tapping
To engine

Figure 3.13 - Schematic representation of air control system.

As the plenum was still very large relative to the swept volume (500 cm”) of the cylinder, there
was a significant time delay between an adjustment being made to the main throttle and the full
response of the engine. For this reason, a secondary throttle was implemented much closer to
the engine to ensure that depression was attainable while starting the engine. A depression was
necessary because starting the engine with an intake pressure of near ambient caused significant

control problems. Under all test conditions other than starting this throttle was held wide open.

Four measurements were recorded for this system:

(i) - Atmospheric air pressure: a digital barometer was present in the test cell during

testing.

(il)) - Atmospheric air temperature: a thermocouple was placed in the air stream

upstream ofthe main throttle.
(ii1) - Inlet air pressure: a simple mercury manometer was utilised to measure the

depression on entry to the inlet port of the cylinder head. This reading was used for

diagnostic purposes and was not used to calculate the engine's performance parameters.
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(iv) - Air flow rate: a 'hot-wire' air flow meter measured the air flow at intake to the
plenum chamber as shown in figure 3.13. The air flow meter was taken from the engine
management system of a 4-cylinder production engine. It was modified to be more
suitable for the lower air flow range of the single-cylinder test bed engine by fitting a
partial blanking plate. This plate had the effect of changing the ratio of flow between
the small measurement passage and the larger bypass passage. The modified flow meter
was then calibrated against a rotameter, whose calibration was traceable to a national

standard. The air flow meter and its calibration are detailed in appendix 4.3.

3.2.8 Ignition system

The ignition system comprised of the components shown in figure 3.14. A trigger disk was
designed to be mounted on the front of the crankshaft. The opto-switch controlling the timing of
ignition was fixed to a moving mechanism on the engine crankcase. This arrangement made it
possible to alter the ignition timing while the engine was running, as it was not always possible
to start the engine at the extreme timings of some of the test points. When the opto-switch
sensed a gap in the trigger disk a signal was sent to the Lumenition control module. This then
controlled the charge and discharge times ofthe coil itself. A ballast resistor was incorporated in
the circuit to allow compensation for voltage drop during the period of starter motor operation.
The circuit itself was part of the engine safety circuit which was all controlled via a
conventional "ignition key" mounted on the engine control panel.

Input/output to/from

opto-switch
HT lead to spark plug

Control module 0
Key

Ballast resistor

Figure 3.14 - Schematic representation of engine ignition system.

Full details ofthe individual components are provided in figure 3.15.
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Component Details

Control module Lumenition Optronics Ignition.
Ballast resistor 1.7 QO resistance.

Ignition coil Intermotor 11100 ballast coil.

Figure 3.15 - Components used in engine ignition system.

33 Instrumentation

3.3.1 Dynamometer

A Schenck W130 eddy-current dynamometer was utilised for engine testing. Eddy-current
dynamometers convert the mechanical work from the drive shaft into heat through first
generating electricity, which is then dissipated through currents in a resistive material. Cooling
water was used to remove this heat. A recirculating water system was designed for the

dynamometer cooling. A schematic ofthis is shown in figure 3.16.

Drain
Dynamometer
Flow sensor
Three phase
electricity
power supply
Water pump Water tank Mains water

Figure 3.16 - Schematic representation of the dynamometer cooling system.
To measure the torque being produced by the engine, the dynamometer was equipped with a

load cell, which incorporated a force transducer. This was linked to the Schenck torque

measuring electronic unit, which converted the force on the load cell to torque displaying the
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value on a digital read-out in Nm. The system was calibrated using lever arms and weights

provided by Schenck.

3.3.2 Fuel flow measurement

The fuel flow rate to the engine is an important measurement. First of all, it was required to
enable real-time calculation of the engine's air/fuel ratio so that the engine could be set to the
specified air/fuel ratio at each test point. Secondly, it was required for the calculation of BSFC
(brake specific fuel consumption), an important engine performance parameter. It was decided
to measure fuel flow rate through accurate calibration of the injectors used during the test
programme. It was necessary to calibrate each injector at each fuel supply pressure so they were
calibrated at 20 and 100 bar fuel pressures. The results of these calibrations are detailed in
appendix 4.5. The calibrations were performed with the injectors spraying into air at
atmospheric pressure, whereas, on the engine, the injectors were injecting during the induction
stroke when the air pressure in the cylinder was around 0.4 bar below atmospheric pressure.
This difference in condition resulted in the differential pressure being 0.4% different for the 100
bar fuel supply pressure and 2.0% different at 20 bar. It was decided that these differences
would have had negligible effect on engine test results at 100 bar and only a slight effect at 20
bar. Calibration of the injectors was performed at the same pulsing rate as experienced on the
engine when operating at its test condition speed of 1500 rpm. Care was taken to minimise the
loss of the 'light ends' of the gasoline during calibration when the injector was spraying into a

measuring cylinder.

A 'macro' program was written by the author which calculated the instantaneous air/fuel ratio of
the engine for a given pulsewidth, injector, fuel pressure, and the signal from the air flow meter.
This method made it possible to alter the air/fuel ratio quickly and easily while the engine was

running.

3.3.3 Cylinder pressure measurement

Signal from camshaft
trigger disk

Kistler type

PLCa&\(])i;;;’E charge amplifier Signal from pressure transducer
card in PC (gain set at 0.02) (Kistler type 6121)

Figure 3.17 - Schematic representation of the engine data-logging system.
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The cylinder pressure was recorded throughout testing. This pressure trace was useful for
diagnostic purposes while the engine was running, and also to assist with analysis of the engine
performance data. A Kistler pressure transducer was permanently installed in the cylinder head.
100 engine cycles were logged at each test point using a PC-based data-logging system (figure
3.17). An existing computer program [Dargains, 1998], using National Instruments LabView
interface, converted this data into a useful graphical format. The cylinder pressures were

displayed, along with the pressure-volume 'indicator diagram'.

The data-logging system relied on a crankshaft angle position signal to act as a reference point.
A trigger disk mechanism, using an opto-switch, was already in place on the exhaust camshaft
(for triggering the fuel injection circuit). This signal was also taken to the data-logging system.
However, as the position of this trigger moves according to the desired injection timing, it was
necessary to feed the offset into the program. The offset (measured in crankshaft angle degrees)
is the distance between the signal and the TDC setting. This was determined accurately (+/-
0.5°) by motoring the engine and observing the resultant pressure-volume plot. It was assumed
that when no combustion is taking place, the compression and expansion curves meet at a
defined point. The offset was adjusted until the curves met at this single point. Full details of the

individual components are provided in figure 3.18 below.

Component Details

PCI control card National Instruments PCI6023E.
Pressure transducer Kistler type 6121, serial no. 497023.
Charge amplifier Kistler serial no. 2464.

Opto-switch for camshaft trigger RS303-1192.

Figure 3.18 - Components used in the cylinder pressure measurement system.

3.3.4 Exhaust gas measurements

A stainless steel exhaust system was constructed to fit directly onto the exhaust port of the
single-cylinder engine. It was connected to the laboratory's exhaust extraction system. The

positions of two measurements were as follows:

(i) - Exhaust gas temperature: a k-type thermocouple was placed in the gas flow

approximately 0.2 m from the exhaust valves.

(ii) - Exhaust emissions: a single sampling point was positioned 1.4 m from the exhaust

valves. The sample probe is shown in figure 3.20.
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CO (o/o) HC (ppm)

Horiba MEXA-321E analyser
(Infra-red)

Isolation taps

Sampling probe

(See separate diagram)

V

Signal 3000HM THC analyser

(Flame ionisation)

Fulel Slj)an

HC (ppm)

in air

Signal heated sample line
TX"

-1

NOx (ppm)
Signai 4000VX NOx analyser

(Chemilumine scent)

Zero Span

Ng NO in Ng

Figure 3.19 - Schematic representation of the exhaust gas measurement system.

Sample holes

Sample probe is placed at
centre line of exhaust

Exhaust wall

Figure 3.20 - Schematic representation of sample probe in exhaust.
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Horiba analyser: CO (%) & HC (vppm)

The Horiba MEXA-321E analyser required the sample to be at a temperature of no more than
80°C. Exhaust gases were sampled at temperatures of up to around 700°C and then fed through
a long (1.1 m) falling stainless steel pipe to a water trap, before being connected to the analyser
through flexible tubing. This sampling system both cooled the gas and removed excess H,O. No
external gases were required during engine running. A mixture of 6.0% CO and 1800 vppm n-

butane in nitrogen was used to calibrate the instrument at the beginning of each test.

Signal Instruments analysers: HC (vppm) & NOx (vppm)

The Signal Instruments analysers required the sample to be heated to 180°C. This was
performed by a Signal 530 temperature controller and heated sample line. The Signal 3000HM
THC analyser used hydrogen in helium as a fuel, and propane in air (2000 vppm) to calibrate
the analyser. The Signal 4000VX NOx analyser required nitrogen as the zero gas and NO in
nitrogen (1000 ppm) as the span gas.

Readings from the analysers were recorded in vppm (volumetric parts per million) and then
converted to specific emissions values (g/kWh) using the readings of air flow rate, fuel flow rate
and brake power. It was thought that this would allow more reliable comparisons to be made,
particularly since air/fuel ratio (and hence exhaust gas flow rate) was one of the four test

variables.

34 Testing

3.4.1 Fuel

Regular gasoline was chosen as the test fuel, to ensure that the results were comparable with
normal engine running conditions. All the fuel was taken from a single supply of pump
gasoline. Great care was taken not to allow the 'lighter ends' of the gasoline to evaporate during
fuel handling. The density of the fuel was measured as 750 kg/m’ by weighing a known volume,
first of all at room temperature from the fuel tank, and secondly after pumping through the high-

pressure fuel system.

3.4.2 Engine test condition

The World Wide Mapping Point (WWMP) is a commonly-used test point for engine testing.
This test condition is 1500 rpm, 2.62 bar BMEP, and it has been chosen to represent a typical
inner-city cruise condition on a standard size car. Care should be taken in comparing the results
of the test engine at the WWMP with those of a typical production engine due to differences in

FMERP (frictional mean effective pressure). Single cylinder engines normally have considerably
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higher FMEP values than multi-cylinder engines. It was true that the test engine did not have to
drive oil and water pumps, but the fuel pump was engine-driven and was considerably over-
sized. It was estimated from measurements and calculations that the IMEP when the test engine
was run at the WWMP was 4.0 bar, and this was the value used for the calculation of the

specific emissions figures.

3.4.3 Engine procedures

In order to obtain consistent test results it was important that the engine should be prepared for
testing in a methodical way. Details of the procedures for starting, warm-up, burn-off and
shutdown are given in appendix 4.4. Burn-off testing was performed at the end of each day of
testing to ensure that combustion chamber deposits did not build up as a result of continuous

low-load running.

3.4.4 Central Composite Rotatable Design

Statistical methods of experiment design first became popular with researchers in the agriculture
industry. The time between tests was long, for example waiting for a crop to grow, so it was
important to maximise the amount of information gleaned from each experiment. In more recent
years, the work of Box and Wilson [1951] has gained wider acceptance in areas of research and
development. These ideas have been applied to engine testing during the last 15 years and
reported on by Seabrook [1995] and Ghauri [1999]. Indeed, the computer program used by the
author is based on that developed by Ghauri [1999].

In engine research, most responses are dependent on a number of variables. For instance, inlet
valve timing, exhaust valve timing and ignition timing (amongst others) will all influence the
emissions of NOx. Often, it is desirable to optimise (minimise in the case of NOx) a given
response. The traditional approach was to change each variable one at a time. Using NOx as an
example, the exhaust valve timing and the ignition timing would first of all be held constant
(path AB in figure 3.21), as the optimum inlet valve timing level was determined. Inlet valve
timing would then be set at that value while for instance, exhaust valve timing was altered (path

BC), and so on, until a near-optimum point has been found (point D).
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Figure 3.21 - The traditional approach to a three variable experiment at two levels.

The path followed in the example above is shown in orange, but no information may be had
about the rest of the cube volume. To do this, a researcher would have to conduct a full-factorial
experiment, which in a 3-variable experiment at 2 levels would require 8 test points. The
number of tests necessary increases sharply with more variables and levels. Four variables at 5

levels would require 625 points. This clearly would be a very time-consuming experiment.

The Central Composite Rotatable Design (CCRD) has been found to be a particularly efficient
method of dealing with multi-variable experiments where there are non-linear responses and
interaction between the variables. The CCRD uses star and centre points in addition to the 2-
level factorial cube shown in figure 3.21 above. Figure 3.22 shows the case for 3 variables at 5
levels. The number of centre points and the distance of the star points from the centre are two
critical properties of the experiment design, and they are related to 'orthoganality' and

'rotatability' of the test matrix.

e Xs}

Figure 3.22 - A CCRD for an experiment with three variables at five levels.
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Orthoganality allows the effect of each variable to be determined without any distortion from
the others in the test. Rotatability indicates that the variance in a design is only a function of the
distance from the centre points, ensuring a spherical distribution of data. There are established
tests of orthoganality and rotatability, which determine the properties of an experiment design.

It was required to test the effects of four variables (inlet valve timing, ignition timing, injection
timing and air fuel ratio) for the author's test programme. Thirty-one test points were necessary
with a CCRD experiment, with seven of these being centre points. According to Cochran and

Cox (1957) the experiment plan would be set out as follows in figure 3.23.

A B C D
-1 -1 -1 -1
1 -1 -1 -1
-1 1 -1 -1
1 1 -1 -1
-1 -1 1 -1
1 -1 1 -1
-1 1 1 -1
1 1 1 -1
-1 -1 -1 1
1 -1 -1 1
-1 1 -1 1
1 1 -1 1
-1 -1 1 1
1 -1 1 1
-1 1 1 1
1 1 1 1
-2 0 0 0
2 0 0 0
0 -2 0 0
0 2 0 0
0 0 -2 0
0 0 2 0
0 0 0 -2
0 0 0 2
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Figure 3.23 - CCRD experiment plan.

In this matrix, 0 represents a centre point, with -2, -1, 1 and 2 being the levels. The order of
testing of this design was altered slightly to ease engine testing. For instance, during testing, it
was very easy to alter the air fuel ratio and the ignition timing, but injection timing and inlet

valve timing were more difficult. The final test matrix was as follows in figure 3.24.
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Test point Air fuel ratio Ignition timing | Injection timing Inlet valve
timing
(deg. bTDC) (SOI deg. aTDC) | (IVO deg. aBDC)
1 17 25 100 175
2 18.5 17.5 60 162.5
3 15.5 17.5 60 162.5
4 18.5 32.5 60 162.5
5 15.5 32.5 60 162.5
6 18.5 17.5 140 162.5
7 15.5 17.5 140 162.5
8 18.5 32.5 140 162.5
9 15.5 32.5 140 162.5
10 17 25 100 175
11 18.5 17.5 60 187.5
12 15.5 17.5 60 187.5
13 18.5 32.5 60 187.5
14 15.5 32.5 60 187.5
15 18.5 17.5 140 187.5
16 15.5 17.5 140 187.5
17 18.5 325 140 187.5
18 15.5 325 140 187.5
19 17 25 100 175
20 14 25 100 175
21 20 25 100 175
22 17 10 100 175
23 17 40 100 175
24 17 25 20 175
25 17 25 180 175
26 17 25 100 175
27 17 25 100 150
28 17 25 100 200
29 17 25 100 175
30 17 25 100 175
31 17 25 100 175

Figure 3.24 - Test matrix used for engine testing.

The variable ranges were chosen after a series of star points (i.e. extreme points) were tried on
the engine. Obviously, the wider the range, the more information that could be gleaned about
the engine and its operating envelope. On the other hand, inclusion of points of unstable running
(e.g. very lean) would lead to inaccuracies in the results as the program attempts to fit an
equation to the experimental data. The initial checks involved running at the required test
condition. The criterion for inclusion of a point within the test matrix was that the engine should

run in a stable manner without unduly high hydrocarbon emissions.

Multiple regression analysis was applied in the MATLAB computer program to compute a
regression function for each response from two independent variables while the other two
variables were set to their centre points. There are four useful multiple regression models

[Devore, 1991]: the first-order model, the second-order no interaction model, the first-order
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interaction model and the second-order model with interaction. The latter was used in this work,

and is of the form:

y =bg + bix; + byX + bsx;? + baxs® + bsxix, + €
y = dependent variable (e.g. NOx emissions)
by - bs = constants
X - X = independent variables (e.g. air/fuel ratio)

¢ = a random error which is assumed to be normally distributed

The use of such a complex model is necessary, particularly with regards to engine emissions, as
the interaction between independent variables has been established. The presence of these terms
of interaction in the model illustrates that, even if one of the variables is held constant, the effect

of changing the other will not be fully understood unless the actual value of the first is known.

An example of a typical set of results is shown in figure 3.25. The particular example taken is
for HC emissions with the 60° injector mounted in the side position, supplied with fuel at 100
bar at the standard test condition of 1500 rpm and 2.62 BMEP. There are three types of graph in
use. The first (figure 3.25a) is a plot of standardised residual values (i.e. a measure of the
difference between the position of the actual test point and that predicted by the model) against
case number (equivalent to test point) produced from the regression analysis. As well as the
actual residual values, error bars at the 95% confidence limits are added. The addition of these
bars quickly indicates any outliers. It follows that an outlier is a point for which the model has
failed to provide a satisfactory fit. More specifically, it is a point for which the model prediction
lies outside the 95% confidence limit boundaries applied to the actual test point. The 95%
confidence limits are calculated from the measured variation in the variable at the centre-point
setting. The MATLAB program automatically highlights outliers in red. For the model to be
adequate, the residuals should be randomly scattered. Any trend in the residuals will indicate an

abnormality, and often clearly points to the test point of interest.

The second type of graph (as seen in figure 3.25(b)) is a bar graph, used as a plot of the most
influential variables. The regression model identifies the factors found to be significant with a
confidence greater than 95%. The influence of each factor is then converted to the standardised t
value indicated, so that its relative influence to the other factors may be illustrated. The main
factors are A (air/fuel ratio), B (ignition timing), C (injection timing) and D (inlet valve timing).
Additionally, there is the possibility of squared factors (e.g. AA, BB) and an interaction
between factors (e.g. AB, BD).
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Figure 3.25 - Example results for HC emissions (g/kWh). 60° injector, side injection, 100 bar fuel pr.
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The remaining graphs are plots of the results from the modelled responses. The regression
equation calculated by the program is used to plot a series of contour maps. Each plot shows the
effect of two variables on the response while the other two variables are set to their centre point
values. Figures 3.25(c) - 3.25(h) are examples of a set of such plots. Particular care must be
taken in using plots where there is a variable that interacts with another variable, and only one
of the variables is plotted. For instance, figure 3.25(b) shows that there is a BC interaction and
figure 3.25(c) is a plot of C and D at the centre-point value of B. The relationship between C

and D is likely to be different if it were to be examined at another value of B.
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4 - Engine test results

4.1 Introduction

This chapter can be considered as two separate parts. In the first part, the results from each
configuration are looked at in isolation with a view to understanding the form of the responses.
Each section from 4.2 to 4.7 covers an individual configuration. They are sub-divided into the
four individual responses (HC emissions, NOx emissions, BSFC and exhaust gas temperature).
For each response, a summary table is supplied providing information on the result, the results

are discussed, and there is a page of graphs as described in 3.4.4.

In the second part (section 4.8), there is an attempt to amalgamate all the test data into a single
cohesive picture of the engine's performance. The configurations are compared, and the most
efficient one discussed in detail. In this section, some of the more unusual results are also
discussed with the aid of interpretation diagrams. The engine settings are referred to as A, B, C
and D throughout this chapter. The key is as follows:

A = Air/fuel ratio

B = Ignition timing (measured in CA degrees bTDC)

C = Fuel injection timing (measured in CA degrees aTDC)
D = Inlet valve timing (measured in CA degrees aBDC)

4.2 90° injector, 100 bar fuel pressure, side injection

4.2.1 Hydrocarbon emissions

No. of outliers 4
Influential variables | C, AC, A, BC, CC
Highest t value 8.5

Figure 4.1 - Summary of CCRD results for HC emissions.

Injection timing is the most influential variable on HC emissions with this configuration. In
figure 4.5(c), (f) and (g) it is shown that later injection timing increases HC emissions. This is as
expected. As fuel injection is delayed, there is less time for the fuel to mix with the air. Poor
mixture preparation is a common cause of high HC emissions. The values of specific HC
emissions are quite high compared with most of the other configurations tested (sec later

sections). This again suggests poor mixture preparation leading to locally rich areas.
As there are four outliers, it is worth looking at the model in more depth to retain confidence in
the response curves. The four outliers correspond to test points 6, 14, 21 and 25 of the testing

matrix (figure 3.24). Test point 6 corresponds to a relatively lean air/fuel ratio (18.5:1) and a
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relatively late injection timing (140° aTDC). The poor mixture preparation resulting from the
latter, combined with the lean average air/fuel ratio, might well have caused unstable
combustion resulting in the HC emissions being considerably higher than the predicted value, as
apparent in figure 4.5(a). Test point 21 was found to be the most common outlier in all testing.
At this test point, the engine is running at an air/fuel ratio of 20:1 which is the leanest setting of
the test sequence. This setting was close to or on the lean limit of the various configurations
tested with instability promoted by slow and inconsistent combustion. Similarly, test point 25
was not always stable. It represented the latest injection timing setting (180° aTDC), reducing
the amount of time available for the fuel and air to mix. Such instability would cause large

cycle-to-cycle variability, and may lead to HC emissions not predicted by the model.

4.2.2 NOx emissions

No. of outliers 2
Influential variables | B, C, A, CC, AA, AD, BC
Highest t value 12

Figure 4.2 - Summary of CCRD results for NOx emissions.

Ignition timing has the largest influence on NOx emissions in this configuration, followed by
injection timing, and then air/fuel ratio. Figure 4.6(d), (f) and (h) all illustrate lower NOx
emissions when the ignition timing is retarded. Retarded timing has the effect of reducing peak
pressures and temperatures within the combustion chamber, leading to a reduction in the

formation of NOx.

Running the engine lean, as shown in figure 4.6(e), (g) and (h) reduced the NOx emissions.

Lean mixtures produce lower peak combustion temperatures, reducing the formation of NOx.

Additionally, later injection timing, as shown in figure 4.6(c) and to a lesser extent in figure
4.6(g), reduced NOx emissions. This is thought to be an effect due to cooling of the intake air,

and is discussed further in section 4.8.

The model itself appears to be a good fit, with many of the data points lying close to their
predicted positions, and only two outliers. Test point 15 (the second and more significant
outlier) is another test point that combines the relatively lean air/fuel ratio of 18.5:1 with the
relatively late injection timing of 140° aTDC. Again it is likely to be susceptible to cycle-to-

cycle variability.
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4.2.3 Brake specific fuel consumption

No. of outliers 0
Influential variables | C, AC
Highest t value 5

Figure 4.3 - Summary of CCRD results for BSFC.

Injection timing is the single variable of significance to influence BSFC with this configuration.
This is borne out by figure 4.7(f). Earlier injection leads to marked reductions in BSFC, due to

the increased time available for mixture preparation ensuring complete combustion.

4.2.4 Exhaust gas temperature
No. of outliers 0
Influential variables | D, B, BB, AD
Highest t value 2.5

Figure 4.4 - Summary of CCRD results for exhaust gas temperature.

The variables responsible for changes in exhaust gas temperature (in this configuration) are
mainly inlet valve timing, followed closely by ignition timing. Figure 4.8(d) is the plot of these
two variables with the other two variables at their centre points. The main trend from this graph
is that the temperature is reduced when ignition timing is advanced, until a timing of
approximately 30° before TDC, at which point the temperature increases once more. The
reduction in temperature results from more efficient conversion of chemical energy in the fuel
into work. The minimum exhaust gas temperature at a timing of 30° bTDC suggests that this is
the most efficient ignition timing. This is supported by the BSFC plots in figure 4.7(d) which
indicates that the BSFC does tend to give a minimum value at this condition, although the
variation at other ignition timings is not great. The effect of the inlet valve timing is quite
pronounced, though there is a complex trend for a decrease in the temperature when the inlet
valve timing is earlier. This is also in figures 4.8(c) and 4.8(e). Again this can be explained by
the more efficient conversion of chemical energy to work, this time because the earlier inlet
valve opening results in the inlet valve closing closer to BDC, giving a higher effective

compression ratio.
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Figure 4.5 - Results set for HC emissions (g/kWh). 90° injector, side injection, 100 bar fuel pressure.
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Figure 4.6 - Results set for NOx emissions (g/kWh). 90° injector, side injection, 100 bar fuel pressure.
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Figure 4.8 - Results set for exhaust gas temperature (°C). 90° injector, side injection, 100 bar fuel pr.
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4.3 90° injector, 100 bar fuel pressure, central injection

4.3.1 Hydrocarbon emissions

No. of outliers 11
Influential variables | A, AA, BB, CD, AD, C
Highest t value 16

Figure 4.9 - Summary of CCRD results for HC emissions.

The air/fuel ratio is by far the most influential variable on HC emissions with this configuration.
The individual response curves bear this out. Figures 4.13(e), (g) and (h) all show that HC
emissions reduce with lean running, with a minimum in this case formed at an air/fuel ratio of
approximately 18:1. This agrees with established understanding, and is explained by virtue of
excess air ensuring that all fuel is burned. The reason HC emissions increase once again in
mixtures leaner than the minimum point is due to the slower and often less complete burning of

the mixture.

Unfortunately, it appears that the model may not be very reliable. It is apparent from figure
4.13(a) that there are no less than 11 outliers out of the 31 test points. There are two pieces of
evidence that suggest that the problem is that a quadratic model of the HC response is not able
to follow the complex pattern of the actual engine behaviour. The first observation is that the
HC emissions are generally much lower than the previous series of tests with side injection (see
figure 4.5 for comparison). This suggests reasonably complete combustion. The second point is
that models for the other responses (i.e. for NOx, BSFC and exhaust gas temperature) all show
good fits, two with no outliers, and the remaining response with only one outlier. The high 't'
values for both A and AA (figure 4.13(b)) give confidence that the air/fuel ratio does have a

strong effect on HC emissions, but the actual shape of the response curves are probably in error.

4.3.2 NOx emissions

No. of outliers 0
Influential variables | B, C, D, AA
Highest t value 6

Figure 4.10 - Summary of CCRD results for NOx emissions.

Ignition timing is the most influential variable on NOx emissions with this configuration,
closely followed by injection timing, and then inlet valve timing. In figure 4.14(d) it is obvious
that ignition timing exerts greater influence over NOx emissions than inlet valve timing, though
the latter has some influence. In this case, earlier ignition timing leads to higher values of NOx
emissions. The same trend is illustrated in figures 4.14(f) and 4.14(h). Advancing the ignition

increases the peak pressures and temperatures in the cylinder. This increases NOx formation.
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The response curves suggest that emissions of NOx decrease with later fuel injection timings.
This is shown in figures 4.14(c) and 4.14(g) and to a lesser extent in figure 4.14(f). This is
thought to be due to increased charge cooling, which will have the effect of reducing the peak
combustion temperature, reducing the formation of NOx. This is discussed further in section
4.8.

Inlet valve timing is the third most influential variable. As already mentioned, this is shown in
figures 4.14(c) and 4.14(d). The strongest response is illustrated in figure 4.14(e), though the
same trend is observed throughout. That is, later inlet valve opening tends to reduce NOx
emissions. It could be argued that the reduced residuals with late inlet valve timing should
increase the NOx emissions due to reduced levels of EGR, but it is thought that the reduction of
the effective compression ratio is a more dominant effect in this case. It is also possible that the
more vigorous charge motion associated with late inlet valve opening may also have a part to

play in the response. This is investigated further in section 4.8.
The NOx emissions did not peak at the expected value of around 15.5:1. In fact, there was a
surprisingly weak link between NOx and air/fuel ratio, which meant that it was difficult to

accurately identify the air/fuel ratio for peak emissions.

4.3.3 Brake specific fuel consumption

No. of outliers 0
Influential variables | A, AA, BB
Highest t value 10

Figure 4.11 - Summary of CCRD results for BSFC.

The air/fuel ratio is by far the most influential variable on BSFC with this configuration. This is
obvious from figures 4.15(e), (g) and (h) where the lowest BSFC is obtained at the leaner test
points, though the curves all appear to be nearing a minimum BSFC at an air/fuel ratio of
approximately 19.5:1. The main effect of operating lean is the extra air requirement means that
the engine is less throttled, leading to lower pumping work and hence greater efficiency.

Eventually though, the air-fuel mixture will approach the flammability limits of the fuel.

4.3.4 Exhaust gas temperature

No. of outliers 1
Influential variables | B, A, BB, AA, D, CD, C
Highest t value 23

Figure 4.12 - Summary of CCRD results for exhaust gas temperature.
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Ignition timing is easily the most significant variable affecting exhaust gas temperature with this
configuration. Air/fuel ratio comes in second. Figures 4.16(d), (f) and (h) all illustrate the trend
for a lower temperature with advanced ignition timing. Advancing the timing of the ignition
leads to the heat release (i.e. burning) taking place nearer to the minimum volume condition,
which is thermodynamically more efficient. This, in turn, means that more of the chemical
energy from the fuel is converted to work, with the consequent effect of a lower exhaust gas

temperature.

The only outlier in figure 4.16(a) corresponds to test point 24. At this point, the ignition timing
is retarded to its lowest figure (10° bTDC) which suggests that the model is not able to follow

the engine's behaviour at this particularly retarded ignition timing.

4.4 60° injector, 100 bar fuel pressure, side injection

4.4.1 Hydrocarbon emissions

No. of outliers 0
Influential variables | C, B, BC, AC
Highest t value 3.5

Figure 4.17 - Summary of CCRD results for HC emissions.

Injection timing is the main variable affecting HC emissions with this configuration, closely
followed by ignition timing. Figures 4.21(c), (f) and (g) all display a general trend for lower HC
emissions with earlier injection timings. This suggests that the mixture has more time to form a

homogeneous charge as the injection is moved to an earlier timing.

Retarding the ignition timing reduces the HC emissions in this configuration. This is apparent in
figures 4.21(d) and (f). The change in ignition timing has the effect of increasing the exhaust gas
temperature. According to Heywood [1988], a higher exhaust gas temperature is usually
accompanied by a reduction in HC emissions, quite likely due to further oxidation of the

unburnt HC emissions after the flame has extinguished.

The fit of the model is good with no outliers and most points close to their predicted values

(figure 4.21(a)).

4.4.2 NOx emissions
No. of outliers 1
Influential variables | A, B, CC, CD, AA
Highest t value 10

Figure 4.18 - Summary of CCRD results for NOx emissions.
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Air/fuel ratio has the most effect on NOx emissions with this configuration, closely followed by
ignition timing. Figures 4.22(e), (g) and (h) all clearly demonstrate the trend of reduced NOx
emissions while running the engine with lean mixtures. Most of the testing matrix was
performed lean of stoichiometric, so this result is as expected. Leaner mixtures produce lower
combustion temperatures, reducing the formation of NOx. It would be expected that the NOx
emissions would peak at an air/fuel ratio of around 15.5:1 (figure 1.2). One explanation why no
peak is evident within the range of air/fuel ratios covered by the plots is that some of the fuel
injected found its way into a very rich region, meaning that the air/fuel ratio of the burning

charge was actually leaner than calculated from air and fuel inputs.

Retarding the ignition timing appears to have the effect of reducing NOx emissions according to
figures 4.22(d) and 4.22(f) and to a lesser extent (due to the influence of the air/fuel ratio) figure
4.22(h). By retarding the ignition timing, the peak pressure in the cylinder is reduced (and hence

the peak temperature). This leads to a reduction in the NOx emissions.

The one outlier is test point 23 which has the most advanced ignition timing (40° bTDC) of all
the test points, and again it is the case that the model cannot follow engine behaviour at this
more extreme condition. The actual NOx emissions are significantly higher than predicted by

the model.

4.4.3 Brake specific fuel consumption

No. of outliers 1
Influential variables | C, AC
Highest t value 5.5

Figure 4.19 - Summary of CCRD results for BSFC.

Injection timing is by far the most important variable in its effect on BSFC with this
configuration. Figures 4.34(c), (f) and (g) all illustrate the same trend - earlier injection reduces
BSFC. Early injection increases the amount of time for mixture preparation, ensuring that there

will be complete combustion, minimising the BSFC.
Notably, the only outlier corresponds to test point 20, which is the richest air/fuel ratio setting

(14:1). In general, the model fit appears to be quite good, with most points close to their

predicted values.
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4.4.4 Exhaust gas temperature

No. of outliers 8
Influential variables | B, A, BB, CC, AB, BC, AA, D, C, AC, DD
Highest t value 12

Figure 4.20 - Summary of CCRD results for exhaust gas temperature.

Ignition timing is again the most influential variable on the temperature of the exhaust gases,
with some additional influence in this configuration from the air/fuel ratio. As expected, the
lower exhaust gas temperatures are achieved with more advanced ignition timings, as shown in
figures 4.24(d), (f) and (h).

Figures 4.24(e), (g) and (h) illustrate a lower gas temperature as the engine is run lean as would
be expected. The response curves do appear to approach a minimum value, corresponding to an
air/fuel ratio of approximately 19.5:1. This can be explained by the excess air acting as a
dilutent to the combusting charge, reducing gas temperature throughout the combustion and

post-combustion periods.

Unfortunately, some outside influence appears to have affected the results according to figure
4.24(a). Before test point 19, most of the data is above the values predicted by the model, but
from test point 20 onwards, most of the data is below the model. This pattern of behaviour
suggests that the cause was some external influence on exhaust temperature, rather than
problems with the fit of the model or unstable running points. One possibility is that the change
was due to all the variable settings at test point 19 being adjusted back to their centre-point
values. Centre points were often used as a natural break in engine testing. It may be possible
that ambient conditions changed over this time causing a step change in the exhaust gas

temperature, although test records show no great change in engine intake temperature.
The relatively high 't' values for ignition timing and air/fuel ratio give confidence that these

variables were the major influences on exhaust gas temperature, but the high number of outliers

means that there is doubt in the accuracy of the actual shape of the characteristics.

Chapter 4 - Engine test results



® — O W B

180

160

Q 150

aJ 200

180

X3 170

160

Q 150

180

iS 40

108

31
5 10 15 20 25 30 BC AC
Case Number
(a) - Residuals plot. (b) - Influential variables.

0il 90
180
160

40 60 80 100 120 140 160 180 U 150 40

[C] Injection timing (SOI deg aTDC) [B] Ignition timing (deg bTDC)
(c) (d)

180
O 120
3 80
3§ 60

20 40

[A] Air Fuel Ratio [B] Ignition timing (deg bTDC)
(e) (0
40
a 35
3 25
0 20
Oi
20
[A] Air Fuel Ratio [A] Air Fuel Ratio

(® (h)

Figure 4.21 - Results set for HC emissions (g/kWh). 60° injector, side injection, 100 bar fuel pressure.
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Figure 4.24 - Results set for exhaust gas temperature (°C). 60° injector, side injection, 100 bar fuel pr.
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4.5 60° injector, 100 bar fuel pressure, central injection

4.5.1 Hydrocarbon emissions

No. of outliers 0
Influential variables | A, B, CC, BB
Highest t value 7

Figure 4.25 - Summary of CCRD results for HC emissions.

Air/fuel ratio is the most important variable in its effect on HC emissions with this
configuration, followed by ignition timing. Figures 4.29(e), (g) and (h) show a reduction of HC
emissions at rich air/fuel mixtures. This is not the obvious relationship until it is realised that the
test range is nearly all in the region lean of stoichiometric, so excess air would have been
available for nearly all of the test conditions. Under these circumstances, the lower exhaust gas
temperatures of the leaner settings can be expected to adversely affect HC emissions due to less

post-flame oxidation of unburnt hydrocarbons.

The two most obvious plots incorporating ignition timing, figures 4.29(d) and 4.29(f), show a
maximum HC level at an ignition timing of approximately 30° bTDC. The timing for maximum
emissions approximately corresponds to the most efficient operating condition of the engine
(figure 4.31) and therefore the lowest exhaust gas temperature (figure 4.32). The same argument

as above applies as to the reason for the high hydrocarbons.

4.5.2 NOx emissions

No. of outliers 0
Influential variables | B, A, BB, AC, CD, DD
Highest t value 10

Figure 4.26 - Summary of CCRD results for NOx emissions.

Ignition timing is the most influential variable on NOx emissions with this configuration,
followed by air/fuel ratio. As in 4.4.2, retarding the ignition timing has the effect of reducing
NOx emissions. This is illustrated in figures 4.30(d) and 4.30(f) and to a lesser extent in figure
4.30(h). By retarding the ignition timing, the peak pressure in the cylinder is reduced (and hence

the peak temperature), leading to a reduction in the NOx emissions.

In all three response curves (figures 4.30(¢), (g) and (h)) it is apparent that increasing the air/fuel
ratio (lean running) reduces the NOx emissions. As discussed in section 4.4.2, leaner mixtures
(maximum NOx emissions occur just lean of stoichiometric) produce lower combustion
temperatures, reducing the formation of NOx. Once again, there is no peak apparent at around

15.5:1 as would be expected with homogeneous combustion. The fact that an air/fuel ratio is
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quite near the edge of the experimental space does make it more difficult to locate a peak
accurately. In fact, the star point of the CCRD for the richest air/fuel ratio is test point 20 with a
value of 14:1. The next richest setting is 15.5:1, approximately where the peak in NOx values
would be expected. Examination of figure 4.30(a) shows that the recorded NOx value was less

than that predicted by the model, lending weight to there being a peak lean of stoichiometric.

4.5.3 Brake specific fuel consumption

No. of outliers 0
Influential variables | AB
Highest t value 2

Figure 4.27 - Summary of CCRD results for BSFC.

AB represents an interaction between A and B (air/fuel ratio and ignition timing respectively).
The influence of the combined effects of these variables is illustrated in figure 4.31(h). The
timing of ignition has a direct influence on the power output (which is related directly to BSFC).
If ignition is too early then the peak pressure occurs before TDC of the compression stroke,
reducing the power output (and increasing BSFC). However, if ignition is too late, then heat is
not released at the most thermodynamically efficient timing of around TDC, thereby leading to
an increase in the BSFC. In this configuration, the optimum ignition timing appears to be 30°
before TDC. The 't' value of the AB interaction is relatively low indicating that the combined

effect of these variables does not have a great influence on BSFC.

4.5.4 Exhaust gas temperature

No. of outliers 3
Influential variables | B, BB, AB, AD, CD, D, BD, C, BC, A
Highest t value 14

Figure 4.28 - Summary of CCRD results for exhaust gas temperature.

Ignition timing is by far the most influential variable again on exhaust gas temperature. The
expected trend is shown in figures 4.32(d), (f) and (h) where advancing the ignition timing has
the effect of reducing the exhaust gas temperature, with a minimum value for an ignition timing

slightly more advanced then 30° bTDC.

Though not greatly significant, there are three outliers in figure 4.32(a). These correspond to test
points 5, 15 and 21. Test points 15 and 21 have been discussed before as potential problem
points as 15 combines a lean air/fuel ratio (18.5:1) with a late injection timing (140° aTDC) and

20 is the leanest running point (20:1).
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Figure 4.31 - Results set for BSFC (kg/kWh). 60¢ injector, central injection, 100 bar fuel pressure.
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4.6 60° injector, 20 bar fuel pressure, side injection

4.6.1 Hydrocarbon emissions

No. of outliers 1
Influential variables | A, AA, B, BB
Highest t value 7.5

Figure 4.33 - Summary of CCRD results for HC emissions.

Air/fuel ratio is the most significant variable in its effect on HC emissions with this
configuration, followed by ignition timing. There is a minimum level of HC emissions at an
air/fuel ratio of approximately 15.5:1 according to figures 4.37(e), (g) and (h). The explanation

is the same as for the 60° injector with 100 bar fuel pressure as detailed in 4.5.1.

HC emissions peak at an ignition timing of 30° before TDC in figures 4.37(d), (f) and (h). This
is again thought to be due to the reduced post-flame oxidation reactions caused by the
comparatively low exhaust gas temperature (figure 4.40). The levels of HC emissions are fairly
similar to those obtained with the same configuration with 100 bar fuel supply pressure (figure
4.21). This lack of sensitivity to fuel supply pressure can be explained because there is likely to
be impingement of the spray on the piston for many injection timings, making the quality of the

spray less important.

High levels of HC emissions are a feature of side injection as switching to the 90° injector gives
even higher values (figure 4.5). In contrast, HC emissions with central injection are
considerably reduced for both the 60° and 90° injectors (figures 4.29 and 4.13). This is

discussed in more detail later in the chapter.

Though the model fit appears to be very good (figure 4.37(a)), there is one outlier which is a
significant distance away from the model. On further investigation, the outlier corresponds to
test point 21, which, as previously discussed, has the leanest air/fuel ratio of all test points,

leading to unstable running.

4.6.2 NOx emissions
No. of outliers 0
Influential variables | B, A, CC
Highest t value 13

Figure 4.34 - Summary of CCRD results for NOx emissions.

Ignition timing has the greatest effect on NOx emissions with this configuration, closely

followed by air/fuel ratio. The influence of ignition timing is obvious from figure 4.38(h), and
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more so in figures 4.38(d) and 4.38(f), where NOx emissions are reduced at retarded ignition

timings. Again, this is simply due to the reduced peak pressure and temperature in the cylinder.

Figures 4.38(e), (g) and (h) clearly illustrate the strong influence the air/fuel ratio has over the
level of NOx emissions. The trend is for reduced NOx at lean air/fuel ratios, as expected from
earlier results, apart from the lack of a peak around 15.5:1. Particularly low values of NOx
emissions are evident at retarded ignition timings and lean air/fuel ratios. Values are even lower
then the same configuration with 100 bar fuel supply pressure (figure 4.22) and significantly
lower than the other configurations (figures 4.6, 4.14 and 4.30). Low values of NOx are

consistent with poor mixture preparation as suggested by the high HC emissions.

4.6.3 Brake specific fuel consumption

No. of outliers 0
Influential variables | BB, D, AA, C, AB
Highest t value 2.5

Figure 4.35 - Summary of CCRD results for BSFC.

All four variables are shown to influence BSFC, with ignition timing and air/fuel ratio showing
a quadratic relationship. As there are so many variables influencing the results in this case it is
more difficult to decipher the response curves. In the plots showing air/fuel ratio figures, 4.39(g)
and 4.39(h), the only trend is the apparent minimum BSFC at an air/fuel ratio of approximately
18:1. It is expected to have lower BSFC with leaner running, until the reduction in the

flammability of the mixture increases the BSFC again.

There is a minimum level of BSFC apparent with regards to ignition timing also. As discovered
earlier, it occurs when ignition timing is approximately 25-30° bTDC. This is shown in figures
4.39(d), (f) and (h). Figures 4.39(c), (d) and (e) share the same trend for inlet valve timing -
opening the inlet valves later appears to reduce BSFC. This will be discussed in more detail

later in the chapter.

4.6.4 Exhaust gas temperature

No. of outliers 0
Influential variables | B, BB, A
Highest t value 6

Figure 4.36 - Summary of CCRD results for exhaust gas temperature.

Ignition timing is the most influential variable on the temperature of the exhaust gases. Figures

4.40(d), (f) and (h) all illustrate a reduction in temperature with advanced ignition timings.
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Figure 4.37 - Results set for HC emissions (g/kWh). 60° injector, side injection, 20 bar fuel pressure.
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Figure 4.38 - Results set for NOx emissions (g/kWh). 60° injector, side injection, 20 bar fuel pressure.
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4.7 Port fuel injection, 3 bar fuel pressure

4.7.1 Hydrocarbon emissions

No. of outliers 0
Influential variables | BB, C, B
Highest t value 4

Figure 4.41 - Summary of CCRD results for HC emissions.

Ignition timing is the most important variable in its effect on HC emissions with this
configuration, followed by injection timing. Figures 4.45(d), (f) and (h) all agree in that HC
emissions peak at an ignition timing of between 25° and 30° bTDC. This was also experienced

with other configurations as explained earlier.

Lower HC emissions are achieved with later injection timings in this configuration. This can be
explained for the port fuel injection arrangement by the fact that late injection timings
correspond to closed valve injection once the transit time of the fuel between injector and the
intake valves is taken into account. Closed valve injection allows the fuel sufficient residence
time on the back of the inlet valves to be fully vaporised by the start of the induction process,

hence leading to good mixture preparation. This trend is visible in figures 4.45(c), (f) and (g).

4.7.2 NOx emissions
No. of outliers 2
Influential variables | AA, B, AD, C, D, BB, AB, DD
Highest t value 12

Figure 4.42 - Summary of CCRD results for NOx emissions.

The air/fuel ratio, followed by ignition timing are the most significant variables with regards to
influencing the formation of NOx in this configuration. The NOx emissions are seen to peak at
an air/fuel ratio of approximately 16:1 in figures 4.46(g) and (h) and to a lesser extent in figure
4.46(e). It is expected that peak NOx figures are obtained at an air/fuel ratio just lean of
stoichiometric, with substantial reductions either side of this point. The response curves show

this with a steep gradient away from the maximum.
As expected, retarded ignition timings have the effect of reducing NOx emissions due to the

reduced peak temperature in the combustion chamber. This is illustrated in figures 4.46(d) and
4.46(f).
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4.7.3 Brake specific fuel consumption

No. of outliers 11
Influential variables | A, AA, BB, B, C, AD, AB
Highest t value 8

Figure 4.43 - Summary of CCRD results for BSFC.

Air/fuel ratio is by far the most influential variable in this configuration on the BSFC. The
response is typical of a port-injected engine with a fairly flat response lean of stoichiometric and
a minimum of 17.5:1. There is the expected rapid deterioration at air/fuel ratios rich of
stoichiometric. However, there are doubts over the validity of the model. There are 11 test
points flagged up as outliers in the residual plot shown in figure 4.47(a). The spread of the data
in this figure indicates that there was a systematic change in the results from, perhaps, as early
as test point 14 onwards. This change meant that the results fell to levels under those predicted
by the model up until test point 28 where there were indications of a recovery. The systematic
nature of the change suggests that there was some influence affecting either or both of the two
parameters compounded to calculate BSFC (i.e. fuel flow rate or engine power). It is not
apparent from the examination of the raw test data what the influence might be. The relatively
high 't' values of the air/fuel ratio and ignition timing leaves little doubt that these are the main

parameters affecting BSFC, and so it is only the shape of the responses that are in question.

4.7.4 Exhaust gas temperature

No. of outliers 1
Influential variables | A, B, D, BB
Highest t value 10

Figure 4.44 - Summary of CCRD results for exhaust gas temperature.

The most influential variable on exhaust gas temperature in this configuration is air/fuel ratio,
closely followed by ignition timing. Figures 4.48(e), (g) and (h) illustrate a trend for lower
exhaust gas temperatures at high air/fuel ratio values, as expected. The effect of ignition timing
(shown in figures 4.48(d) and 4.48(f) and to a lesser extent in figure 4.48(h)) is a reduction in
the temperature of the gases when the timing is advanced. This has been discussed in an earlier

section.

The one outlier is test point 20. This corresponds to the richest air/fuel ratio (14:1) and the

indication is that the model is predicting a temperature that is too high for this setting.
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Figure 4.46 - Results set for NOx emissions (g/kWh). Port fuel injection, 3 bar fuel pressure.
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4.8 Discussion of engine test results in relation to the fuel spray structures

The method by which the fuel was introduced into the combustion chamber is the difference
under investigation between the various configurations tested. An understanding of the results
must therefore be based on a study of the differences between the fuel sprays. The earlier test rig
results (chapter 2) provided a considerable amount of basic spray information. It was decided to
apply this information to interpret the engine test results by superimposing suitably scaled
images from the test rig onto accurate diagrams of the internal layout of the cylinder and

combustion chamber.

This approach is limited in a number of ways. The combustion chamber of the engine, for
instance, is more confined than the test rig used for the spray photographs particularly when
injection timing is early and the piston is close to TDC. At many of the engine's operating
conditions, the fuel spray would impact on the piston, as shown in the superimposed diagrams.
No attempt has been made to remove the portion of the spray that has apparently impacted on
the piston, as it was felt that the spray envelope gives a visual measure of the extent of the likely
impaction, and therefore, the amount of fuel that may or may not reside on the piston. When
interpreting the diagrams, it should be remembered that injecting in the proximity of a wall (as

for some engine cases) would affect the form of the spray when compared to a free-air spray.

For each condition illustrated, two injection timings are shown: one near the mid-point of the
injection period and the second at the end of injection. In each of the seven diagrams provided, a
fuel injection sequence from the rig testing was chosen to closely reflect the actual in-engine
conditions. For instance, during engine testing with GDI operation, the fuel was hot throughout
testing due to its path through the fuel pump and the pressure relief valve. All spray images used
in these diagrams were taken from sequences where the fuel was heated. Likewise, the pressure
in the cylinder. Though this did vary in the engine itself, the pressure in the cylinder was always
approximately 0.5 bar during the injection period. Rig tests were performed at this pressure also,
enabling accurate replication of the conditions. One effect that is not allowed for in this
superposition technique is the influence of airflow on the spray structure. However, the
existence of a parallel project, which recorded images of sprays within a firing optical engine of

the same design, allowed an assessment to be made and this is discussed later in this section.

One of the main outcomes of this superposition approach is an indication of the likelihood of
impaction of the spray on either the descending piston or the opening inlet valves with central
and side injection, and both 60° and 90° injectors. Rather than examine every case, the
following study is concentrating on the extremes: earliest injection timing (when the danger of

piston impaction is greatest) and latest timing (when the danger is least). Likewise the most
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adverse combination of injection and inlet valve timing is included to investigate the possibility

of fuel spray impaction on the valves.

The first of the obvious "extreme cases" is shown in figure 4.49. The 60° injector has the
highest penetration rates at 100 bar, and the timing of the fuel injection is just 20° aTDC, which
is the earliest setting used during testing. Even at around the mid-point of the 1.9 ms injection
duration (figure 4.49(a)) there is significant impingement on the piston crown. By the end of
injection (figure (4.49(b)), it is likely that a large amount of this fuel will have impacted on the
cylinder wall due to the momentum of the spray in that direction. In fact, the situation is worse
than it appears, as the image of the spray is truncated where it has penetrated the furthest. The
reason for this truncation is that the frame size of the rig test images was not large enough to
record all of the spray (see figure A1.3 147). Some fuel will evaporate from the hot piston
surface, but some will almost certainly reach the cylinder wall. The effect of this on the HC
emissions can be compared to the case where the injector is mounted centrally (figure 4.51).
According to the CCRD model, the side injection case has an HC emissions value of 13.5
g/kWh, whereas the central injection case, with the same settings, emits only 9.8 g/kWh. The
cylinder wall is significantly cooler than the piston, so the fuel may reside on the walls and in
the boundary layer, eventually being scraped into the top piston ring crevice. This fuel would
then be detected in the exhaust as unburned HC emissions, because combustion does not
penetrate this area. As there is less fuel being wasted in this way with central injection, its BSFC

figure is lower (0.43 kg/kWh against 0.46 for the side injection case).

Figure 4.49 is a two-dimensional representation of what is a three-dimensional situation. It
appears that the spray impacts on the inlet valves, but this is far from obvious in practice as the
injector is mounted in a plane between the inlet valves rather than in the same plane as one of
them. In fact, the chance of impaction is obviously less for the 60° injector that for the 90°

injector. The situation for the 90° injector is discussed later.

The second case under investigation is similar to the first, but the fuel pressure is lowered to just
20 bar. The injection period is necessarily extended for the 20 bar case in order to deliver the
same amount of fuel. This has the effect that the piston has descended further by the halfway
point and completion points of the spray period. Also, the penetration rate is considerably less
due to the slower exit velocity from the injector. As can be seen from figure 4.50, there is still
some fuel sprayed onto the piston crown. This, together with a mixture which is not as well
prepared as the high-pressure case, increased the HC value to 15.5 g/kWh (13.5 g/kWh for the

100 bar case). The increase is not as large as might be expected, and it may be due to the 20 bar
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fuel pressure reducing the penetration of the fuel spray, so that less fuel resides on the cylinder
walls.

Spark plug axis

(2)

Spark plug axis

(b)
Figure 4.49 - a) Engine timing diagram. 60° injector, 100 bar fuel pressure, 1.0 ms aSOIL, IVO 5° bTDC,

engine position 388.6° CA, valve lift 2.77 mm. (Photograph figure number A 1.3 142)
b) Engine timing diagram. 60° injector, 100 bar fuel pressure, 1.9 ms aSOI, IVO 5° bTDC, engine

position 397.1° CA, valve lift 3.73 mm. (Photograph figure number A 1.3 147)
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Spark plug axis

(@)

Spark plug axis

(b)
Figure 4.50 - a) Engine timing diagram. 60° injector, 20 bar fuel pressure, 2.2 ms aSOI, IVO 5° bTDC,
engine position 399.8° CA, valve lift 3.83 mm. (Photograph figure number A 1.3 137)
b) Engine timing diagram. 60° injector, 20 bar fuel pressure, 2.7 ms aSOI (spray fully developed), IVO 5°

bTDC, engine position 419.6° CA, valve lift 5.83 mm. (Photograph figure number A 1.3 139)
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As discussed earlier, the emissions performance of the engine with the 60° injector mounted
centrally is far better than with the same injector mounted in the side injection position. HC
emissions in particular are dramatically reduced by injecting centrally, supporting the theory
that side injection causes a significant amount of fuel to reside on the cylinder walls. Even in the
case shown in figure 4.51, where fuel injection is at its earliest setting (20° aTDC), leading to
significant impaction on the piston, the value of HC emissions (9.8 g/kWh) is much lower than

the worst case for side injection.

Some of the fuel impacting on the piston will spread outwards, but the radial momentum with
the 60° cone angle is likely to be low, giving a longer residence time and more chance of
evaporation from the piston crown. Some of the spray is likely to 'splash' back into the
combustion chamber, either impacting on the combustion chamber surface or forming droplets,

probably quite small in size, and becoming entrained in the general gas motion.

As with the 60° injector in the side position, figure 4.52 demonstrates that a significant amount
of fuel impacts on the piston crown when the 90° injector is utilised with the earliest injection
timing (20° aTDC). However, the HC emissions are lower when using the 90° injector (11.8
g/kWh versus 13.5 g/kWh for the 60° injector) at the early fuel injection timing. This is thought
to be due to the lower penetration rates from the 90° injector, which reduces the amount of fuel
impacting the cylinder wall. The BSFC is also improved by using the 90° injector (0.42 kg/kWh
versus 0.46 kg/kWh for the 60° injector). The lower penetration rate is partly evident by
comparing figure 4.52(b) with 4.49(b), and is confirmed by the penetration plots shown in
figures 2.33 and 2.34 (injector C is the 60° injector and injector D is the 90° injector).

The wider spray angle of the 90° injector means that there is more danger of impaction on the
inlet valves. The most critical time for this is when the combination of inlet valve and injection
timing is such that injection is complete at around the time of maximum inlet valve lift (9.0

mm). This combination is shown in figure 4.53.
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Spark plug axis

(a)

Spark plug axis

(b)
Figure 4.51 - a) Engine timing diagram. 60° injector, 100 bar fuel pressure, 1.0 ms aSOI, IVO 5° bTDC,
engine position 388.6° CA, valve lift 2.73 mm. (Photograph figure number A 1.3 142)
b) Engine timing diagram. 60° injector, 100 bar fuel pressure, 1.9 ms aSOI, IVO 5° bTDC, engine

position 397.1° CA, valve lift 3.73 mm. (Photograph figure number A 1.3 147)
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Spark plug axis

(2)

Spark plug axis

(b)
Figure 4.52 - a) Engine timing diagram. 90° injector, 100 bar fuel pressure, 0.9 ms aSO1, IVO 5° bTDC,
engine position 388.1° CA, valve lift 2.68 mm. (Photograph figure number A 1.4 005)
b) Engine timing diagram. 90° injector, 100 bar fuel pressure, 1.8 ms aSOI, IVO 5° bTDC, engine

position 396.2° CA, valve lift 3.43 mm. (Photograph figure number A 1.4 009)
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Figure 4.53 - a) Engine timing diagram. 90° injector, 100 bar fuel pressure, 0.9 ms aSOI, IVO 5° bTDC,
engine position 468.1° CA, valve lift 8.68 mm. (Photograph figure number A 1.4 005)
b) Engine timing diagram. 90° injector, 100 bar fuel pressure, 1.8 ms aSOI, IVO 5° bTDC, engine

position 476.2° CA, valve lift 8.83 mm. (Photograph figure number A 1.4 009)
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Figure 4.53 shows the geometry of the engine with the 90° injector and with the inlet valves
opening 5° bTDC and injection starting 100° aTDC. The inlet valves are nearly fully open
throughout injection in this situation, leading to suspicions that impaction may occur on the
backs of the valves, adversely affecting the HC emissions and BSFC. Indeed, the model
indicates a value of 18.7 g/kWh for HC emissions for this test point versus only 11.8 g/kWh for
the same configuration with early injection (figure 4.52). As can be seen in figure 4.53, there is
no significant fuel impaction on the piston, but some spray may travel straight across the
combustion chamber in any case and land on the cylinder wall. This may cause high HC
emissions, but then so may impaction on the backs of the inlet valves. The likelihood of the
impaction is investigated in figure 4.54. The lines in figure 4.54(a) represent the width of the
spray measured from the image corresponding to the spray at the end of injection. These lines
are then transposed as ellipses in figure 4.54(b) on the assumption that the spray is conical in
form. It is clear from this that there should be a significant amount of fuel hitting the backs of

the inlet valves. Even with the 60° injector, it is likely that there would be some impaction.

Vi

(2)

(b)

Figure 4.54 - Schematic representation of the 90° fuel spray and its impaction on the inlet valves.

It is difficult to predict what would happen when the fuel spray encounters the inlet valves.
Some fuel would splash into the intake port, while some would adhere to the valves. These and
other possibilities are likely to detract from the preparation of a homogeneous mixture of fuel

and air for combustion.

There are several other timing combinations that will result in possible impaction on the backs
of the inlet valves. Early inlet valve timing (150° aBDC), with start of injection at 100° aTDC
results in injection starting when the valves are fully open at 9.0 mm lift. Late fuel injection

(140° aTDC) has the same effect coupled with inlet valve timing of 187.5° aBDC - injection
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with the valves fully open. There are other cases where the valves may not be 100% open, but
nearly, which could cause impaction, certainly with the 90° injector. The increased likelihood of
impaction with side injection provides another explanation why the central injection

configuration performs better than side injection.

Figure 4.55 illustrates early injection timing with a centrally mounted 90° injector injecting at
100 bar fuel pressure. The early injection timing corresponds to a period of low inlet valve lift
so the risk of fuel injection on the back of the intake valves is quite small. As with the 60°
injector, central injection with the 90° injector (10.4 g/kWh) has superior HC emissions over the
side injection case (18.7 g/kWh). This is thought to be due to less impaction on the cylinder

wall, though there is still a large amount of fuel impacting the piston crown.

A condition is shown in figure 4.56 with the 90° injector mounted centrally, in which the inlet
valves are more or less fully open throughout fuel injection. This corresponds to an injection
timing of 100° aTDC and an inlet valve opening time of 5° bTDC. Another schematic (figure
4.57) was created to investigate whether or not significant impaction occurred on the back of the
inlet valves in this case. Impaction was not expected because the HC emissions were less with
this configuration in any case as discussed earlier. Side injection with the same settings resulted
in a HC figure of 18.7 g/kWh, but this case only emitted 10.4 g/kWh. Figure 4.57 does not
conclusively rule out impaction as the spray cone appears to pass very close to the valves,
though if there is impaction, it certainly is not to the same extent as with side injection. Air flow
into the cylinder would tend to deflect the fuel away from the valves, but the spray angle has
been seen to be affected by changes in fuel temperature and ambient pressure so the possibility
of some interference is present. However, the generally low HC emissions and BSFC values

with this configuration suggest that any influence from inlet valve impaction is minimal.

To investigate the effect of the airflow in the cylinder on the spray structure, and validate the
use of the diagrams above, reference is made to a parallel project, which resulted in images
being obtained from a firing engine of the same design as this project. Figure 4.58 shows
examples of the images obtained for the 60° and 90° injectors. The inlet valve timing (IVO 5°
bTDC) is the same as the centre-point setting used for the CCRD. It can be seen from the
images that the airflow from the inlet ports has not noticeably distorted the shape of the spray.
As all interpretation diagrams refer to an inlet valve timing of 5° bTDC, it is concluded that the
airflow would have a negligible effect on the structure of the sprays shown in the various

interpretation diagrams. Interpretation diagrams matching the timings of the engine images are
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provided for comparison. It is concluded that the diagrams have been a successful method of

illustrating some of the engine's characteristics.

Spark plug axis

(@)

Spark plug axis

Figure 4.55 - a) Engine timing diagram. 90° injector, 100 bar fuel pressure, 0.8 ms aSOIL, IVO 5° bTDC,
engine position 387.2° CA, valve lift 2.56 mm. (Photograph figure number A 1.4 004)
b) Engine timing diagram. 90° injector, 100 bar fuel pressure, 1.6 ms aSOI, IVO 5° bTDC, engine

position 394.4° CA, valve lift 3.23 mm. (Photograph figure number A 1.4 008)
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Spark plug axis

(a)

Spark plug axis

(b)
Figure 4.56 - a) Engine timing diagram. 90° injector, 100 bar fuel pressure, 0.8 ms aSOI, IVO 5° bTDC,
engine position 467.2° CA, valve lift 8.67 mm. (Photograph figure number A 1.4 004)
b) Engine timing diagram. 90° injector, 100 bar fuel pressure, 1.6 ms aSOIl, IVO 5° bTDC, engine

position 474.4° CA, valve lift 8.78 mm. (Photograph figure number A 1.4 008)
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(a)

(b)

Figure 4.57 - Schematic representation of the 90° fuel spray and its impaction on the inlet valves.

(a): 60° injector (b): 90° injector
Figure 4.58 - Photographs of the fuel spray inside the engine with side injection (adapted from the work

described by Boheimer [2002]) and the associated interpretation diagrams: SOI 60° aTDC, IVO 18°

bTDC, images are taken at 1.0 ms aSOI, 100 bar fuel pressure. The green outline is the viewing window.

Having now analysed the data from each configuration in isolation it will be useful to compare

the different configurations, and their effect on the engine's performance as a whole.
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Comparison of the sets of characteristics shown in the earlier sections of this chapter would be
very difficult due to their complexity. A somewhat simpler method of comparison was derived.
The MATLAB software effectively produces curve fits of the experimental data leading to
mathematical equations that describe the behaviour of each response to changes in the four test
variables (air/fuel ratio, ignition timing, fuel injection timing and inlet valve timing). For each
configuration, the BSFC equations were examined to find the minimum value within the test
range and the corresponding values of the four test variables were determined. This identified
the point of maximum engine efficiency. The corresponding values of the four test variables
were then substituted in the equations describing the responses of the emissions (HC and NOx),

and their values found for the minimum BSFC point. The data is tabulated in figure 4.59.

Configuration Minimum A B: C: D: HC: NOx:

BSFC: bTDC | aTDC | aBDC | g/kWh | g/kWh
kg/kWh

90°, 100 bar, side 0.41 17.8 |25 60 188 12.7 13.8

90°, 100 bar, centre | 0.38 185 | 18.8 80 188 83 7.8

60°, 100 bar, side 0.46 185 |25 60 188 10.9 4.1

60°, 100 bar, centre | 0.42 18.5 [ 325 140 188 10.9 11.9

60°, 20 bar, side 0.43 17 25 100 200 12.9 7.6

PF1 0.42 16.8 [ 21.3 140 188 9.0 15.0

Figure 4.59 - Comparison of settings for lowest BSFC values. A: air/fuel ratio. B: ignition timing. C:

fuel injection timing. D: inlet valve timing.

The most efficient configuration appears to be the 90° injector mounted centrally, injecting fuel
at 100 bar. HC emissions are also the lowest of all arrangements and the NOx figure is one of
the lowest three figures. This is perhaps not too surprising as the GDI cylinder head was initially
designed to be operated with central injection. It is thought that there are two mechanisms at
work. First of all, the centrally-mounted fuel injector has been found to produce less HC
emissions than the side injector in all cases, which is explained by the reduced impaction of fuel
on the cylinder walls and the back of the inlet valves. Additionally, the 90° injector spreads the
fuel more evenly across the combustion chamber and at lower penetration rates, so it is assumed
that less fuel impacts on the piston. As there is more fuel in the air stream, maximum charge
cooling can occur, reducing the charge temperature during compression and leading to lower

NOXx production.

Side injection with the 90° injector has a minimum BSFC value near to the central injection

case, but the emissions values are considerably higher as discussed earlier.
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Comparison of BSFC values suggests that the best GDI configuration is more efficient than PFI,
but the other GDI configurations either give similar or worse values. The accuracy of the
readings should be discussed at this point. The statistical analysis applied to the test results is
able to determine the repeatability of BSFC through examination of the variation of centre-point
values. The extent of the variation, in terms of a standardised residual, is marked on the plots
shown earlier in the chapter (for example, figure 4.5(a)). For a closer examination of this
variation, the residuals were plotted as absolute values (i.e. kg/kWh) for two cases as shown in
figure 4.60. The maximum variation for the 90° injector case (figure 4.60(a)) is 0.02 kg/kWh,
with a maximum variation of 0.04 kg/kWh for the PFI configuration (figure 4.60(b)).

-0 02
-0 04

-0 06

10 15 20 5 10 15 20 25 30
Case Number Case Number

(a) (b)
Figure 4.60 - Residuals plots in absolute units (kg/kWh) for BSFC. a) 90° injector, 100 bar fuel

pressure, central injection, b) PFI, 3 bar fuel pressure.

This variation is likely to be due to such factors as difficulty in keeping the engine running at its
required test settings and variations in atmospheric conditions, and does not reflect the
inaccuracies in measuring BSFC itself. However, it should still be considered when comparing

configurations.

Two parameters are involved in the calculation of BSFC: fuel flow rate and engine power. It is
estimated that engine power can be measured to an accuracy of+1% and fuel flow rate to +2%,
giving a combined inaccuracy of £3% (£0.012 kg/kWh). This still indicates that the best GDI
configuration was more efficient than the PFI arrangement, but caution must be exercised as to
the actual scale of the difference, especially when the maximum variation between points
according to the residuals plot in figure 4.60 is 0.06 kg/kWh. Confidence in the greater
efficiency of GDI is strengthened if the BSFC values of the 31 test points are plotted against
each other (figure 4.61). The advantage of GDI is evident.
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As discussed in chapter 1, a GDI engine has the potential to offer gains over the PFI engine in
several respects. However, most of these are concerned with the basic operating parameters
themselves, such as the ability to use a higher compression ratio with GDI. So, how is a GDI
engine more efficient than a PFI unit at identical settings? It is apparent from figure 4.59 that
the minimum BSFC value for 90°, central injection, 100 bar GDI configuration was obtained
with a reduced ignition advance compared to the other configurations. This implies a faster bum
rate, which in turn means that the heat release could be concentrated more at around the
minimum volume condition. Basic heat engine cycle analysis shows that this gives the highest
thermal efficiency. The faster bum rate can be explained by more even mixture preparation,
because combustion would be very slow if there were local arecas where the air/fuel ratio
deviated significantly away from the mean value of 18.5:1 in the lean direction. It is to be
expected that the 90°, central, 100 bar configuration should produce better mixture preparation
than the other GDI configurations, but it is not expected that it should be better than the engine
with PFI. One explanation is that the targeting of the port-mounted injectors (twin injectors

were used) may not have been optimised for the engine as it was designed primarily for GDI.
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Test number

Figure 4.61 - Comparison of actual values of BSFC throughout testing. (GDI configuration is 90°

injector, 100 bar fuel pressure, central injection).

Interestingly, all minimum BSFC values were obtained with late inlet valve timings. Typically
the minimum BSFC was obtained with the inlet valves starting to open 8° aTDC (figure 4.59).
Valve lift is relatively low for the next 20° by which time the piston has descended, inducing a

relatively high intake velocity. The charge motion should be more vigorous under these
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conditions, increasing the speed of bum in the cylinder, and hence improving the engine's
efficiency. This could be an easier method to increase turbulence in the cylinder than designing

sophisticated inlet ports, and would be particularly useful at low engine speeds.

The parallel project [Boheimer, 2002] using optical engines included laser Doppler
measurements of the in-cylinder axial air flow velocities on the same geometry of engine, and a
comparison between late inlet valve opening (figure 4.62(d)) and a more conventional timing
(figure 4.62(c)) shows an approximately threefold increase in the peak velocity for the later
opening. In figures 4.62 and 4.63, the Normalised Velocity is the ratio of the airflow velocity to

the piston mean velocity.

(a): IVO 18° bTDC (b): IVO; 22° aTDC

\ tnw

®o

e 0 1 70 30 20 -10 0 10 20
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00 (d)
Figure 4.62 - Photographs of the fuel spray inside the engine with side injection, and an axial velocity
vector diagram at the same condition. SOI 100° aTDC using the 90° injector. Engine position is 109°
aTDC in both cases. The axial velocities were measured across the diameter bisecting the two inlet (and

exhaust valves at a distance 40 mm down from the cylinder head.
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The higher airflow velocities have a considerable influence on the development of the sprays as
indicated in the comparison shown in figure 4.62(a) and 4.62(b). The high velocity incoming air
is flowing down the right-hand side of the cylinder, pulling with it that side of the spray. This
effect was even more noticeable with the later injection timing setting of 140° aTDC, as shown
in figure 4.63. Even though there is the possibility of further wall-wetting when the fuel is
forced closer to the cylinder wall, it is believed that the increased velocities will result in faster
bum rates through the resulting higher turbulence levels. This is reflected in the results where

the minimum BSFC values were all obtained at retarded inlet valve timings.

m
(a): IVO 18° bTDC (b); IVO: 22° aTDC
UM -VV'W
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o
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Figure 4.63 - Photographs of the fuel spray inside the engine with side injection, and an axial velocity
vector diagram at the same condition. SOI 140° aTDC using the 60° injector. Engine position is 149°
aTDC in both cases. The axial velocities were measured across the diameter bisecting the two inlet (and

exhaust valves at a distance 40 mm down from the cylinder head.
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4.9 Summary of test results

In this chapter, the results were presented from engine testing on five GDI engine configurations
along with PFI as a comparison. The standard test point was an engine speed of 1500 rpm, with
a load setting of 2.62 bar BMEP. A CCRD was carried out using four variables (air/fuel ratio,
ignition timing, fuel injection timing and inlet valve timing) to investigate their effect on four
engine responses (HC emissions, NOx emissions, BSFC and exhaust gas temperature). Certain
features of the emissions results could be explained by the knowledge gained on spray

behaviour from the rig tests (chapter 2).

In most cases it was found that the CCRD model, which allowed for second order effects and
interactions between pairs of variables, was sufficient to provide a relatively accurate
description of each response. There were occasions where engine instability was a problem, at
the leanest settings for instance, and this sometimes resulted in the engine test point being

branded as an outlier.

In general, the responses for the engine in the various GDI configurations fell into similar
patterns to its behaviour with PFI. For example, NOx emissions would tend to peak lean of
stoichiometric and then fall for leaner mixtures and BSFC would decrease for leaner mixtures,
showing a minimum value at 17:1 air/fuel ratio or leaner. There were differences in the levels of

the responses between the various engine configurations.

The most efficient (i.e. lowest BSFC) configuration was GDI with a 90° injector mounted
centrally, supplied with fuel at 100 bar pressure. This configuration also tended to have the
lowest emissions levels compared with the other GDI configurations and with PFI. In general,
central injection returned lower BSFC values and HC emissions than with side injection. As
expected, injecting at a fuel pressure of 100 bar was better than at 20 bar, although the
difference was more modest than would have been predicted. The minimum BSFC for all
configurations was obtained with late inlet valve openings. This could be explained using the
results of a parallel project, which showed that the in-cylinder air motion was far more vigorous

under these conditions.

An attempt was made to construct interpretation figures, which illustrated the position of the
piston and inlet valves in relation to the superimposed fuel spray image. These were found to be
useful in understanding some of the emissions figures, such as higher HC emissions with side
injection due to impaction on the cylinder wall. The possibility of inlet valve impaction was also
illustrated. Further understanding was obtained by examining images from inside a firing

engine. This showed the effects of airflow on the spray structure. These engine test results are
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reviewed again in the following chapter in an attempt to summarise the findings of the overall

research project.
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Chapter 5
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5 - Conclusions and future research

5.1 Conclusions from the test results

Having conducted an extensive review of the literature in chapter 1, it is concluded that GDI is
indeed an emerging technology, likely to play a large part in the development of the SI engine
into the foreseeable future. There are currently two different approaches to utilising GDI -
stratified charge and homogeneous charge. The former has potentially higher gains in fuel
economy and has been the focus of the majority of the development work by industry with the
first GDI production vehicle (Mitsubishi) being powered by such a unit. The latter approach has
received some interest from industry (Renault) and is also relevant to the development of the
former as stratified-charge engines operate with homogeneous charge at higher loads.
Homogeneous charge GDI may take on a new relevance if Homogeneous Charge Compression
Ignition (HCCI) combustion [Stanglmaier, 1999] is shown to be a practical proposition as this
has great potential for reducing the emissions from gasoline engines. In any case, the full
potential of GDI is yet to be realised as the understanding and subsequent control of the fuel-air

mixing processes are so complex.

Two areas that will contribute to the understanding of the complex interactions between the fuel
spray and the airflow in the cylinder were drawn out of the literature survey. The first is the
need for more knowledge about fuel injector sprays, such as the variation between different
types of injector and the effects of ambient conditions. This knowledge would be relevant to the
application of both stratified and homogeneous charge GDI engines. An investigation was
performed on this topic and is reported in chapter 2. The second is the requirement to tackle the
extra challenge of integrating GDI with variable valve timing (the latter has a very significant
effect on in-cylinder flows and hence on the fuel-air mixing processes). This was researched
through a series of single-cylinder engine tests using a prototype cylinder head designed for

homogeneous GDI. The results of the engine testing are described in chapter 4.

The fuel spray investigation was successfully carried out on four different swirl-type injectors,
under a wide range of testing conditions. Whether a fuel spray is hollow or filled was one of the
aspects under scrutiny. It was found that the more open sprays (i.e. injector designed to produce
a wider cone angle) are more likely to encompass a hollow region. One of the most influential
variables on the cone filling is the ambient pressure of the atmosphere into which the fuel is
injected. The sprays were found to retain their initial cone angle if injecting into a lower than
atmospheric pressure (0.5 bar absolute), but increasing the ambient pressure to atmospheric had
the effect of reducing the cone angle, and with it, the likelihood of a hollow region at the core.

Increased fuel pressure was found to have two opposing effects on the spray. First of all, the
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radial momentum of the fuel from the injector tip is higher if the initial cone angle is greater.
However, as the droplets are smaller, they are more likely to be entrained into the core of the
spray, reducing the likelihood of a hollow region. It was found that increased fuel temperature
could also reduce the cone angle of the spray, particularly if combined with reduced ambient air
pressure. The photographs of tests under these conditions were observed to take on a misty
appearance and it was thought that 'flash’ boiling of some of the constituents of the gasoline was

occurring leading to reduced droplet size as well as increased vapour production.

As mentioned above, the structure of the spray depends on the ambient conditions as well as the
fuel pressure, temperature and construction of the injector. The resulting cone angle of the spray
is an important factor, as it governs the impaction of the spray on the various surfaces within the
combustion chamber of an engine. In general, the cone angle and penetration rate of a given
injector are closely related. As would be expected, a larger cone angle reduces the axial rate of
penetration. Factors that reduce the cone angle (and increase penetration) include increases in

the ambient pressure, fuel temperature and fuel pressure.

Curl-up vortices are caused by the smaller drops on the outside of the spray becoming entrained
in the recirculating air currents set up by the motion of the spray. Though these were present on
many of the fuel sprays in the rig work, it is thought that this may not be particularly relevant to
engine work as the airflow in an engine should be stronger than the currents produced by the

fuel spray.

The distribution of droplet diameters was also measured, as this is an accepted method to
analyse the ease with which a homogeneous mixture could be formed. Sprays with the smallest
droplets had SMD values as low as 10 um, these being found mainly at the centre of the sprays.
The most influential variable on the droplet size was the fuel pressure. Increasing the pressure
significantly reduced the droplet size. To a lesser extent, increasing the fuel temperature also
reduced the measured diameters. An interesting discovery was that there is a wider range of
droplet sizes throughout the spray with lower fuel pressures. It was also noted that the fuel type

did not affect the droplet size under the test conditions for the two fuels investigated.

From the spray work, it was obvious how important it is to obtain data on the actual injector to
be used. The injectors under test were nominally of the same type, but showed marked
differences in their behaviour. Many of these differences are a result of their internal
construction, which unfortunately is quite difficult to examine accurately. Modellers working on

GDI sprays face the challenge of developing a generic spray model, with input parameters
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defined by the individual nozzle design. Likewise, it is a challenge to model the flash-boiling

phenomenon. Yet, it has been found to have a useful tendency to reduce the droplet sizes.

In chapter 4, data was presented from a series of engine tests that used a Central Composite
Rotatable Design (CCRD) of experiment. The CCRD was capable of modelling the engine's
behaviour for the four responses under investigation (HC emissions, NOx emissions, BSFC and
exhaust gas temperature) over a moderately wide range of variables. The variables were air/fuel
ratio, ignition timing, injection timing and inlet valve timing. CCRD experiments were
performed for several different engine configurations at a nominal test condition (1500 rpm,
2.62 bar BMEP). The different GDI configurations included side and central injection, two
different types of injector and two fuel pressures. A further CCRD was performed on the same
engine converted to port fuel injection (PFI). Interpretation diagrams were produced by
superimposing fuel spray images onto accurately drawn schematics of the cylinder, combustion
chamber and piston. The validity of this superposition approach was demonstrated by reference
to in-cylinder images from a parallel project indicating that the airflow had little effect on the

fuel spray at most, but not all, of the conditions under scrutiny.

The most efficient configuration for engine running was using a 90° injector, mounted centrally,
injecting at 100 bar fuel pressure. PFI was a close second, though HC and NOx emissions
values for the GDI case were lower than the PFI configuration at their most efficient settings.
The highest BSFC figure was recorded for the 90° injector mounted at the side, and this
configuration also gave the highest HC emissions value. Side injection was less successful than
central injection in terms of higher BSFC and HC emissions, probably due to impaction on the
cylinder wall and, under some conditions, on the backs of the inlet valves. The profiled piston of
stratified charge GDI engines would tend to overcome part of this problem, as would a narrower
spray. Somewhat surprisingly, reducing the fuel pressure from 100 bar to 20 bar did not have
such a detrimental effect on BSFC and HC emissions. This was probably due to the fact that the
test was only run for side injection and a considerable proportion of the fuel injected would

have impacted on the piston and cylinder walls for both fuel pressures.

The lowest HC emissions value obtained (4.2 g/kWh) was for a GDI configuration utilising the
60° injector in its central position at 100 bar fuel pressure. The 90° injector has a slightly higher

minimum (5.3 g/kWh) in this position, possibly due to impaction on the back of the inlet valves.

The 90° injector, side mounted, provided the lowest NOx figure (0.4 g/kWh). A possible

explanation is that relatively poor mixture preparation led to slow burning and a consequent
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reduction in the peak temperature of the burning gases. Interestingly, the nearest competitor was
the 20 bar configuration, with a minimum NOx value of only 0.6 g/kWh. The highest NOx

value was obtained with PFI.

The lowest BSFC figure for each configuration was obtained with retarded inlet valve timing.
The results of a parallel project have demonstrated that the velocities of the air motion induced
within the cylinder rose significantly at this setting, increasing the resulting turbulence. This
enhanced bumning, and hence improved the BSFC. It follows that this strategy could be

employed for low speed running as a means of increasing engine stability.

5.2 Original aspects of the research

It is claimed that the research reported in this thesis contains the following elements of original

work:
(1) The test rig work performed on fuel sprays provided the most comprehensive set of
data yet published on the variations in spray formation between different designs of
swirl-type GDI injectors. In particular, the range of test conditions examined was wider
than previously attempted. The range of variables investigated has given new insight
into the effects of temperature and pressure on a spray's cone angle and penetration. It
was also possible to conduct an in-depth study of cone filling from this data. The
majority of work was performed using gasoline rather than a single-component test
fluid. Gasoline is prone to 'flash' boiling which will have a considerable effect on the
air-fuel mixing processes in running engines, so, the use of gasoline made the rig test

results particularly relevant.

(1) The development of a simple tomographic technique applicable to the laser
diffraction method of droplet sizing to elucidate the distribution of droplet sizes within a
spray is thought to be novel. It involves certain simplifying assumptions compared to
the existing more complex approaches, but it is thought that the lack of accuracy did not
significantly compromise the overall results because there are inevitably other sources
of error (e.g. evaporation effects) which are likely to be greater. However, caution

should be exercised when utilising this methodology, as it is relatively unproven.

(iii) The data obtained from the engine tests is believed to be the most comprehensive
that has yet been published in terms of comparing different GDI engine configurations.
It is also thought to be the first published systematic study of the effects of inlet valve

timing on GDI engine performance.
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(iv) The attempt to explain the engine results of the different GDI configurations using
interpretation diagrams incorporating fuel spray images from rig tests has novelty. This
has helped to identify the probable causes of high HC emissions and the corresponding

poor efficiency of the engine for some of the configurations.

53 GDI development since this project was started

In 1998, when this project was started, there were very few GDI engines in production (see
chapter 1). Admittedly, it was known that many manufacturers were seriously investigating the
production of GDI engines. As this thesis is completed, there are few major engine-producing

manufacturers that have not launched a GDI engine range. Those that have not, inevitably will.

It is interesting to note that GDI is also being applied to performance engines as well as to
engines designed to comply with future emissions and fuel economy legislation. For instance,
Audi dominated the 2001 and 2002 Le Mans races with their prototype sports car, which was
powered by a GDI-equipped V8 engine. It is also known that several Formula One teams are

investigating the technology for use on the track.

It was explained at the beginning of this chapter that the GDI engine is still not optimised.
Considerable research effort has been focussed on the stratified-charge approach, but
homogeneous charge GDI may also have a considerable future, certainly in racing engine
applications and perhaps in the application of advanced combustion technologies (e.g. HCCI).

The steps for further research are discussed in section 5.4.

54 Recommendations for further research

The data obtained from the engine and spray testing in this PhD is being used to validate a CFD
model in another parallel project. It is thought that the model would benefit from further
integration between the testing and the modelling itself. Modelling helps to explain the various
phenomena observed during testing and is probably ultimately the way forward in terms of
designing future engines. In particular for GDI engines, there is much unknown territory with
regards to the fuel spray structure and its influence on engine parameters investigated in this
thesis. Comparison of test results with a CFD model is an iterative process, as each new set of
results may improve the accuracy of the model. The link between the data presented in this
thesis and the CFD model being developed in the parallel project will be presented by another
PhD student as the work is not yet complete.
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One aspect of the spray testing that should be investigated in more detail is the structure of the
spray very close to and possibly inside the fuel injector nozzle. It is likely that this would be

achieved by close co-operation between testing and modelling.

Aside from a closer link to the CFD modelling, the next logical stage of research would involve
an investigation based on the use of stratified charge. This is the area in which interest is highest
due to the potential gains in fuel economy and emissions. It is thought, however, that the CCRD
described in this thesis may not be sufficient to model the engine's response when running with
a stratified charge combustion system. A significant part of the research could be to develop a

tool capable of predicting the responses of a more complex system.

Since this PhD began, interest in the HCCI engine has come to the fore. The technology is still
in relative infancy. A research project centred on a HCCI combustion system would be
particularly interesting with regards to GDI running with extreme levels of EGR. It is thought

that such a project would open up a vast area of possibilities.
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Al - CATALOGUE OF FUEL SPRAY IMAGES
Al.l - Injector A

Al.1 - Injector A
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Variables: atmospheric pressure, 20 - 25°C fuel temperature, 55 bar fuel pressure, gasoline, light sheet
approaching spray from left hand side.

Scale: width x height of frame represents 134.0 mm x 89.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.
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Variables: atmospheric pressure, 20 - 25°C fuel temperature, 55 bar fuel pressure, gasoline, light sheet
approaching spray from left hand side.

Scale: width x height of frame represents 134.0 mm x 89.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.
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Variables: atmospheric pressure, 20 - 25°C fuel temperature, 55 bar fuel pressure, gasoline, light sheet
approaching spray from left hand side.
Scale: width x height of frame represents 54.0 mm x 35.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Camera is focussed on curl-up vortices at edge of spray.
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Variables: atmospheric pressure, 20 - 25°C fuel temperature, 55 bar fuel pressure, gasoline, light sheet

approaching spray from left hand side.

Scale: width x height of frame represents 36.0 mm x 24.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Top of frame is 5.0 mm from injector tip.
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Variables: atmospheric pressure, 20 - 25°C fuel temperature, 55 bar fuel pressure, gasoline, light sheet
approaching spray from left hand side.

Scale: width x height of frame represents 77.0 mm x 51.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Light sheet plane is 40.0 mm from injector tip. End-on

view.

Al.l - Injector A
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Al.2 - Injector B

A1.2 - Injector B
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A1.2 001 A 1.2 002 A1.2 003
a
km -

A1.2 004 A 1.2 005 A 2006

A 1.2 007 Al.2 008 A1.2 009

AL
A1.2 010 A1.2 011 Al1.2 012
A1.2 013 A1.2 014 A1.2015
m m
A1.2 016

Variables; atmospheric pressure, 24°C fuel temperature, 120 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 82.0 mm x 54.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.2 - Injector B



Al1.2 017

A1.2 020

A12 023

A 1.2 026

Al1.2 029

Al.2 032
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« f

Al1.2 018 Al1.2 019
Al1.2 021 A 1.2 022
A12024 Al1.2 025

#3
A 12027 Al1.2 028
A1.2 030 A1.2 031
A1.2 033 Al.2 034

Variables: atmospheric pressure, 80°C fuel temperature, 120 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.

Scale: width x height of frame represents 82.0 mm x 54.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.2 - Injector B
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Al1.2 035 Al1.2 036 A1.2 037
A12038 Al1.2 039 A1.2 040
Al.2 041 A 1.2 042 A 12043
A12 044 A 1.2 045 A 1.2 046
A 12 046 A12 047 A 1.2 048

Variables: atmospheric pressure, 25°C fuel temperature, 120 bar fuel pressure, gasoline, light sheet
approaching spray from left hand side.

Scale: width x height of frame represents 155.0 mm x 103.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. End-on view.

A 1.2 - Injector B
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A1.2 049 A1.2 050 A1.2 051

L " L1

A1.2 052 TA1.2 053 A1.2 054
L A -
A1.2 055 A1.2 056 A1.2 057
A
aKl..........
Al1.2 058 Al1.2 059 A 1.2 060
P-... ,' ..
Ie"'* A
3Mtv W =
A1.2 061 Al1.2 062 A1.2 063

Variables; atmospheric pressure, 80°C fuel temperature, 120 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 155.0 mm x 103.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. End-on view.

A 1.2 - Injector B
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# 0
Al1.2 064 A1.2 065 A 1.2 066
WwW LY
g
A 1.2 067 Al1.2 068 Al1.2 069
A12 070 Al1.2 071 A12072
I AW
A12073 A12074 A 12075
v
Al1.2 076 A12077 Al1.2 078
LTt C mmmmrn, #
'ST*;# il/v
A12079 Al.2 080

Variables: atmospheric pressure, 23°C fuel temperature, 120 bar fuel pressure, iso-octane, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 104.0 mm x 69.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.2 - Injector B
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A1.2 081 A 1.2 082 Al1.2 083
A ;
#
A12 084 A1.2 085 A1.2 086
A1.2 087 A1.2 088 A1.2 089
A1.2 090 A1.2 091 A1.2 092
A 1.2 093 A12 094 A 1.2 095
A 1.2 096 A12 097 Al1.2 098

Variables: atmospheric pressure, 80°C fuel temperature, 120 bar fuel pressure, iso-octane, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 104.0 mm x 69.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.2 - Injector B
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Al.3 - Injector C

A1.3 - Injector C



A13 004

A13 007

.3 010

A1.3 013

amp

Al1.3 016

Variables: atmospheric pressure, 25°C fuel temperature, 100 bar fuel pressure, iso-octane, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 154.0 mm x 102.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame.

Al.3 002

A13 005

A13 008

A1.3 Oil

Al1.3 014

Al.3 017

A13 003

Al.3 006

A13 009

A1.3 012

Al.3 015

Al.3 018
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A 1.3 - Injector C
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A13020

Al3 021
A13022 Al.3 023 A13024
T """ — A
A13 025 Al1.3 026 Al.3 027
Al1.3 028 A13029 Al.3 030
A1.3 03 Al.3 032 Al.3 033
A13 034 Al.3 035 Al.3 036

Variables: atmospheric pressure, 80°C fuel temperature, 100 bar fuel pressure, iso-octane, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 154.0 mm x 102.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.

A 1.3 - Injector C



174

A1.3 037 A1.3 038 A1.3 039
A 1.3 040 A1.3 041 A 1.3 042
A 1.3 043 A1.3 044 A 1.3 045
A 1.3 046 A 1.3 047 A 3048
A 1.3 049 A 3050 A1.3 051
A1.3 052 A1.3 053 A1.3 054

Variables: atmospheric pressure, 21°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 154.0 mm x 102.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.

A 1.3 - Injector C



A 1.3 055

A1.3 058

A1.3 061

A 13 064

A 13 067

A1.3 070

A1.3 056

Al 3059

.>V;

A 1.3 062

A1.3 065

A1.3 068

Al1.3 071

175

A1.3 057

A 13 060

A1.3 063

A 13 066

A 13069

A1.3 072

Variables: atmospheric pressure, 22°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.

Scale: width x height of frame represents 154.0 mm x 102.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame.

A 1.3 - Injector C



Al13 073

A1.3 076

A13079

A13 082

Al1.3 085

% 'MI

A1.3 088

Al13074

Al1.3 077

A1.3 080

Al1.3 083

A1.3 086

Al1.3 089

176

A13075

A1.3 078

Al1.3 081

Al1.3 084

Al.3 087

Al1.3 090

Variables: atmospheric pressure, 80°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.

Scale: width x height of frame represents 154.0 mm x 102.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame.

A 1.3 - Injector C



A1.3 091 Al1.3 092

A13 094 A1.3 095
o 4

A 13 097 A1.3 098

A

A1.3 100 A1.3 101
A1.3 103 Al.3 104
A1.3 106 A1.3 107

177

A13093

A 13 096

A ~A

A 13099

A

A

Al1.3 102

Al1.3 105

Al1.3 108

Variables; 0.5 bar ambient pressure, 23°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.3 - Injector C
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|

Al1.3 109 A1.3 110 Al.3 111

Al1.3 112 Al1.3 113 Al1.3 114

A'JT Al1A

$

Al1.3 115 A1.3 116 Al1.3 117

m/ A A A

Al1.3 118 A1.3 119 Al1.3 120
Al.3 121 Al1.3 122 A1.3 123

-~ - Toanon™- W R -

o m mA A

Al1.3 124 Al1.3 125 Al1.3 126
Variables: 0.5 bar ambient pressure, 23°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.
Scale: width x height of frame represents 96.0 mm x 64.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.3 - Injector C
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Al.3 127 Al.3 128 Al3 129
Al.3 130 Al3 131 Al3 132
Al3 133 Al3 134 A13 135
Al.3 136 Al.3 137 Al13 138
Al1.3 139

Variables: 0.5 bar ambient pressure, 80°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.3 - Injector C
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A A

Al1.3 140 Al1.3 141 A1.3 142

A1.3 143 Al.3 144 A1.3 145
A1.3 146 A{.3 147 A1.3 148
A1.3 149 A1.3 150 Al1.3 151
Al1.3 52 Al1.3 153 Al1.3 154
A1.3 155 A1.3 156 Al1.3 157

Variables; 0.5 bar ambient pressure, 80°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.3 - Injector C
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Al.4 - Injector D

A1l.4 - Injector D
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*
A1l1.4 001 A1.4002 Al.4003
m
A 4004 A1.4 005 A 14006
A1.4007 A1.4008 A1.4 009
A1.4 010 A1.4011 Al.4 012
Al1.4 013 Al1.4 014 A1.4015
A1.4016 Al.4 017 A1.4018

Variables: 0.5 bar ambient pressure, 80°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.4 - Injector D



Al1.4 019

Al1.4 022

A 14 025

A1.4 028

Al.4 031

A 1.4 034

A1.4020

A1.4 023

A14 026

A14 029

Al.4 032

183

Al.4 021

Al1.4 024

A1.4 027

A 4030

Al1.4 033

Variables: atmospheric pressure, 80°C fuel temperature, 100 bar fuel pressure, iso-octane, light sheet

approaching spray from underneath.

Scale: width x height of frame represents 99.0 mm x 66.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame.

A 1.4 - Injector D
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Al1.4 035 Al1.4 036 Al.4 037
Al 4 038 A1.4 039 A 1.4 040
Al.4 041 A 1.4 042 A 1.4 043

A 1.4 044 A 4045 A 1.4 046
A 1.4 047 A 1.4 048 A 1.4 049
A1.4 050 A1l.4 051 Al1.4 052

Variables: atmospheric pressure, 25°C fuel temperature, 20 bar fuel pressure, iso-octane, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 99.0 mm x 66.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.

A1l.4 - Injector D
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A1.4 053 Al.4 054 Al1.4 055
Al1.4 056 Al.4 057 Al.4 058
%
A 1.4 059 A 1.4 060 Al1.4 061
A 1.4 062 A 1.4 063 \1 4064
Vil '
m .V Ht;
..
A 1.4 065 A 1.4 066 A 1.4 067
Al4068 Al.4 069 A 1.4 070

Variables: atmospheric pressure, 25°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 99.0 mm x 66.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.

A 1.4 - Injector D
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A1l.4 071 A1.4072 Al.4 073
A14074 Al1.4 075 A1.4 076
A 4077 A14078 A1.4079
ma»
A 1.4 080 A1l.4 081 Al.4 082
A 1.4 083 A14 084 Al 4 085
Al1.4 086 A1.4 087 Al1.4 088

Variables: atmospheric pressure, 21°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 99.0 mm x 66.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame.

A 1.4 - Injector D



Al1.4 089

A14092

A14 095

A14098

Al.4 101

Al4 104

A1.4090

A14093

A14 096

A14099

Al.4 102

Al.4 105

187

Al.4 091

%

A14094

A 14097

Al.4 100

Al.4 103

"1
Al.4 106

Variables: atmospheric pressure, 25°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from left hand side.

Scale: width x height of frame represents 176.0 mm x 117.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. End-on view.

A 1.4 - Injector D



Al.4 107 Al.4 108
Al.4 110 Al.4 111
Al.4 113 Al.4 114
Al.4 116 Al14 117
Al.4 119 Al.4 120
Al.4 122 Al.4 123

Al.4 109

Al.4 112

*om

A 4 115

Al.4 118

Al.4 121

Al.4 124

Variables: atmospheric pressure, 80°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.
Scale: width x height of frame represents 99.0 mm x 66.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.4 - Injector D
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Al.4 125 Al.4 126 Al.4 127
m
Al1.4_128 Al.4 129 Al.4 130
Al14 131 Al.4 132 Al.4 133
Al 4 134 Al.4 135 Al.4 136
W o«
Al.4 137 Al 4 38 Al.4 139
Al.4 140 Al.4 141

Variables: 0.5 bar ambient pressure, 80°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from left hand side.
Scale: width x height of frame represents 232.0 mm x 155.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. End-on view.

A 1.4 - Injector D



Al.4 142

Al.4 145

Al.4 148

Al.4 151

Al.4 154

Al.4 157

Al.4 143

Al.4 146

Al.4 149

Al.4 152

A 4 155

Al.4 158

Al.4 144

Al.4 147

Al.4 150

Al.4 153

Al.4 156

Al.4 159

Variables: 0.5 bar ambient pressure, 22°C fuel temperature, 100 bar fuel pressure, gasoline, light sheet

approaching spray from underneath.
Scale: width x height of frame represents 96.0 mm x 64.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.4 - Injector D
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Al.4 160 Al.4 16 Al.4 162
Al.4 163 Al.4 164 Al.4 165
Al.4 166 Al.4 167 Al 4168
Al.4 169 Al.4 170 Al4 171
Al.4 172 MA 173 Al.4 174
nm
Al.4 175 Al.4 176 Al.4 177

Variables: 0.5 bar ambient pressure, 22°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.
Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 14 - Injector D
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Al.4 178 Al.4 179 Al.4 180
Al.4 181 Al.4 182 Al.4 183
Al.4 184 Al.4 185 Al.4 186

Variables: 0.5 bar ambient pressure, 80°C fuel temperature, 20 bar fuel pressure, gasoline, light sheet
approaching spray from underneath.

Scale: width x height of frame represents 96.0 mm x 64.0 mm.

Notes: 0.1 ms between shots. 2 shots per frame. Part of spray obscured by test rig.

A 1.4 - Injector D
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A2 - ALGORITHM FOR TOMOGRAPHIC ANALYSIS

A2 - Algorithm for tomographic analysis
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A2 - Algorithm for tomographic analysis

Figure A2.1 illustrates a cross-section of a spray taken at right angles to its axis some distance from
the injector. Each 'slice' of the circle represents the section of one of the paths of the 9.0 mm
diameter Malvern laser beam through the cone-shaped spray.

1 2 3 4

Ring 4

Figure A2.1 - Schematic representation of the fuel spray cross-section.

The spray has been broken up into a number of imaginary rings (five in this case, including the
centre circle). It is assumed that both Sauter mean diameter and fuel concentration remain
constant throughout a single ring. The thickness ofthe ring corresponds to the width of the laser
beam, as does the width of the slice.

To begin, consider slice 'S'. All droplets in this slice are in the 5th ring. Therefore, without
modification, a reading of the droplet size distribution at 5 will represent the distribution

throughout the 5th ring.

Next, consider slice '4'. This is made up of a part of ring 4 and two parts ofring 5. Therefore,
the reading taken at 4 is not representative of the droplet size distribution in ring 4, but of a
combination of the two rings. The proportion of each ring in the slice has to be calculated so
that the contribution of each ring can be stated to the overall reading for the slice. The

calculation becomes more complicated for the central slices, but the principle remains the same.

A2 - Algorithm for tomographic analysis
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The volume of each section shown above was measured using a 3-dimensional model of the spray in
a CAD package. The volume of the laser beam in the fuel spray was also calculated in this way.
Before the calculations of the SMD can be carried out, the concentration of fuel in each ring must be

calculated from the initial values given by the Malvern particle sizer.

The equation becomes:

(IOOXCi)— Z(cj xvj)

j=(i+1)tos

Vi

Where
c; = calculated concentration in ith ring (percentage)
1=ring number (1 is centre, 5 is outer in this case)
C; = concentration value from Malvern measurement of ith slice (percentage)

v; = percentage volume of the laser beam in ith ring (percentage)

For example, the outside ring (ring number 5) has a concentration of 0.0002% (this is the value for
cs). In the fourth slice, 2019.7 mm” of the laser beam is in the outer ring. This represents 47% (vs) of
the slice volume. For the fourth slice, the Malvern measurement of concentration was 0.0017%.

Using the equation above:

.- (100x0.0017)- (0.0002 x 47)
i 53

= ¢4 =0.00303%

Let:
ns = the number of droplets per unit volume in ring 5

ds = the Sauter mean diameter of droplets in ring 5

From definition of concentration:

nsxanXdZXIOO
4

c, = 2 1 %

_ 6xc,
ng=———
100x % d

Surface area per unit volume of droplets in ring 5:

A2 - Algorithm for tomographic analysis
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6xc,
100 x d;

Total surface area of droplets per unit volume in slice 3 for instance:
:i Cs X Vs N Cy XV, N Cy XV, XL
100 ds d, d, 100

Total liquid volume per unit volume in ring 5:

— 2 _
=ngxmuxd; =

:nsxiﬁxds?’:;————éxcs 3><i><7£><d53
24 100xtxd,” 24
=%
100

Total liquid volume per unit volume in slice 3:

1
ZIO_OX{CSVS A +C3V3}Xﬁ

i{[cs XV5]+{C4 XV4J+(03 Xvsj}
100 || d, d, d,
LX{CSVS TC4Vy +(33"3}

100

Surface / volume ratio:

But, surface / volume ratio is also equal to:

D;

ianDi3

Where D; is the Sauter mean diameter (measured by the Malvern) of the ith slice.

Equating both sides and generalising for any ring:

CiV;
di =

(IOOXC,-J_ Z (cjxvjj
D, j=(amtos\ 4

A2 - Algorithm for tomographic analysis
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A3 - DRAWINGS OF ENGINE COMPONENTS

A3 - Drawings of engine components
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A3.1 - Cylinder block

A3.1 - Cylinder block
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A3.2 - Cooling sleeve

A3.2 - Cooling sleeve
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A4 - ENGINE AND INSTRUMENTATION COMPONENT SPECIFICATIONS

A4 - Engine and instrumentation component specifications
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A4.1 - High-pressure GDI fuel pump

MICRO-HYDRAULICS 5
HIGH PRESSURE

pump We Il}lldS
Dmplaoemeni nom 0,100 lu 0.360 enfOYev
ffmm 0.006 r0o 6.0022 w;.6?

Max. : depends on fluW used

5000 rp m
3 pistons

0100 (dig 3.93}

77(3.03) 4x08 5
dikl key 4x5 ,,7/1G20 UNk-23
OUTLET
0 63.475 +0.025 M Direction cl rotation
: ) _ (Please specltywher
i~ § (C.311 ordering)
2.498 ! £6.5 (7.831 o . 83,4 [-3.2S1

0172.3 (dia6.78j

Dimensions are written in millimeters and (inches)

TECHNICAL CHARACTERISTICS

yhsm s: i Okpbxmiem jgi|i (ipiiipiéié;
;-Pump
Jorm>
0.150
Depends
(0.009)
0.300
PEWrg
Max, temperature 200'C (392°F)
Weight 2.3 kg (5.07 1lbs)

A4.1 - High-pressure GDI fuel pump
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aw  gam ) MICRO-HYDRAULICS
K HIGH PRESSURE

VOLUMETRIC EFFICIENCY CURVE

ar\Thin at V.= 2970 rpm
1100
0.360
1000

900
0.300
800
700
600 c.23C

500

0.150

300
0.100

100
Pressure

25 50 75 1CC

A4.1 - High-pressure GDI fuel pump
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A4.2 - Calculation of plenum chamber volume

According to Plint [1999], the minimum desirable volume of airbox (plenum chamber) is given

by the following equation.

417 x10° x K* x d*
V, = -
N, xV, xn

min

The purpose of the airbox in the work reported by Plint was to damp out the pulsations of flow
into the engine so that an accurate measurement of airflow may be obtained by the use of an
orifice plate. In the case of the investigation reported in this thesis, the purpose of the airbox
was to provide a constant pressure at intake to the induction system. Any pulsations would not
be desirable for the emissions testing as they may lead to unstable running and large cycle-to-

cycle variations. The initial calculation was carried out as follows.

K = number of revolutions per cycle = 2

d = diameter of inlet to airbox = 12.5 x 10> m
N, = number of cylinders = 1

Npyin = required minimum stable speed = 500 rpm

V, = swept volume = 4.945 x 10 m’
= Vp=0.329 m’
This volume is not practical (too large for test chamber). A volume of 0.2 m’ was then chosen,

which allows stable running as low as 650 rpm according to the equation above. The standard

test point is at an engine rotational speed of 1500 rpm so this is acceptable.

A4.2 - Calculation of plenum chamber volume
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A4.3 - Airflow meter calibration and description
A4.3.1 Description of airflow meter

The airflow meter was taken from the engine management system of a 4-cylinder production
engine. It was modified to be more suitable for the lower air flow range of the single-cylinder
test bed engine by fitting a partial blanking plate. This plate had the effect of changing the ratio
of flow between the small measurement passage and the larger bypass passage. The modified
flow meter was then calibrated against a rotameter, whose calibration was traceable to a national

standard.

Blanking plate (to alter
measurement range)

Main flovf/ passage

Flow to Inlet at atm.
engine conditions

prennent passage
tainig hot wire)

Figure A4.1 - Cross-section of the hot-wire airflow meter.

Pm A:+12V
Pin B: Ground voltmeter
Pm C: OV

Pin D: + voltmeter

A4.3.2 Calibration of the airflow meter

A rotameter (Fisher & Porter Ltd - FP2-27-G-10/55) was employed to calibrate the airflow
meter. The output from the meter was measured using a voltmeter. The calibration was
performed over the range likely to be encountered during the engine testing. See figure A4.2 for

the calibration.

A4.3 - Airflow meter calibration and description
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Corrected rotameter reading (kg/hr)

Figure A4.2 - Airflow meter calibration.
A4.3.3 Correction to rotameter readings

m = mass of tloat
A = area between float and glass tube
AF = surface area of float

Ap = pressure drop across float

V = volumetric flow rate

M = mass flow rate
V= velocity of flow passing float
p = density of air

h = scale reading of rotameter

The assumption is made that, for a particular day's condition of temperature and pressure, the air

density remains constant through the flowmeter.

Force balance: mg = Ap x Ap @)

Assuming that there is no downstream pressure recovery, Bernoulli's equation applied to float:

Ap="pvh (if)

Continuity: M =pV =pAv (ii1)

A4.3 - Airflow meter calibration and description



Substitute (ii) into (iii):

From (i):

=

The flowmeter is constructed so that:

=

206

. . 2A
M =pV =pA_ |—2F
p

m
A =me constant
Ap

M = A x constant x \/p

A=constantx h

M =constant x h x JB

On a standard day, temperature = T, pressure = po, density = po and scale reading = hy

=

M, =constant x h, x \/p,

If the same reading is obtained on a day when density = p,, temperature = T, and pressure = p;:

=

So, the actual mass flow rate is:

M, =constant x h, x\/g

o
Yoo

0

M, _
M,

A4.3 - Airflow meter calibration and description
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A4.4 - Engine test procedures

A4.4.1 Start-up procedure

1.

10.

11.

12.

Wipe up any oil left from previous testing to avoid fire risk.
Turn tap one turn on NO calibration gas bottle, and check that regulator is set to 0.7 bar.
Turn tap one turn on oxygen gas bottle, and check that regulator is set to 0.7 bar. Turn tap

one turn on nitrogen gas bottle, and check that regulator is set to 0.7 bar.

Turn tap one tum on hydrogen gas bottle, and check that regulator is set to 2.1 bar. Turn tap

one turn on propane in air calibration gas bottle, and check that regulator is set to 0.7 bar.

Turn on all electrical equipment.

For Signal HC Analyser, press on/off key and turn on heated line controller with setting at

180°C. Check that sample tap is set to room air position.

For Signal NOx Analyser, press on/off key in bottom right corner. Switch on pumps.

Top up DI gasoline tank, taking care to minimise the loss of volatile components.

Turn on exhaust duct fan.

Select “n = constant” dynamometer control and set potentiometer to 390.

Set injector timing and pulse width, also ignition timing.

Wait until the Signal NOx Analyser indicates “STANDBY”. Check that the range scale
indicates “AUTQO”, if not change to AUTO. Press “NOx” key on bottom row of display.
Press “SET” to display current value of calibration gas. Change if not correct. Press
"SAMPLE" then “CAL” and check that display returns to “SAMPLE” once calibration is
finished.

Wait until the Signal HC Analyser indicates “STANDBY”. Press key immediately below
“SAMPLE” (Might have to press “ESC” to get “SAMPLE”). The analyser might still need
some time to warm up - once warm, it will automatically try to ignite and will indicate

“SAMPLE” when successful. For calibration, first check that the value of the calibration gas

A4 .4 - Engine test procedures



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
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is correctly set. Press “SET” then “SPAN”. Refer to manual instructions if resetting is

required, otherwise press “CAL” and wait until procedure has been carried out.

Turn on Horiba gas analyser pump.

Calibrate Horiba gas analyser with aerosol calibration gas.

Turn on dynamometer water pump and check that there is sufficient water in tank.

Turn on engine water pump and check that water is circulating.

Turn on engine oil pump, check oil pressure and note value on engine test sheet.

Start engine. Check that fuel pressure is 100 bar. Run engine to 1500 rpm, no load, and set
injector pulse width such that Horiba indicates 2.0% CO.

Check Pressure-Volume trace and adjust offset until trace is satisfactory. Transfer offset to

injection controller.

Check that engine speed is 1500 rpm, and set dynamometer to control to this speed. Set
ignition timing to 20° bTDC. Open throttle until load is 15 N, and set injector pulse width
such that Horiba indicates 1.0% CO.

When engine coolant temperature reaches 69°C, turn on cooling water to heat exchanger,
and close throttle until load is set to 10.9 N. Change injector pulse width, timing and
ignition timing to appropriate values for test point.

Turn on exhaust gas taps in sample line so that all three analysers receive exhaust gas.

Record test readings whilst checking that engine coolant temperature remains between 69

and 71°C.

A4 .4 - Engine test procedures
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A4.4.2 Bum-off test

1.

Adjust sample tap so that Signal Analysers are isolated from exhaust gas and take in only
room air. Turn off sample line heater. Horiba should continue to measure exhaust gas

constituents.

Adjust ignition timing to 20° bTDC and open throttle until load is set to 20 N. Adjust
injector pulse width such that CO is set to 1.0 %.

Run engine for 10 minutes, while checking continuously that engine coolant temperature

does not exceed 90°C and exhaust gas temperature does not exceed 900°C.

A4.4.3 Shut-down procedure

1.

2.

Turn off engine ignition.
Turn off dynamometer water pump, engine oil and water pumps.
Turn off electrical equipment, apart from gas analysers.

Turn off Horiba pump. Open drain tap in Horiba water trap and allow water to drain out.
Close drain tap. Turm Horiba pump on again.

Put battery on charge, if needs be.
Turn off analyser pumps. Switch gas analysers off. Close all taps on gas bottles.
Turn off exhaust gas fan.

Check filters in Horiba analyser. Check Signal analyser filters once a week.

A4.4 - Engine test procedures



A4.5 - Fuel injector calibrations

It was decided to measure fuel flow rate through accurate calibration of the injectors used
during the test programme. It was necessary to calibrate each injector at each fuel supply
pressure so they were calibrated at 20 and 100 bar fuel pressure, with the port fuel injector
calibrated at 3 bar only. The calibrations were performed with the injectors spraying into air at
atmospheric pressure. Calibration of the injectors was performed at the same pulsing rate as
experienced on the engine when operating at its test condition speed of 1500 rpm. The number
of pulses was altered according to the pulsewidth to ensure that an accurate measurement could
be obtained in the measuring cylinder. Care was taken to minimise the loss of the 'light ends' of

the gasoline during calibration when the injector was spraying into a measuring cylinder.

As the GDI injectors rely on pressure from the engine-driven fuel pump, it was necessary to run
the engine with PFI for these tests. The PFI calibration was carried out by use of a regular

electrically driven fuel injection pump.

90 deg 100 bai
I 60 deg 100 bar
90 deg: 20 bar
—'"— 60 deg 20 bar
PFI 3 bar

Vo

004 -

0.02 -

Pulsewidth: ms

Figure A4.3 - Calibration results for injectors used in engine testing.

A4.5 - Fuel injector calibrations
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